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Introduction
Cancer chemotherapeutics have primarily depended on the 
use of small molecular agents that possess little selectivity for 
cancer cells.  While some have been efficacious in eradicating 
tumor cells, most of these small molecular drugs have led to 
severe toxicities against normal tissues[1–3].  Those side effects 
can prevent the administration of effective drug doses that 
are sufficient to kill cancer cells.  Various molecular markers, 
selectively expressed on tumor cell surfaces, that distinguish 
tumor cells from normal cells provide the basis for the design 
of targeted, molecular-based cancer therapies.  To date, 
various approaches based on ligand-targeted therapeutics 
(ie, antibodies, tumor-homing peptides or small molecular 
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ligands) that can specifically bind to tumor-associated markers 
(ie, receptors) have been utilized to selectively kill tumor 
cells[4–6].  As an active targeting tool, antibodies bound to the 
cell surface antigens can promote the induction of antitumor 
immune responses by manipulating tumor-related signal-
ing[7] or concentrate conjugated drug molecules to tumor cells 
expressing specific antigens[8, 9].  However, there are risks that 
antibody-based therapeutics might cause other problematic 
immune responses such as anti-idiotypic responses against 
humanized or fully human antibodies[10, 11].  Critically, tumor 
penetration by antibodies is known to be quite poor due to 
their large size (150 kDa) and high binding affinity to antigens, 
with the latter being termed the binding-site barrier[4, 12].  
Diffusion of high-affinity antibodies into tumors can be 
limited because the slow rates of dissociation decrease the 
local concentration of diffusible, free antibody.

Meanwhile, peptide ligands have been drawing enormous 
interest because of their crucial merits over conventional 
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ligands (eg, antibodies) mainly owing to their relatively small 
size[4, 13].  Peptide ligands with smaller sizes can provide 1) a 
decreased possibility of affecting the function of the coupled 
drug, especially enzyme drugs, 2) availability of multiva-
lency and 3) less immunogenicity[14, 15].  Various peptide 
ligands have recently been developed due to the advance-
ment of technologies for discovering novel peptides that 
can selectively bind to tumor cells, such as phage-display 
cDNA libraries.  One of these recently discovered peptides 
that has garnered much interest is the F3 peptide[16, 17].  F3 is a 
30–34-amino acid fragment of a high mobility group protein, 
HMG2N.  Nucleolin is known to be highly expressed on the 
surface of tumor cells, whereas it is primarily expressed in 
the cytoplasm and nuclear membrane in normal cells, which 
might help to achieve selective drug targeting into the tumor 
site[18].  These receptor molecules expressed on the tumor cell 
surface are known to play an important role in facilitating the 
internalization of F3 peptide into tumor cells and transport 
into the cell nucleus.  F3 peptide can bind to tumor cells 
expressing nucleolins or endothelial cells as angiogenesis 
precursors[19].  Therefore, macromolecular drugs conjugated 
with F3 peptides might be efficiently internalized into tumor 
cells via nucleolin-mediated transport, resulting in enhanced 
cancer therapeutic effects.

With unmatched potency and selectivity, macromolecular 
drugs (ie, proteins or genes) have drawn interest over the past 
few decades for overcoming the limitations of small molecular 
drugs, which are accompanied by side effects and toxicity at 
therapeutic dosages[20–22].  Gelonin, a plant-derived protein 
toxin, is one of the macromolecular drug candidates.  It is 
a 30 kDa glycoprotein that was first derived from the seeds 
of Gelonium multiflorum.  As a ribosome-inactivating protein 
(RIP) toxin, gelonin inhibits protein synthesis via the cleavage 
of a single adenine residue (A4324) in the 28S ribosomal RNA[23].  
The potency of gelonin in inhibiting protein translation 
is so high that even a single gelonin molecule can kill one 
tumor cell after cellular uptake[23].  However, despite the 
high potency of gelonin, its clinical translation as an anti-
cancer drug remains a challenge because of its poor cellular 
uptake.  To overcome this challenge of intracellular delivery, 
we previously synthesized various gelonin fusion proteins 
with different membrane-active peptides (eg, low molecular 
weight protamine, TAT peptide and melittin) and tested the 
constructs in different tumor cell lines[24–26].  Despite achieving 
significantly improved cellular uptake, these fusion proteins 
lacked cell selectivity for their activity, and the toxicity con-
cern remained a great obstacle for clinical application of these 
fusion proteins.  In this regard, in this study, we developed 
an F3-gelonin (F3-Gel) fusion chimera through recombinant 
technologies.  The inhibitory activity of this recombinant pro-
tein on protein synthesis in tumor cells was assessed using a 
cell-free translational system (ie, a rabbit reticulocyte lysate 
assay).  Furthermore, the potency against tumor cells was 
examined in various cancer cell lines and in vivo with animal 
experiments using a U87 MG xenograft tumor-bearing mouse 
model.

