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BACKGROUND. Human RNASET2 is a T2-RNase glycoprotein encoded by the RNA-

SET2 gene, which is located on chromosome 6 (6q27). Deletion in 6q27 is asso-

ciated with several human malignancies.

METHODS. A synthetic RNASET2 gene that was optimized for expression in the

yeast Pichia pastoris was designed according to the cDNA sequence and was

cloned under the control of the methanol-induced promoter fused to the a-mat-

ing secretion peptide. The recombinant protein was purified from the culture su-

pernatant of transformed P. pastoris through an affinity Sepharose-concanavalin

A column. Actin-binding activity was examined by membrane blotting using

monoclonal mouse antiactin immunoglobulin M and by cross-linking in solution

to G-actin using 1-[3-(dimethylamino)propyl]-3-ethyl-carboimide methiodide.

The antiangiogenic activity of RNASET2 (from 0.5 mM to 10 mM) was assessed by

a human umbilical vein endothelial (HUVE) cell assay in the presence of 1 mg/

mL angiogenin, basic fibroblast growth factor (bFGF), or recombinant human

vascular endothelial growth factor (VEGF). Cell colony formation was examined

in human colon HT29 cancer cells to assess the antitumorigenic activity of RNA-

SET2 or the enzymatic-inactivated RNASET2 (EI-RNASET2) (1 mM each). In an

athymic mouse xenograft model, LS174T human cancer cells were injected sub-

cutaneously. When tumors were palpable, the mice were treated for 3 weeks with

RNASET2 (1 mg/kg), paclitaxel (10 mg/kg or 15 mg/kg), or a combination of the

2 drugs.

RESULTS. The recombinant RNASET2 was identified as a 27-kilodalton glycopro-

tein that possessed the ability to bind actin in vitro. RNASET2 significantly in-

hibited clonogenicity in HT29 cells. EI-RNASET2 produced a similar effect,

suggesting that its antitumorigenic activity is unrelated to its RNase activity. In

HUVE cells, RNASET2 inhibited angiogenin-, bFGF-, and VEGF-induced tube for-

mation in a dose-dependent manner. In athymic mice, RNASET2 inhibited the

development of an LS174T-derived xenograft by 40%. A synergistic effect was

obtained with combined RNASET2 and paclitaxel treatments.

CONCLUSIONS. The current results suggested that RNASET2 represents a new

class of antitumorigenic and antiangiogenic drugs, and the findings of this study

emphasize the advantage of using agents like RNASET2 in combined therapy.
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R Nases currently are the focus of much attention because of their

newly discovered activities and applications, particularly in can-

cer biology.1,2 RNases of the T2 family are distributed widely, from

viruses to mammals, and play a role in a variety of biologic func-

tions.1,3 During the last few years, considerable effort has been
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devoted in our laboratory to a unique T2-ribonucle-

ase, ACTIBIND, which is produced by the mold As-

pergillus niger.4 We have observed that ACTIBIND is

a glycoprotein that can bind actin in vitro in a molar

ratio of 1:2, respectively. In plant and mammalian

cells, it accelerates the formation of cross-links

between actin filaments and, thus, leads to disrup-

tion of the intracellular actin network and, conse-

quently, to cell growth and cell-migration arrest

(unpublished data). These events play a key role in

cancer and angiogenic cells,5 and, accordingly, ACTI-

BIND was identified as an effective antiangiogenic

and anticarcinogenic agent.6 In human umbilical

vein endothelial (HUVE) cells, ACTIBIND inhibited

tube formation induced by different growth factors,

including angiogenin, basic fibroblast growth factor

(bFGF), and vascular endothelial growth factor

(VEGF). In nude mice, ACTIBIND inhibited the de-

velopment of human colon cancer HT29 xenografts.

