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Abstract

The specific targeting of immunotoxins enables their wide application in cancer therapy. The A-chain of the ricin protein (RTA) is
an N-glycosidase that catalyzes the removal of adenine from the 28S rRNA, preventing protein translation and leading to cell
death. Ricin is highly toxic but can only exert its toxic effects from within the cytoplasm. In this study, we linked the anti-HER2
single-chain variable fragment 4D5 scFv and the endoplasmic reticulum-targeting peptide KDEL to the C-terminal of the RTA to
construct immunotoxin RTA-4D5-KDEL. In vitro experiments showed that the anticancer effect of RTA-4D5-KDEL towards
ovarian cancer cells SKOV-3 increased 440-fold and 28-fold relative to RTA and RTA-4D5, respectively. RTA-4D5-KDEL had a
strong inhibitory effect on HER2-overexpressing SKOV-3 cells and caused little damage to normal HEK-293 cells and H460
lung cancer cells. Immunofluorescence experiments showed that the immunotoxin RTA-4D5 could specifically bind to SKOV-3
cells, but not to normal cells HEK-293. The immunotoxin RTA-4D5-KDEL could rapidly localize the recombinant protein to the
endoplasmic reticulum. These results suggest that the recombinant immunotoxin RTA-4D5-KDEL has a strong inhibitory effect
on ovarian cancer cells that overexpress HER2 but little harm to the normal cells.
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Introduction

Ricin is a protein toxin extracted from the castor bean plant,
Ricinus communis, containing two chains, A and B, that are
connected through a disulfide bond (Fodstad et al. 1984). The
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A-chain (RTA) is the toxic chain consisting of 263 amino
acids, and its molecular weight is 32 kD. It has N-glycoside
activity, which can catalyze the 28S rRNA at the 4234-site to
remove an adenine, leading to protein translation arrest and
cell apoptosis (Endo et al. 1987). The B-chain (RTB) is one
type of galactose-specific lectin, containing two galactose
binding sites that could be combined with galactose residues
on the surface of cell membrane glycoproteins or glycolipid
molecules (Vitetta and Thorpe 1991). Ricin gets into cells
through endocytosis by binding of the galactose-binding site
of the RTB to the cell surface receptor containing galactose
residue (Barbieri et al. 1993). Therefore, ricin passes through
cell membrane vesicles via receptor-mediated endocytosis,
translocates to the trans-Golgi network (TGN), and then un-
dergoes retrograde translocation to the endoplasmic reticulum
(ER) (Olsnes 2004). Next, RTA is released from RTB by pro-
tein disulfide isomerase (PDI) and transferred to the host cy-
toplasm by Sec61 in the ER (Spooner et al. 2008; Spooner and
Lord 2012). Recent studies have shown that RTA can directly
enter cells and plays a toxic role independent of RTB (Newton
et al. 1992).
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The treatment of diseases with ricin has a long history. Lin
etal. (1970) confirmed that ricin has a preventive effect on the
proliferation of Ehrlich ascites carcinoma. Since then, the an-
titumor effects of ricin have been demonstrated in many ex-
perimental models, such as human tumor cells transplanted
into nude mice (Olsnes and Phil 1973). In recent years, ricin
and RTA have been used to synthesize immunotoxins for
targeted cancer therapy and demonstrate better specific anti-
cancer activity (Lambert et al. 1991; Zhou et al. 2010).

The toxic of ricin is not selective and harmful to all cells. It
could be fused with monoclonal antibodies to reduce damage
to normal cells. Human epidermal growth factor 2 (HER2) is
one of the antigen families that is overexpressed in many
human cancers and has therefore become an important target
for cancer therapy (Sommaruga et al. 2011). Herceptin is a
type of fully humanized monoclonal antibody that treats tu-
mors by binding to HER2 that is overexpressed at tumor cell
surface. 4D5 scFv is the single-chain variable fragment of
Herceptin which efficiently interacts with HER2 antigen with
high thermodynamic stability and easy folding properties
(Willuda et al. 1999).

The study of the reverse transport mechanism of protein
toxins has shown that many toxins undergo endocytosis, in-
tracellular trafficking, and reverse transmembrane transloca-
tion from the ER to the cytoplasm within the cell. Only 5% of
ricin in the cell transport pathway arrives in the Golgi appara-
tus (Dyba et al. 2004). The traffic of ricin to the Golgi and ER
is a key to its cytotoxicity (Van Deurs et al. 1988). The KDEL
receptor captures the protein in the ER by recognizing the C-
terminal tetrapeptide signal KDEL (Lys-Asp-Glu-Leu) (Lewis
and Pelham 1990). KDEL is an endoplasmic reticulum-
targeting peptide that can be used to target tumor cells using
protein drugs.