Materials and methods
Materials
DNA restriction enzymes (Nde I and Nhe I) and T4 DNA ligase 
were purchased from New England Biolabs (Ipswich, MA, 
USA).  Competent E coli strains [TOP10 and BL21star (DE3)] 
were purchased from Invitrogen (Carlsbad, CA, USA).  Iso-
propyl β-D-1-thiogalactopyranoside (IPTG) and carbenicillin 
were purchased from Fisher Scientific (Pittsburg, PA, USA).  
AcTEVTM protease, PBS (pH 7.4), Dulbecco’s modified Eagle’s 
medium (DMEM), fetal bovine serum albumin (FBS) and 
Hoechst 33342 were purchased from Invitrogen (Carlsbad, 
CA, USA).  A BCA assay kit was purchased from Bio-Rad 
Laboratories (Hercules, CA, USA).  The rabbit reticulocyte 
lysate assay system was purchased from Promega Corporation 
(Madison, WI, USA).  Rhodamine B isothiocyanate (TRITC) 
was purchased from Sigma-Aldrich (St Louis, MO, USA).  
A cell proliferation kit II (XTT) was purchased from Roche 
Applied Science (Indianapolis, IN, USA), and DylightTM 775-B4 
was purchased from Thermo Fisher Scientific (Rockford, IL, 
USA).

Expression of F3-gelonin fusion protein
The schematic design of the pET-TRX-F3-Gel vector for the 
expression of the F3 peptide-fused gelonin is shown in Figure 
1A and 1B.  Genes encoding a portion of the N-terminal region 
of gelonin and an F3 peptide (299 bp; GenScript USA Inc, 
Piscataway, NJ, USA) were double digested (Nde I and Nhe I) 
from a pUC-57 simple vector, and the gene fragments were 
separated on a 1% agarose gel, purified, and ligated into a 
linearized pET22b-TRX-Gel vector previously prepared in our 
lab[24].  The constructed pET-TRX-F3-Gel was submitted for 
DNA sequencing analysis.  

A single colony of BL21 (DE3) transformed with pET-TRX-
F3-Gel grown on LB agar plates containing 50 µg/mL of car-
benicillin, was picked and used to inoculate 40 mL of LB broth 
(50 µg/mL of carbenicillin).  The starter culture was incubated 
overnight at 37 °C with shaking at 250 rounds per minute and 
then diluted into 1 L of LB broth.  The large (1 L) culture was 
incubated under the same conditions until the absorbance at 
OD600 reached 1.0.  IPTG was added as an inducer to a final 
concentration of 0.5 mmol/L, and the cultures were further 
incubated for 4 h.  After incubation, cells were harvested by 
centrifugation, re-suspended in 20 mmol/L PBS (300 mmol/L 
NaCl, pH 7) and then lysed by sonication (4×30 s, with 50% 
output in ice bath).  After centrifugation, the supernatant 
fractions were loaded onto HisPure® Ni-NTA resin (Bio-Rad 
Laboratories, Hercules, CA, USA), and after being washed 
with PBS, thioredoxin-6×His tagged F3-gelonin (TRX-F3-Gel) 
was eluted with 300 mmol/L imidazole (20 mmol/L PBS, 300 
mmol/L NaCl, 300 mmol/L imidazole, pH 7).  To remove the 
thioredoxin-6×His tag, TRX-F3-Gel was incubated with TEV 
protease (AcTEVTM protease, Invitrogen), and F3-Gel was puri-
fied with a heparin column using a salt gradient (0 to 2 mol/L 

NaCl at a rate of 0.02 mol·L-1·min-1, flow rate: 1 mL/min).  
Recombinant gelonin was expressed using a pET28a-Gel vec-
tor and purified following the identical procedures described 
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by Shin et al[24].

Protein assays
The expression of soluble TRX-F3-Gel was determined by SDS-
PAGE and Western blot analysis, and every purification step 
was monitored by SDS-PAGE on a 10% Tris-HCl gel.  For the 
Western blot assay, resolved protein bands were transferred 
to a nitrocellulose membrane, and after blocking, the mem-
brane was washed with TBS-T buffer (50 mmol/L Tris, 0.15 
mol/L NaCl, 0.1% Tween 20) and incubated with a primary 
antibody (mouse anti-6×His tag Ab, Abcam) at 4 °C overnight.  
Then, the membranes were washed again with TBS-T buffer 
and incubated with a secondary antibody (alkaline phospha-
tase (AP)-conjugated anti-mouse IgG, Sigma-Aldrich) for 1 h 
at room temperature.  After incubation, the membrane was 
washed with TBS-T buffer, and protein bands were developed 

with Nitroblue tetrazolium chloride/5-bromo-4-chloro-3’ 
indolyphosphate p-toluidine salt substrate (NBT/BCIP, Roche) 
in a buffer containing 0.1 mol/L Tris-HCl, 0.1 mol/L NaCl, 
and 0.05 mol/L MgCl2 at pH 9.5.  The purity of the final F3-Gel 
product was determined based on densitometry analysis using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA), and the production yield was calculated using a BCA 
protein assay.

Protein synthesis inhibition assay
Protein translation inhibition by F3-Gel was assessed, in com-
parison with gelonin, using a rabbit reticulocyte lysate assay 
following the procedures of Shin et al[24].