In rats, ACTIBIND exerted preventive and therapeutic

effects on developing colonic tumors induced by

dimethylhydrazine. In rat colon tumors, ACTIBIND

also caused a significant reduction in the degree of

tumor vascularization.6

In the human genome, deletion of a telomeric

region in the long arm of chromosome 6 (6q27) has

been considered to be associated with a variety of solid

neoplasms, including carcinomas of the ovary,7,8

breast,9–11 uterus,12 stomach,13 liver,14 colon/rectum,15

kidney,16 and parathyroid gland17 as well as mela-

noma18 and hematologic malignancies, like non-Hodg-

kin B-cell lymphoma19 and acute lymphoblastic

leukemia.20 The 6q27 region was mapped, and investi-

gators found that it contained a tumor suppressor gene

formerly known as RNase6PL and recently renamed

RNASET2. This gene is present in a single copy in the

genome; of 28,751 base pairs (bp) of the full gene, only

719 bp (split into in 9 exons) form the open reading

frame.21–24 Both in primary ovarian tumors and in

ovarian tumor cell lines, RNASET2 gene expression is

reduced significantly, although it is not necessarily

mutated.21,24 The putative protein (National Center for

Biotechnology Information [NCBI] GeneInfo no. [gi]

30354311) encoded by this gene shares homology with

the RNase T2 family.21,24 Amino acid sequence align-

ment between ACTIBIND (NCBI gi 71064123) and the

putative RNASET2-encoded protein showed 34% iden-

tity and 52% homology. In ovarian cancer cell lines,

transfection with RNASET2 caused a reduction in

tumorigenicity24 and in the ability to metastasize in

nude mice xenografts.23

The similarity between RNASET2 and ACTIBIND

raised interest in studying the antitumorigenic effects

of human T2-RNase. In the current study, we cloned

the RNASET2 gene into the yeast Pichia pastoris and

expressed the recombinant protein. The RNASET2

protein was purified and found to bind actin. In vitro

assays and animal experiments demonstrated the

antiangiogenic and antitumor effects of RNASET2.

MATERIALS AND METHODS
Chemicals, Drugs, and Supplies
The enhanced chemiluminescence (ECL) Western blot

detection system was from Amersham Pharmacia Bio-

tech, Ltd. (Buckinghamshire, U.K.); Matrigel was from

Becton-Dickinson (Bedford, MA); Dulbecco minimum

Eagle medium (DMEM), M199 medium, fetal calf se-

rum (FCS), glutamine, and antibiotic-antimycotic solu-

tion were from Biological Industries (Bet Haemek,

Israel); endothelial cell growth factor (ECGF) was from

Biomedical Technologies Inc. (Stoughton, MA); mono-

clonal mouse antiactin-immunoglobulin M (IgM) and

horseradish peroxidase (HRP)-conjugated goat anti-

mouse IgM were from Calbiochem-Novabiochem

Company (San Diego, CA); the RNASET2 gene was

synthesized by GenArt GmbH (Regensburg, Germany);

pPIC9K was from Invitrogen (San Diego, CA); paclitaxel

was from Mead Johnson, Bristol-Myers Squibb Com-

pany (Princeton, NJ); bFGF was from Promega (Madison,

WI); recombinant human VEGF was from Protein Lab-

oratories (Rehovot, Israel); recombinant human angio-

genin was from R&D Systems, Inc. (Minneapolis, MN);

agarose, concanavalin A immobilized on 4% cross-

linked beaded agarose, G-actin, 1-[3-(dimethylamino)-

propyl]-3-ethyl-carboimide methiodide (EDC), methyl

a-D mannopyranoside, and yeast RNA were from

Sigma-Aldrich Company (St. Louis, MO).

Cloning Human RNASET2
A synthetic RNASET2 gene that was optimized for

expression in Pichia pastoris was designed according

to the complementary DNA (cDNA) sequence and

cloned into the plasmid pCR-Script Amp. The frag-

ment of 719 bp resulting from EcoRI and NotI diges-

tion was subcloned into the EcoRI/NotI sites of

pPIC9K and transformed into Escherichia coli strain

DH5a, as described previously.25 Expression in P. pas-

toris strain GS115 (his4 mutant) was carried out

according to the manufacturer’s protocol (Pichia

expression kit; Invitrogen, Life Technologies). The

yeast was cultivated in 25 mL of medium containing

1% yeast extract; 2% peptone; 100 mM potassium

phosphate, pH 6.0; 4 � 10�5% biotin; and 1% glyc-

erol (BMG medium) overnight at 308C with orbital

shaking. The cells were centrifuged further and trans-

ferred to a another medium, which was the same as

BMG but contained 1% methanol in place of glyc-
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erol, for 6 days under the conditions used for protein

expression.

Purification of the Recombinant RNASET2
The yeast growth medium was centrifuged at 4000g

for 10 minutes at 108C to remove any cell debris and

the supernatant was passed sequentially through

0.45-mm and 0.2-mm filters. The filtrate was brought

to pH 7.4 with 1 M Tris and 6 M NaOH, centrifuged

as described above, and refiltered. Then, the filtrate

was incubated overnight at 48C under continuous

rotation with concanavalin A immobilized on 4%

cross-linked, beaded agarose in equilibration buffer

(20 mM Tris-HCl, pH 7.4; 500 mM NaCl; 1 mM

CaCl2; 1 mM MgCl2; and 1 mM MnCl2). A column

(3.5 cm � 1.3 cm) was built with the beads and

washed with the equilibration buffer. Because P. pas-

toris uses mannose as a keystone for protein glycosy-

lation, the RNASET2 was released with 500 mM

methyl a-D mannopyranoside. The eluate was dia-

lyzed intensively against double-distilled water and

lyophilized. The isolated glycoprotein was analyzed

by 12.5% Tricine-sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE).26

RNase Activity Assays
The RNase activity assay was performed as described

previously with modifications.4,27 Samples of 50 mL
were added to 50 mL of 100 mM sodium acetate buffer

(pH 4.5) that contained 4 mg/mL yeast RNA. Blank

tubes were prepared in the same way, except that the

RNASET2 was replaced with buffer. The reaction mix-

ture was incubated for 30 minutes at 508C; then, 50 mL
of stop mixture (0.75% weight/volume uranyl sulfate in

25% weight/volume perchloric acid) were added. The

reaction mixture was cooled on ice for 5 minutes and

centrifuged at 15,000 g for 5 minutes. The supernatant

fluid was diluted 8-fold with distilled water, and absorb-

ance was determined at 260 nanometers (nm). Enzy-

matic-inactivated (EI)-RNASET2 was obtained after

autoclaving at 1208C (120 kPa) for 30 minutes (ie, until

RNase activity was undetectable).

A zymogram for RNase activity was performed as

modified from Roiz et al.4 Samples of 5 mL were placed

over a plate that contained 10 mL of 0.1% yeast RNA

and 0.8% agarose in 20 mM sodium acetate and were

incubated at 378C for 30 minutes. Then, the agarose

plate was stained with 0.02% (weight/volume) Toluidine

blue in water. RNase activity was visualized as a bright

area on a blue background.

Clonogenic Assay
The colony-formation assay was performed essen-

tially as described previously28 with minor modifica-

tions. Human colon cancer HT29 cells were grown in

50-mL flasks (105 cells/flask) in 7 mL DMEM supple-

mented with 10% FCS, 1% glutamine and 1% antibi-

otic-antimycotic solution in the presence or absence

of 1 mM RNASET2 or EI-RNASET2. The cells were

incubated at 378C in a humidified atmosphere con-

taining 5% carbon dioxide, and the growth medium

was changed 24 hours after cell implantation. After

another 24 hours, the cells were seeded in 96-well,

flat-bottomed microtiter plates (103 cells per well) in

200 mL medium in the presence or absence of 1 mM
RNASET2 or EI-RNASET2 and incubated for 5 days.

The colonies were then fixed with 5% formaldehyde,

60% ethanol, and 5% acetic acid in water for mi-

croscopy observations. In each treatment, colonies

that contained at least 100 cells were counted. Six

individual determinations were performed for each

treatment.

HUVE Cell Angiogenesis Assay
Freshly isolated HUVE cells were maintained in

M199 medium supplemented with 20% FCS, 1% glu-

tamine, 1% antibiotic-antimycotic solution, 0.02%

ECGF, and 50 U/100 mL heparin, as described pre-

viously.29 Then, the cells were plated (14 � 103 cells

per well) in a 96-well plate coated with growth fac-

tor-depleted Matrigel in 100 mL M199 medium that

contained 5% FCS and 0.005% ECGF supplemented

with recombinant human angiogenin, bFGF, or

recombinant human VEGF to a final concentration

of 1 mg/mL each. RNASET2 (0.5 mM, 1 mM, 5 mM, or

10 mM final concentration) or phosphate-buffered sa-

line (PBS) was added. After incubation overnight, the

plates were photographed, and the extent of tube

formation was assessed. Five individual determina-

tions were performed for each treatment.