Cell culture
U87 MG human glioblastoma-astrocytoma, 9L rat glioma, 
HeLa, LnCaP, 293 HEK (human embryonic kidney) and 
SVGp12 cell lines were purchased from American Type Cul-
ture Collection (ATCC, Manassas, VA, USA).  Cell cultures 
were maintained in complete medium (DMEM with 10% FBS 
and 1% penicillin-streptomycin antibiotics).  

Cellular uptake 
HeLa, LnCaP, 9L, U87 MG, 293 HEK and SVGp12 cells were 
seeded onto 24-well plates at 5×104 cells per well and incu-
bated in complete medium.  After 24 h of incubation, TRITC-
labeled F3-Gel and gelonin were added to the wells and 
incubated at 37 °C for 4 h in a humidified CO2 incubator.  To 
evaluate whether the entry of F3-Gel is F3-specific, a separate 
group of U87 MG cells were pre-treated with unlabeled free 
F3 peptides (5-fold to the F3-Gel) for 30 min and then incu-
bated with the TRITC-labeled F3-Gel for 4 h.  After incubation, 
the cells were washed three times with PBS, and nuclei were 
counterstained with Hoechst 33342.  Following the Hoechst 
staining, the cells were washed with PBS again, and images of 
the live cells were acquired using a Nikon A1R-A1 confocal 
microscope.  Cell images were analyzed with NIS-elements 
software (Nikon Instruments Inc, Melville, NY, USA).

For quantitative analysis of the cellular uptake, cells seeded 
on 24-well plates were incubated with either TRITC-labeled 
gelonin or F3-Gel up to 4 h.  Then, at certain time points (0, 
0.5, 1, 2 and 4 h post-incubation), the cells were lysed and the 
fluorescence intensities of the lysates were measured.

Cytotoxicity assay
HeLa, LnCaP, 9L, U87 MG, 293 HEK and SVGp12 cells were 
dispensed into 96-well plates at a density of 5×103 cells per 
well and incubated in a humidified CO2 incubator.  After 24 h 
of incubation, F3-Gel and gelonin were separately added to 
the wells at varying final concentrations (10-11–10-5 mol/L), and 
the cells were further incubated for 48 h.  Then, the relative 
cell viability was determined using an XTT assay following the 
manufacturer’s instructions (Roche Applied Science, Indianap-
olis, IN, USA).  The IC50 values of the F3-Gel and gelonin were 
calculated using Prism software (Prism version 5.0, GraphPad, 
CA, USA).

Figure 1.  Schematic design of F3-Gel and proof of production.  (A) 
Schematic design of pET-F3-Gel vector.  The pET-F3-Gel vector was 
constructed by inserting the N-terminal sequence of gelonin and F3-
gelonin gene into a pET-TRX vector containing the thioredoxin (TRX) gene.  
(B) Schematic images of TRX-F3-Gel, F3-Gel and Gelonin.  (C) SDS-PAGE 
results of Ni-NTA and heparin column purification of TRX-F3-Gel.  Lane M: 
markers of the protein molecular weight standard (Mark 12TM standard, 
Invitrogen).  Lane NTA-Ni: TRX-F3-Gel purified by a Ni-NTA column.  Lane 
Hep: fraction obtained by heparin column purification of F3-Gel after 
cleavage of thioredoxin-6×His tag from the TRX-F3-Gel.  Lane WB: Western 
blot assay results of TRX-F3-Gel.  The purity of the final F3-Gel product was 
determined based on densitometry analysis using ImageJ software.  TRX-
F3-Gel: recombinant thioredoxin-6×His tagged-F3-gelonin fusion protein; 
F3-Gel: recombinant F3-gelonin fusion protein, Gelonin: recombinant 
gelonin.
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Intracellular activity of F3-Gel for inhibition of protein translation
U87 MG cells were seeded onto 12-well plates (105 cells per 
well) and incubated overnight.  Cells were then treated with 
either 1) PBS, 2) gelonin or 3) F3-Gel at final concentrations 
of 0.1, 0.5 or 1 μmol/L.  After 24 h of incubation, cells were 
washed with PBS and then lysed by incubation with 1% 
Triton-X 100.  After centrifugation, the protein in the superna-
tant was quantified using a BCA protein assay.  Relative cellu-
lar protein levels (%) were calculated by dividing the protein 
amount in the sample-treated cells by that of the PBS-treated 
control cells.

Tissue distribution of F3-Gel
Male athymic nude mice (body weight: 22–26 g) were pur-
chased from Charles Rivers Laboratories (Raleigh, NC, USA).  
Three days after arrival, U87 MG cells (107 cells per mouse) 
were implanted (sc) in the left flank of the mice, and when 
the average size of the tumor reached 500 mm3, either gelo-
nin or F3-Gel labeled with near-infrared dye (DylightTM 775-
B4, Thermo Scientific, Rockford, IL, USA) was injected (0.25 
μmol/kg) into the mice via the tail vein.  Then, at certain time 
points (1, 4 and 16 h post-administration), mice were eutha-
nized, and their major organs (eg, tumor, heart, liver, spleen, 
lung, kidney and intestine) were harvested.  The fluorescence 
intensities of these organs were measured with an IVIS® spec-
trum imaging system (Xenogen, Alameda, CA, USA).  Images 
of the organs were collected using an ICG filter (Ex/Em: 745 
nm/800 nm) with identical illumination settings, and the 
images were analyzed with Living Image 2.5 software (Xeno-
gen, Alameda, CA, USA).  The mean fluorescence intensities 
of the organs were normalized by the weights of organs.