Binding of RNASET2 to Actin
Membrane blotting
RNASET2, ACTIBIND, bovine serum albumin (BSA)

(as a negative control), or G-actin (positive control)

was blotted directly onto nitrocellulose membrane

using a SlotBlot (Hoefer Scientific Instruments, San

Francisco, CA). The membrane was blocked over-

night at 48C with 5% (weight/volume) skim milk in

PBS that contained 0.25% Tween 20 (PBST) and was

washed twice for 10 minutes each with 1% milk in

PBST. Then, the membrane was equilibrated with

freshly prepared Buffer G (2 mM Tris-HCl, pH 8.0;

0.2 mM CaCl2, and 0.2 mM adenosine triphosphate)

for 10 minutes at room temperature and subse-

quently incubated overnight at 48C with 5 mg/mL G-

actin in Buffer G. The membrane was washed 3

times for 10 minutes each at room temperature with
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1% milk in PBST that contained 0.2 mM CaCl2,

probed for 1 hour against monoclonal mouse antiac-

tin-IgM (20 mg/mL in 2 mM Tris-HCl, pH 7.4, con-

taining 0.2 mM CaCl2), washed again 3 times for

10 minutes each in PBST with 0.2 mM CaCl2, and

reacted against 0.1 mg/mL HRP-conjugated goat anti-

mouse IgM. Signals were detected with an ECL

Western Blot Detection System.

Binding in solution
The assay was done as described by Hu et al.30 Actin

(10 mg) was mixed with RNASET2 or EI-RNASET2

(20 mg each) in 15 mL Buffer G. The mixture was

incubated for 30 minutes at room temperature; then,

EDC was added to a final concentration of 10 mM.

After another 30-minute incubation at room temper-

ature, the cross-linked complex was run on 12.5%

Tricine SDS-PAGE gels. Proteins were visualized by

Coomassie blue staining or by Western blot analysis

using mouse antiactin-IgM as described above.

Animal Studies in Xenograft Model
Viable human colon cancer LS174T cells were injected

subcutaneously (5 � 105 cells/100 mL per mouse) into

the left hip of female athymic mice aged 5 or 6 weeks

(Athymic Nude/nu; Harlan, Rehovot, Israel). When the

tumor diameter reached 5 mm to 7 mm (approxi-

mately 2 weeks after implantation), the mice were

treated with RNASET2 (1 mg/kg) injected into the

peritoneal cavity (intraperitoneally), with paclitaxel

(10 mg/kg or 15 mg/kg) injected into the tail vein

(intravenously), or with a combination of the 2 drugs.

RNASET2 was injected every 2 days for 3 weeks; pacli-

taxel at a dose of 10 mg/kg was injected 3 times a

week for 3 weeks; paclitaxel at a dose of 15 mg/kg was

injected 4 times every 2 days starting from the second

week of the experiment. Control mice received PBS

every 2 days throughout the experimental period. The

mice were maintained on a normal diet that was pro-

vided ad libitum under pathogen-free conditions.

Tumors were measured with calipers 3 times per

week. Tumor size (mm3) was evaluated by measuring

the 2 greatest perpendicular dimensions with Vernier

calipers and using the formula 1/2LW2,31 in which L is

the greatest dimension, and W is the dimension per-

pendicular to L, and the results are presented as mean

values. The experiments were terminated 21 days after

the initial treatment. The mice were killed, and tumors

were taken for histopathologic examination. In each

median tumor cross section, the blood vessels were

counted, and their areas were analyzed with Image J

(NIH) software. Relative area (percentage) was calcu-

lated as the ratio between total blood-vessel area and

tumor-section area (n ¼ 5 tumors; 3 microscopic fields

of each). All animal experiments were approved by the

Ethics Committee for Animal Experimentation, Faculty

of Agricultural, Food, and Environmental Quality

Sciences, the Hebrew University of Jerusalem, Israel.

Statistical Analysis
Means were compared by using an analysis of var-

iance. Differences were considered statistically signif-

icantly at P < .05.

FIGURE 1. (A) Purification of human recombinant RNASET2 by affinity
chromatography. The growth medium of Pichia pastoris was passed through

concanavalin A immobilized on a 4% cross-linked, beaded agarose column.

The glycoprotein was eluted after addition of 500 mM methyl a-D manno-

pyranoside (arrowhead). (B). Protein analysis on 12.5% SDS-PAGE. Lane 1,

molecular markers; Lane 2, fractions collected with equilibration buffer; Lane

3, RNASET2. (C). Zymogram for RNase activity. Samples of human recombi-

nant RNASET2 were heated for 10 minutes at a range of temperatures (from

558C to 1008C); then, 5 mL of each were placed on an agarose plate con-

taining yeast RNA. The bright circles indicate that RNase activity was

retained, even at boiling point. Each number represents a temperature (8C).