Tumor growth inhibition by F3-Gel
U87 MG sc xenograft tumor-bearing mice were randomly 
divided into 6 groups when the tumor size reached an aver-
age of 200 mm3 (d 11 after tumor implantation) and adminis-
tered either 1) PBS, 2) gelonin (0.75 μmol/kg), 3) F3-Gel (0.125 
μmol/kg), 4) F3-Gel (0.25 μmol/kg), 5) F3-Gel (0.5 μmol/kg) 
or 6) F3-Gel (0.75 μmol/kg).  The mice were treated a total of 
three times with one of the above recipes at d 11, 14 and 17 
via tail vein injection.  Every day, the tumor volume and body 
weight of the mice were measured until the average tumor 
size of the PBS control group reached 1000 mm3.  

Statistical analysis 
Plots were generated with error bars (SEM) using GraphPad 
Prism 5.0 (San Diego, CA, USA).  Data analyses between two 
groups were performed with a two-tailed unpaired Student’s 
t-test.  Statistical analyses among groups were conducted by 
one-way analysis of variance (ANOVA), followed by a post hoc 
Tukey’s multiple comparison test as needed.  The results that 
yielded P<0.05 were considered statistically significant.

Results 
Expression and purification of F3-gelonin fusion protein (F3-Gel) 
F3-Gel was expressed as a soluble and functional protein from 

E coli.  As shown in Figure 1C, expression of thioredoxin-
6×His tagged-F3-gelonin (a.k.a. TRX-F3-Gel) and successful 
cleavage of the TRX after incubation with TEV protease were 
confirmed from the SDS-PAGE and Western blot assay results.  
The final yield of the F3-Gel product was an average of 2 mg 
per liter of culture, and the purity was above 90%, determined 
by densitometry analysis of the resolved gel image using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA).  

Protein synthesis inhibition by F3-Gel
As shown in Figure 2, both F3-Gel and unmodified gelonin 
showed similar inhibitory activity against cell-free translation 
of luciferase, indicating that fusion of the F3 peptide and gelo-
nin did not affect the intrinsic catalytic activity of gelonin.  The 
concentrations for 50% inhibition (IC50) of protein translation 
by gelonin (10 pmol/L) and F3-Gel (11 pmol/L) were not sta-
tistically different.

Selective uptake by tumor cells 
A cellular uptake study was performed to examine whether 
F3 can induce selective uptake of F3-Gel into various can-
cer (HeLa, LnCaP, 9L and U87 MG) over noncancerous (293 
HEK and SVGp12) cells.  Representative confocal microscopy 
images of live 293 HEK and U87 MG cells, acquired after incu-
bation with TRITC-labeled gelonin or F3-Gel, are displayed 
in Figure 3A.  As seen, the fluorescence signal was barely vis-
ible in 293 HEK cells incubated with either gelonin or F3-Gel 
or in gelonin-treated U87 MG cells, while the fluorescence 
intensity was clearly observed in the F3-Gel-treated U87 MG 
cells.  However, with pretreatment of excessive F3 peptide, the 
fluorescence signal from U87 MG cells was severely reduced.  
Quantitative analyses of the cellular uptake results for U87 
MG and 293 HEK cells (Figure 3B) were consistent with the 
observations from the confocal microscopy images.  After 

Figure 2.  Protein synthesis inhibition by F3-Gel.  Inhibition of protein 
translation by unmodified gelonin (Gelonin) and recombinant F3-gelonin 
fusion protein (F3-Gel) was determined using a cell-free translational 
system and luciferase as the marker.  The quantity of the translated 
luciferase was measured using a chemiluminescent assay (mean±SEM; 
n=3).  Luminescence intensity vs gelonin concentration curves were fitted 
by a nonlinear regression model using Prism software.  
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4 h of incubation, the fluorescence intensity of U87 MG cells 
incubated with F3-Gel was 1.4-fold greater than that of F3-Gel-
treated 293 HEK cells, while there was no difference in the 
cellular uptake of gelonin.  Only the F3-Gel-treated U87 MG 
cells exhibited statistically significant differences in fluores-
cence intensity among the 4 groups.  As shown in Table 1, 
when the cell internalization profiles of gelonin and F3-Gel 
were compared for 6 different cell lines, including cancer and 
noncancerous cells, a significantly higher uptake of F3-Gel was 
observed in all the tested cancer cells but not in the noncancer-
ous cells.          

Anti-cancer activity
Cell viability studies were performed with various cancer (eg, 
HeLa, LnCaP, 9L, U87 MG) and noncancerous (293 HEK and 
SVGp12) cell lines via an XTT assay.  The cell viability-versus-
gelonin concentration profiles are shown in Figure 4, and the 
calculated IC50 values are summarized in Table 2.  As seen, 
only mild cytotoxicity was observed in gelonin-treated cells 
(avg.  IC50: 2.0–2.9 μmol/L), possibly due to cell internalization 
via fluid phase pinocytosis.  In sharp contrast, significantly 
higher cytotoxicity (avg.  IC50: 0.33–0.41 μmol/L) was observed 
in the cancer cell lines (HeLa, LnCaP, 9L and U87 MG) incu-

Table 1.  Fluorescence intensity values (×104) related with the intracellular level of gelonin and F3-Gel into various cancer and noncancerous cell lines.   

Samples                                           HeLa                           LnCaP                             9L                            U87 MG        293 HEK     SVGp12  
 

Gelonina    7.2±0.5    5.7±0.7   6.4±0.9    7.7±1.5 7.5±1.1 6.8±0.8
F3-Gela 14.3±3.3* 12.7±0.7** 21.9±2.3** 20.4±5.8* 8.6±0.9* 8.0±0.8*

 
Fold differenceb       2.0       2.2       3.4        2.7     1.1     1.2

a Fluorescence intensity measurements per 106 cells (×104) after 4 h incubation with TRITC-labeled gelonin or F3-Gel are displayed for each cell-type. 
*P<0.05, **P<0.01.  For all experiments.  n=3.  F3-Gel: recombinant F3-gelonin chimera.
b Fold difference is calculated from dividing fluorescence intensity values from F3-Gel-treated cells by those from gelonin-treated cells for each cell-type.

Figure 3.  Cell uptake study results of gelonin and F3-Gel on 293 HEK noncancerous cells and U87 MG cancer cells.  (A) Confocal microscopy images of 
live cells after incubation with either TRITC-labeled gelonin or F3-Gel for 4 h at 37 °C.  After incubation, the cells were washed three times with PBS, the 
nuclei were counterstained with Hoechst 33342, and after being washed with PBS, the cell images were acquired with a confocal microscope utilizing 
Hoechst (H; blue) and rhodamine (R; red) channels.  Scale bar indicates 40 μm.  (B) Quantitative analysis of cellular uptake of gelonin or F3-Gel in U87 
MG and 293 HEK cells (mean±SEM.  n=3.  *P<0.05, **P<0.01 by t-tests).  Fluorescence intensity values per 106 cells are depicted over the incubation 
time period (until 4 h).

Table 2.   Cytotoxicity levels (IC50) of gelonin and F3-Gel. 

Samples                                  HeLa                  LnCaP                              9L                     U87 MG                       293 HEK    SVGp12
 

Gelonina 2.00±0.50 2.70±0.72 2.50±0.51 2.10±0.85 2.80±0.53 2.90±0.75
F3-Gela 0.34±0.11** 0.41±0.12** 0.39±0.05** 0.33±0.08** 2.30±0.38 2.80±0.25

a IC50 values are displayed as μmol/L.  **P<0.01.  For all experiments.  n=3.  F3-Gel: recombinant F3-gelonin chimera. 
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bated with F3-Gel.  However, there was no significant differ-
ence in the cell viability between gelonin and F3-Gel against 
noncancerous cell lines (293 HEK and SVGp12). 

Intracellular activity of F3-Gel for inhibition of protein translation
As shown in Figure 5, when the cellular activity of F3-Gel 
was evaluated in U87 MG cells, F3-Gel displayed significantly 
greater inhibition of protein translation than gelonin.  While 
gelonin at concentrations up to 1 μmol/L exerted no effect on 
the intracellular protein level, F3-Gel at 0.5 μmol/L was able to 
reduce the protein level to less than 50%, suggesting internal-
ization of only F3-Gel into the U87 MG cells at sub-micromolar 
concentrations.

Tissue distribution
The tissue distribution profiles of gelonin and F3-Gel were 
examined in U87 MG xenograft tumor-bearing mice.  The fluo-
rescence images of the major tissues harvested after adminis-
tration of DylightTM 775-B4-labeled gelonin and F3-Gel at 1, 4 
and 16 h post-administration are shown in Figures 6A and 6C, 
while the weight normalized MFIs (counts per gram tissue) 
of the organs are shown Figures 6B and 6D.  As seen, basi-
cally, both gelonin and F3-Gel displayed similar distribution 
profiles, with both of them primarily observed in the kidney 
and liver along the time course, which are known as the major 
elimination organs.  In addition, the heart MFI profiles indi-
cated that both of the gelonin samples were rapidly eliminated 
(less than an hour).  As shown in Figure 7, the major difference 
in the biodistribution profiles was the tumor residence time 
and the accumulation amount.  While gelonin and F3-Gel were 
both clearly observed in the tumor, F3-Gel was observed at the 
tumor site for a longer period (up to 16 h post-administration).  
Moreover, F3-Gel showed significantly greater tumor accu-
mulation (3.2-fold) than gelonin (P=0.0064 by unpaired t-test 
when the area under the curves of the tumors (AUCtumor) were 
compared).  The tumor-to-heart ratios were 1.2, 1.4 and 0.6 for 
gelonin at 1, 4 and 16 h post-administration, while they were 
5.6, 3.9 and 1.9 for F3-Gel.