NT indicates not treated.
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RESULTS
The synthetic RNASET2 gene was ligated into the

pPIC9K plasmid downstream to a-mating factor

secretion signal peptide and expressed by the yeast

P. pastoris.32,33 The recombinant RNASET2 was affin-

ity purified by concanavalin A immobilized on a 4%

cross-linked, beaded agarose column (Fig. 1A); and a

pure RNase-active glycoprotein at the expected size

of 27 kilodaltons (kDa) (Fig. 1B) was eluted, indicat-

ing accurate folding during synthesis of the recombi-

nant RNASET2 protein. The recombinant RNASET2

maintained its thermostability and RNase activity,

even at boiling point (Fig. 1C). These properties are

typical of T2-RNase family members. Therefore,

autoclave treatment was required to abolish RNase

activity completely.

The biologic activity of the RNASET2 was ana-

lyzed by in vitro and in vivo assays. The antitumori-

genic effect was assessed by determining the ability

to inhibit cancer cell colony formation. In HT29 can-

FIGURE 2. The effect of RNASET2 and EI-RNASET2 (1 mM each) on

clonogenicity in colon cancer HT29 cells. The number of colonies (percent of

control) was significantly lower in RNASET2- and in EI-RNASET2-treated cells

(P < .01) relative to controls (n ¼ 6 for each treatment).

FIGURE 3. HUV cell tube formations on Matrigel were induced by angiogenin (A-D), bFGF (E-H), and VEGF (I-L). Controls (A, E, and I), in 1 mM RNASET2 (B,

F, and J), in 5 mM RNASET2 (C, G, and K), 10 mM RNASET2 (D, H, and L). Tube formation was inhibited by RNASET2 in a dose-dependent manner and reached

total arrest at 5 mM with angiogenin and VEGF and at 10 mM with bFGF (n ¼ 5 for each treatment).
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cer cells, RNASET2 and EI-RNASET2 significantly

reduced the rate of colony formation to 59% and

56%, respectively, compared with controls (P < .01)

(Fig. 2).

The antiangiogenic effect of RNASET2 was assessed

by HUVE cell tube formation on Matrigel. We ob-

served that RNASET2 inhibited angiogenin- and

VEGF-induced tube formation in a dose-dependent

manner (Fig. 3), reaching total arrest at 5 mM. With

bFGF, total arrest was reached at 10 mM.

Binding of RNASET2 to actin was analyzed by

ligand blotting. We observed that actin was bound to

membrane-immobilized RNASET2 and to ACTIBIND,

but not to BSA (Fig. 4A). The binding of RNASET2 to

actin also was investigated by cross-linking followed

by gel electrophoresis. Coomassie-blue staining re-

vealed that, when RNASET2 was mixed with actin, a

band at a high molecular weight that hardly pene-

trated the running gel appeared, suggesting the for-

mation of a super-complex between RNASET2 and

actin (Fig. 4B, Lane 4). Although the denaturated EI-

RNASET2 was not observed with Coomassie blue

(Fig. 4B, Lane 5), a high-molecular-weight complex

with actin (Fig. 4B, Lane 6) was obtained similarly

to the native RNASET2. No complex was observed

when actin was mixed with BSA under the same con-

ditions (Fig. 4B, Lane 8). These results were validated

by Western blot analysis with antiactin antibody (Fig.

4C). Additional bands that contained only actin and

that migrated with higher molecular mass (Fig. 4C,

Lane 2) most likely are the results of actin oligomeri-

zation.34,35

Using the xenograft athymic mouse model, we

investigated the ability of RNASET2 to affect the

growth rate of LS174T-derived carcinoma (Fig. 5).