Tumor growth inhibition by F3-Gel
Preliminary in vivo studies were conducted to examine the 
efficacy of F3-Gel using a U87 MG sc xenograft tumor mouse 
model.  The tumor growth profiles are shown in Figure 8A, 
and the body weight changes are shown in Figure 8B.  As 
seen in Figure 8A, while PBS, gelonin and F3-Gel at low doses 

Figure 4.  Cytotoxicity assay results.  The viability profiles of cancer (HeLa, LnCaP, 9L and U87 MG) and noncancerous (293 HEK and SVGp12) cells were 
evaluated after 48 h of incubation with varied concentrations (10-11–10-4 μmol/L) of either gelonin or F3-Gel.  Plots are depicted with the mean±SEM (n=3).  

Figure 5.  Intracellular activity of F3-Gel in U87 MG cells.  Relative cellular 
protein levels in U87 MG cancer cells were measured after 24 h of 
incubation with gelonin or F3-Gel (at 0.1, 0.5 or 1 μmol/L).  Control cells 
were incubated with PBS buffer.  Plots are depicted with the mean±SEM 
(n=3).
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(0.125 and 0.25 µmol/kg) did not show any therapeutic effects, 
significant inhibition of the tumor growth was observed in 
the mice administered a high dose of F3-Gel (0.5 and 0.75 
µmol/kg).  Specifically, at d 25 (25 d after tumor implanta-
tion), compared with the PBS group (tumor size: 1110 mm3), 

the average tumor size of mice treated with gelonin (1090 
mm3) and low doses of F3-Gel (970 and 860 mm3 for 0.125 and 
0.25 µmol/kg doses, respectively) exhibited non-significant 
effects on the tumor growth.  However, in sharp contrast, high 
doses (0.5 and 0.75 µmol/kg) of F3-Gel exerted significant 
tumoricidal effects, with 36% (tumor size: 720 mm3) and 66% 
(380 mm3), respectively, inhibition of the tumor growth.

The average body weight changes of the mice during the 
efficacy study are shown in Figure 8B.  As seen by d 25, the 
body weight of both the PBS control group and the 0.125 
µmol/kg F3-Gel-treated mice continuously increased by an 
average of 23% and 22%, respectively.  However, the mice 
treated with gelonin (0.75 µmol/kg dose) and higher doses of 
F3-Gel (0.25, 0.5 and 0.75 µmol/kg doses) experienced tran-
sient yet significant body weight loss.  Specifically, by d 25, the 
body weight change of gelonin-treated mice was -14%, and 
the body weight changes of F3-Gel-treated mice (with 0.25, 0.5 
and 0.75 µmol/kg dose) were 10%, -3% and -14%, respectively.  

Discussion
Current chemotherapy for the treatment of cancer has posed 
challenges involving the ineffectiveness of anti-cancer small-
molecule drugs as well as the dose-limiting toxicity caused by 

Figure 6.  Organ distribution profiles of gelonin and F3-Gel in U87 MG sc xenograft tumor-bearing mice.  (A) Biodistribution imaging of organs and (B) 
weight-normalized mean fluorescence intensity (MFI) values measured from each organ after administration with DylightTM 775-B4-labeled gelonin.  (C) 
Bioimaging results of organs and (D) weight-normalized MFI values after the administration of labeled F3-Gel via the tail vein.  At the indicated time 
points (1, 4, and 16 h), major organs were harvested and imaged using an IVIS® spectrum imaging system equipped with an ICG filter (Ex/Em: 745/800 
nm).  Fluorescence intensities were observed in each organ up to 16 h, and MFI values were normalized by organ weights.  Plots are depicted with the 
mean±SEM (n=6).

Figure 7.  Tumor distribution profiles from the U87 MG xenograft mice 
until 16 h after administration with gelonin or F3-Gel.  Weight-normalized 
mean fluorescence intensities in the tumor are displayed for both gelonin 
samples with the mean±SEM (n=6).
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the nonselective effects of such drugs on normal tissues.  To 
overcome the therapeutic limitations of the existing small-
molecule anti-cancer drugs, there has been rising interest in 
the use of highly potent macromolecular drugs and ligand-
based delivery systems for selective tumor targeting.  As 
potent toxins with N-glycosidase activity on 28S rRNA, several 
gelonin molecules are sufficient to kill a cell if they can enter 
the tumor cell and fully access the ribosomes inside the cell.  
However, gelonin by itself is not effective for cancer treatment 
because it does not have a cell binding-domain to mediate 
internalization into the cells[20, 22].  Peptide ligands such as F3 
peptide can facilitate the intracellular transport of cargoes by 
binding to nucleolins, cell surface receptors that are selectively 
expressed on tumor cell membranes[17].  In this regard, in 

this research, we have successfully engineered an F3-gelonin 
(F3-Gel) fusion chimera through a genetic recombination 
method without any significant influence on the intrinsic 
activities of gelonin or F3-peptide.  This novel fusion toxin 
(F3-Gel) displayed significantly augmented cytotoxic activity 
against cancer cells compared with noncancerous cells, 
suggesting the feasibility of this selective therapeutic agent to 
overcome the current challenges in tumor targeting.