Each of the individual treatments (RNASET2 or pacli-

taxel) led to approximately 40% inhibition of tumor

development compared with controls. Conversely,

FIGURE 4. Actin-binding activity assays. (A) Membrane blotting: Proteins
were blotted onto a nitrocellulose membrane, and actin-binding capability

was evaluated after overnight incubation with 10 mg/mL actin. Proteins

bound to actin were evidenced subsequent to reaction with antiactin fol-

lowed by HRP-conjugated secondary antibody. (B,C) Binding in solution. Actin

(10 mg) was mixed with 20 mg RNASET2, EI-RNASET2, or BSA (as a control)

in 15 mL Buffer G. After incubation for 30 minutes at room temperature, the

mixture was cross-linked for 30 minutes with EDC and analyzed by 12.5%

SDS-PAGE. Lane 1, molecular markers; Lane 2, actin; Lane 3, RNASET2;

Lane 4, RNASET2 and actin; Lane 5, EI-RNASET2; Lane 6, EI-RNASET2 and

actin; Lane 7, BSA; Lane 8, BSA and actin. Gel was stained with Coomassie

blue (B) or was immunoblotted using mouse IgM (C).
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combination treatments of RNASET2 with paclitaxel

resulted in approximately 80% inhibition (P � .005)

compared with controls (Fig. 5A,B), thus showing a

synergistic effect.

Histologic analysis demonstrated the effect of

the different treatments on tumor blood vessels. In

control mice, a wide invasive area with LS174T can-

cer cells was observed and was accompanied by large

blood vessels (Fig. 6A). The endothelial cells were

intact, and tumor cells were attached to the blood

vessels (Fig. 6D). In mice that were treated with

RNASET2 (Fig. 6B) or with RNASET2 and paclitaxel

(Fig. 6C), cancer cells were concentrated surrounding

small blood vessels. In RNASET2-treated mice (Fig.

6E), blood cells infiltrated through the endothelium

from the blood vessels, and tumor cells were de-

tached from the endothelium. In mice that were

treated with RNASET2 and paclitaxel (Fig. 6F), a sub-

stantial loss of endothelial structure was observed.

Furthermore, the effect of RNASET2 on angiogenesis

was determined in the median tumor cross-sections.

Both RNASET2 treatment and the combination treat-

ment with paclitaxel significantly reduced the num-

ber of blood vessels per tumor by 49% (P < .005) and

44%, (P < .01), respectively, relative to controls. In

addition, a 68% reduction in total blood vessel area

per tumor section (P < .001) was observed for both

treatments compared with controls.

DISCUSSION
In this article, we report on the expression of RNA-

SET2 glycoprotein in P. pastoris from an optimized

synthetic human RNASET2 gene. The recombinant

RNASET2 was purified on a concanavalin A-immobi-

lized, cross-linked, beaded agarose column (Fig. 1).

In vitro assays showed that RNASET2 bound actin

(Fig. 4). The antiangiogenic effect of RNASET2 was

demonstrated by its inhibition of angiogenin-, bFGF-,

and VEGF-induced HUVE cell tube formation in vitro

in a dose-responsive manner (Fig. 3). The antitumori-

genic effect of RNASET2 was demonstrated by its

ability to reduce significantly the clonogenic ability

of cancer cells (Fig. 2).

If the antitumorigenic effect was a result of RNA

degradation and protein biosynthesis depletion, then

EI-RNASET2, which shows no RNase activity, would

be ineffective. However, the EI-RNASET2 possessed

anticlonogenic (Fig. 2) and actin-binding (Fig. 3) activ-

ities, similar to the nontreated RNASET2. We previously

reported that the anticarcinogenic and antiangiogenic

effects of the fungal ACTIBIND are not related to its

ribonuclease activity.6 Our findings are supported by

those of Acquati et al.,22,23 who reported that a dou-

ble point mutation targeted to the putative ribonu-

clease catalytic sites did not affect RNASET2-mediated

tumor suppression and metastasis, suggesting that

RNase activity is not a prerequisite for its antitumori-

genic effect. Alternatively, the antitumorigenic activ-

ity of the aforementioned members of the RNase T2

family may be associated with actin binding rather

FIGURE 5. The effect of RNASET2 on LS174T-derived colon cancer cells
implanted in nude mice. The cells were injected subcutaneously (5 � 105 cells

per mouse) into the left hip. When the tumor diameter reached 5 mm to

7 mm, the mice were distributed randomly (n ¼ 6) and were treated for 3

weeks with 1 mg/kg RNASET2, (every 2 days � 3 weeks intraperitoneally;

open squares), with paclitaxel (intravenously; solid triangles), or with a com-

bination of the 2 drugs according to their respective schedules (open circles).

(A) Mice treated with 10 mg/kg paclitaxel 3 times per week for 3 weeks. (B)

Mice treated with 15 mg/kg paclitaxel 4 times every 2 days starting from

the second week of the experiment. Control mice received PBS every

2 days � 3 weeks (intraperitoneally; solid squares). The combined treat-

ments show a significant (P � .005) synergistic effect compared with the

control or with each of the individual treatments. Each bar represents the

standard error of the mean.
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than RNase activity. Simm et al.36 reported that bo-

vine seminal-RNase, a member of the RNase A fam-

ily, also binds actin in vitro. The biologic function of

this RNase includes antitumor and immunorepres-

sive activities.37,38 In cancer cells, the structure of the

actin network is related directly to malignancy po-

tential, because it determines cell motility.5 Further-

more, in endothelial cells, it has been demonstrated

that surface actin is a receptor for angiogenin, thus

playing a critical role in angiogenesis.30,39–41 The

mechanism by which RNASET2 binds to cell-surface

actin, leading to antitumorigenic activity, deserves a

more in-depth investigation.

The antitumorigenic and antiangiogenic effects

of RNASET2 also were demonstrated in vivo in a

xenograft model. In athymic mice, RNASET2 injected

intraperitoneally every 2 days significantly inhibited

viable human colon cancer LS174T-derived xenograft

development (Fig. 5), which is known as a hypervas-

cular model.42 In addition, RNASET2 affected the

histology of tumors and blood vessels (Fig. 6).

Furthermore, reductions in the number of blood ves-

sels per tumor and in blood vessel size were

observed. Acquati et al.24 reported that transfection

of RNASET2 cDNA into ovarian cancer cells reduced

their tumorigenicity in nude mice.22 In contrast, Liu

et al.42 reported that transfection of the same gene

into ovarian cancer cells did not result in suppres-

sion of clonogenicity. A possible explanation for the

latter result is that, in the study by Liu et al., the

RNASET2 cDNA was fused to an HA epitope tag at

the C-terminus, which may have affected the ability

of the encoded protein to be secreted. Consequently,

it did not have access to its natural receptor on the

target cell surface.

The resistance of many tumors to conventional

therapy has led to attempts to develop novel and

more effective strategies to improve anticancer

agents. In the current study, a synergistic effect was

obtained with paclitaxel at low clinical doses (15 mg/

kg and 10 mg/kg) and in 2 different regimes, empha-

sizing the advantage of concomitant use of RNASET2

in combined therapy. These results are related to the

study reported by Fujii et al.43 in a human LS174T

colon cancer xenograft model, in which combined

therapy with paclitaxel/thalidomide inhibited tumor

growth and angiogenesis in mice synergistically. The

practice of combining chemotherapy with antiangio-

genic drugs is on the rise for the treatment of malig-

nancies with greater sensitivity and less toxicity.43–46

Most recently, a large Phase III study has provided

unequivocal evidence that VEGF inhibition, using

bevacizumab (Avastin) in combination with chemo-

therapy, can provide substantial clinical benefits, in-

FIGURE 6. Paraffin sections of LS174T-derived xenografts in nude mice after hematoxylin and eosin staining. Controls (A and D), RNASET2-treated tumors
(B and E), and tumors treated with both RNASET2 and paclitaxel (C and F). In control mice, a wide, invasive area with LS174T cancer cells is observed accom-

panied by large blood vessels (A). Magnification of blood vessels shows cancer cells reaching up to the endothelial cells (D). In mice treated with RNASET2 (B)

and with RNASET2 plus paclitaxel (C), cancer cells are concentrated surrounding small blood vessels. In RNASET2-treated tumors, the blood cells infiltrate out

through the endothelium, and the tumor cells detach from the blood vessel (E). In mice treated with RNASET2 and paclitaxel, the endothelium structure is

destroyed (F). Scale bar ¼ 50 mm in A, B, and C; 10 mm in D, E. and F.
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cluding increased survival, in patients with metastatic

colorectal carcinoma.47 Bevacizumab is the first anti-

angiogenic agent to be approved by the U.S. Food

and Drug Administration for cancer therapy.47–49

The major advantage of human RNASET2 arises

from its potential to be well-recognized by the

human body and to be tolerated with only minor (if

any) side effects. Our current data also strengthen

the idea that combining RNASET2 with conventional

chemotherapy may be the basis for future anticancer

therapy.
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