Regarding recombinant synthesis of F3-Gel chimera, we 
confirmed the expression and successful purification of 
F3-Gel from an E coli culture system as shown by the SDS-
PAGE results (Figure 1C).  The synthesis method of the fusion 
toxin is meaningful because when eukaryotic proteins are 
expressed by prokaryotic E coli cells, improper folding of 
proteins often occurs, producing insoluble aggregates called 
inclusion bodies.  Referring to previous reports, the expression 
of proteins that are not easily produced in the E coli system 
can be improved by inclusion and co-expression of a highly 
expressible fusion partner[27].  Based on this principle, we 
inserted the F3 peptide-Gelonin gene into a pET-TRX vector 
containing the thioredoxin (TRX) gene to create the pET-TRX-
F3-Gel vector (Figure 1A).  As a fusion partner, TRX is a small 
12-kDa redox protein that can be overexpressed to a high level 
in E coli (accumulation of up to 40% of the cellular proteins) 
in a soluble form[28].  The utility of TRX as a fusion partner 
for soluble expression of gelonin fusion proteins has already 
been reported in our previous publications[24, 29].  Herein, we 
have clearly demonstrated the plausibility of this strategy, as 
the N-terminal thioredoxin-6×His tagged-gelonin-F3 peptide 
chimera (F3-Gel) was successfully produced in large quantities 
as a soluble protein in E coli.

Relevant studies regarding recombinant proteins have 
claimed that even a slight conformational change in the 3-D 
structure can result in a significant alteration in the biological 
activities of proteins[30, 31].  Nevertheless, the data obtained 
using a cell-free translational system (a rabbit reticulocyte 
lysate assay) confirmed that the F3-Gel product possessed 
protein synthesis inhibition activity equivalent to that of 
unmodified gelonin (Figure 2).  This result appears consis-
tent with our previous reports that gelonin is quite stable 
in fusions due to its structure[26, 32], which consequently con-
tributes to the retention of its activity even after fusion with 
F3 peptide.  To elucidate any anti-cancer targeting effects of 
F3-Gel or gelonin alone, for the in vitro cell experiments, we 
used HeLa, LnCaP, 9L, and U87 MG cancer cells because these 
cell lines were fully examined in other previous studies related 
to the F3 peptide[18, 33].  In contrast to the equipotent intrinsic 
activity compared with unmodified gelonin in the cell-free 
conditions (Figure 2), in the U87 MG cell lines, F3-Gel exhib-
ited a significantly greater ability to reduce the protein level 
to less than 50% than that of the gelonin (Figure 5).  Moreover, 
when the cellular uptake in U87 MG cells was compared with 
that in the noncancerous 293 HEK cells after incubation with 
either TRITC-labeled gelonin or F3-Gel for up to 4 h, high 
F3-Gel fluorescence signals were exhibited in the U87 MG cells 
but not in the 293 HEK cells, while only low levels of gelonin 

Figure 8.  In vivo evaluation study of the therapeutic efficacy and toxicity 
of gelonin or F3-Gel in U87 MG xenograft tumor-bearing mice.  U87 
MG sc xenograft tumor-bearing mice were randomly divided into six 
groups when the tumor size reached an average of 200 mm3 (d 11 after 
administration).  (A) Tumor volumes (mm3) and (B) body weight change (%) 
in mice at d 11, 14, 17, 20, 23, and 25 after tail vein injection of gelonin 
samples with either 1) PBS, 2) gelonin (0.75 μmol/kg), 3) F3-Gel (0.125 
μmol/kg), 4) F3-Gel (0.25 μmol/kg), 5) F3-Gel (0.5 μmol/kg) or 6) F3-
Gel (0.75 μmol/kg).  The mice were treated a total of three times with the 
agents (1–6) at d 11, 14 and 17 via tail vein injection.  The tumor volume 
and body weight of the mice were measured until the average tumor size 
of the PBS control group reached 1000 mm3.  Mean±SEM (n=6).  One-
way ANOVA with Tukey’s multiple comparison test as the post hoc test; 
*P<0.05, **P<0.01.
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fluorescence were found in both cell types (Figure 3A).  When 
the cell internalization profiles of gelonin and F3-Gel were 
compared for six different cell lines, significantly higher cel-
lular uptake of F3-Gel was observed in all the tested cancer 
cells but not in the noncancerous cells (Table 1).  Finally, these 
results support the notion that the F3 peptide in the F3-Gel 
fusion toxins might specifically bind to tumor-associated 
receptors exposed on the cell surface.  

Because of the structural similarity, F3 peptide (KDEPQ-
R R S A RL SA KPAPPKPEPKPKKAPAKK; containing 3 argi-
nine and 8 lysine residues) has often been compared with 
cationic cell penetrating peptides for any discriminative 
membrane penetration activity.  However, similar to previ-
ous reports[19, 34], our cellular study results with various cancer 
(eg, HeLa, LnCaP, 9L, and U87 MG) and noncancerous (293 
HEK and SVGp12) cell lines clearly demonstrated the cancer 
targeting effects of F3 peptide (Figure 4 and Table 2).  While 
significantly higher cytotoxicity was observed in the cancer 
cell lines incubated with F3-Gel than with gelonin, there was 
no significant difference in the cell viability between gelonin 
and F3-Gel against noncancerous cell lines, suggesting that 
intracellular uptake of F3-Gel into the tested cancer cells was 
mediated via specific binding of F3, presumably to the nucleo-
lin exposed on the tumor cell surface.  Nucleolin is known 
as a multifunctional DNA/RNA binding protein involved 
in regulation of gene transcription, chromatin remodeling, 
RNA metabolism, and ribosomal RNA synthesis[19].  Tumor 
cells with high proliferation rates are known to overexpress 
surface-associated nucleolins in addition to cytoplasmic and 
nuclear nucleolins, whereas normal cells express nucleolins in 
the cytoplasm and nuclear membrane[18].  Thus, surface nucle-
olins make tumor cells the preferential targets.  Herein, the 
F3 peptide in the fused F3-Gel can interact with cell surface-
associated nucleolins, a receptor shuttle, to efficiently internal-
ize gelonin into the cytoplasm, resulting in protein synthesis 
inhibition and lower protein levels in the tumor cells.

U87 MG cells are known as human glioblastoma cell lines 
that overexpress nucleolins, localized in a phosphorylated 
and glycosylated form on the cell surface and nuclear mem-
brane[18].  As shown in Tables 1 and 2, the results of our in vitro 
cell experiment showed enhanced cellular uptake of F3-Gel 
and selective cytotoxicity in the U87 MG cells.  Encouraged 
by the in vitro results, we established a tumor-bearing mouse 
model with U87 MG cell line xenografts to evaluate the fea-
sibility of F3-Gel constructs for tumor targeting.  Basically, in 
the in vivo distribution profiles in U87 MG xenograft tumor-
bearing mice, both F3-Gel and unmodified gelonin showed 
similar biodistribution behaviors in normal tissues such as the 
kidney, liver, and heart (Figure 6).  Remarkably, F3-Gel was 
accumulated at 3.2-fold higher levels in the tumor site for a 
prolonged time (up to 16 h post-administration) compared 
with gelonin (Figure 7).  Specifically, the tumor-to-heart ratio 
of F3-Gel (higher than 1.0) supports efficient tumor targeting, 
presumably via interaction between F3 peptide and the nucle-
olin receptor.  

In vivo efficacy studies showed that a high dose of F3-Gel 

exerted significant anti-tumor activity (Figure 8A).  However, 
body weight loss, a typical sign of transient but severe toxic-
ity, was accompanied with the high dose of F3-Gel (Figure 
8B).  Both gelonin and F3-Gel were shown to cause severe 
body weight loss at 0.75 μmol/kg.  This could be presumably 
explained by renal toxicity caused by rapid accumulation 
of the gelonin samples in the kidney.  At the medium dose 
of F3-Gel, anti-tumor effects were still significant but were 
associated with less body weight loss compared with gelonin 
alone, evidencing the feasibility of the F3 peptide fusion 
strategy.  Meanwhile, when the mean fluorescence intensity 
(MFI) values in the heart tissues were compared (Figure 6), 
both F3-Gel and unmodified gelonin displayed rapid distribu-
tion and elimination profiles, presumably due to their sizes.  
Since both gelonin samples are smaller than albumin (66.7 
kDa) and the plasma half-life of gelonin is only 3 min (data 
not shown), gelonin and F3-Gel might be eliminated from the 
body primarily by renal excretion with a shorter systemic cir-
culation.  To overcome the issues related to the short half-life 
and intrinsic toxicity at high doses of F3-Gel, further studies 
are underway to develop a nanoparticle-based drug delivery 
system to extend the plasma half-life and increase the tumor 
targeting efficiency at the lower dose.  Based on reports that 
the interaction between nucleolin-targeted ligands and nucleo-
lin is influenced by the isoelectric point[33, 35], it would be help-
ful to devise appropriate delivery vehicles for the F3-Gel by 
optimizing the physicochemical properties, such as surface 
charge, in the presence of F3 peptide to enable an efficient and 
safe therapeutic effect of F3-Gel.

Conclusion
In this research, we evaluated the applicability of novel 
recombinant gelonin with F3 peptide for anti-cancer efficacy in 
vitro and in vivo.  This is the first attempt to synthesize gelonin 
fused with F3 peptide using a recombinant DNA method, 
and the fused plasmid vector was successfully produced 
from E coli.  Based on the microscopic results and cytotoxicity 
tests, F3 peptide might contribute to transferring gelonin 
into cell nuclei, enhancing apoptotic effects.  An in vivo study 
with a cancer cell xenograft mouse model confirmed that 
administration of F3-Gel could exert significant anti-tumor 
efficacy when compared with the administration of gelonin 
alone.  Overall, this research demonstrated an effective yet safe 
method for delivering highly potent toxins such as gelonin to 
tumor sites by utilizing F3 peptide, a so-called helper peptide.
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