In this study, 4D5 scFv was constructed as an antibody
ligated at the C-terminal of RTA to construct the immunotoxin
RTA-4DS5. To further facilitate the transport of immunotoxins
in cells, KDEL was attached to the C-terminal of RTA-4DS5 to
construct immunotoxin RTA-4D5-KDEL. The soluble ex-
pression of RTA-4D5-KDEL in the Escherichia coli system
was achieved by adding small ubiquitin-related modifier
(SUMO) fusion tag to the N-terminal of the immunotoxin
RTA-4D5-KDEL. Then, the anticancer effect and targeting
ability of immunotoxin RTA-4D5-KDEL were tested in vitro
for SKOV-3 ovarian cancer cells.

Materials and methods
Materials
The Escherichia coli strains DHSoc and BL21 (DE3), plasmid

pET28a, were preserved in our laboratory. Restriction endo-
nucleases and DNA polymerase were purchased from Takara
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(Shanghai, China). T4 DNA ligase was purchased from
YEASEN (Shanghai, China). The PCR Purification Kit, Gel
Extraction Kit, and Plasmid Mini Kit were obtained from
Sigma (Shanghai, China). The Ni-NTA Sepharose FF was
from GE (Piscataway, NJ, USA). SKOV-3, HEK-293, and
H460 cells were obtained from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China).
Annexin V-FITC/PI Apoptosis Detection Kit and Cell
Counting Kit (CCK-8) were obtained from YEASEN
(Shanghai, China). Other cell detection reagents and biologi-
cal reagents were purchased from Sigma (Shanghai, China).

Plasmid construction

The genes encoding the 4D5 scFv (GenBank No. KM016462)
and SUMO (GenBank No. NM_001180818) were stored in
our laboratory. The gene encoding RTA (GenBank No.
X52908) (416—1216 bp) was synthesized by Shanghai
Generay Biotech Co., Ltd. (Shanghai, China). The flexible
linker (G4S); was used to fuse 4D5 scFv to the C-terminal
of RTA to obtain target gene RTA-4DS5. The gene encoding
KDEL was connected at the C-terminal of RTA-4D5 to obtain
target gene RTA-4D5-KDEL. To enhance the soluble expres-
sion level of the recombinant protein in the E. coli system, the
SUMO fusion tag was attached at the N-terminal of RTA-
4D5-KDEL. Overlapping PCR was used to construct the gene
SUMO-RTA-4D5-KDEL. Next, the plasmid pET28a was
digested using restriction enzymes Ncol and BamHI and then
ligated with the target gene. The primers used in this study are
shown in Table 1.

Expression and purification of RTA-4D5-KDEL

The recombinant plasmids were transformed into the E. coli
BL21 (DE3) strains. The recombinant strains were cultured in
LB medium containing 100 pg/mL kanamycin on a 37 °C
shaker. When ODg( reached 0.6-0.8, 0.1 mM isopropyl f3-
D-1-thiogalactopyranoside (IPTG) was used to induce protein
expression at 18 °C for 20 h. The induced cells were collected
through centrifugation and washed in PBS (pH 7.4), then re-
suspended with PBS containing 10 mM imidazole and
disrupted by ultrasonication. The supernatant was purified
using the Ni-NTA Sepharose column. The His-tagged fusion
protein was eluted by PBS containing different concentrations
of imidazole. The eluate containing the SUMO-RTA-4D5-
KDEL was dialyzed in PBS at 4 °C. Next, the target protein
was digested by SUMO protease and purified again via a Ni-
NTA Sepharose column to get rid of His-tagged SUMO pro-
tein, SUMO protease, and uncleaved fusion protein. The tar-
get protein RTA-4D5-KDEL was harvested in the flow-
through section. The purity and concentration of RTA-4D5-
KDEL were determined through SDS-PAGE and the Bradford
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Table 1 PCR primers for amplifying the target gene

Primer 5.3

1 Forward primers AACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCAT

2 Reverse primers CGGATACTGTTTAGGAACCATACCACCAATCTGTTCTCTG

3 Forward primers CAGAGAACAGATTGGTGGTATGGTTCCTAAACAGTATCCG

4 Reverse primers TCCACCAGATCCACCTCCGCCGCTACCGCCACCTCCAAACTGGCTACTTG
GAGGTG

5 Forward primers GCGGAGGTGGATCTGGTGGAGGCGGTAGTGAGGTTCAGCTGGTGGAGTC

6 Reverse primers ACGGAGCTCGAATTCGGATCCTTAGAGCTCGTCCTTTTTGATCTCCACCTTGGT

7 Reverse primers ACGGAGCTCGAATTCGGATCCTTATTTGATCTCCACCTTGGT

8 Reverse primers GCTTGTCGACGGAGCTCGAATTCGGATCCTTAAAACTGGCTACTTGGAGGTG

method. RTA-4D5 and RTA were purified using the same
method.

Cell proliferation assay

CCK-8 is a rapid and sensitive detection kit based on 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfobenzene)-2H-tetrazole salt (WST-8) and which is wide-
ly used in cytotoxicity assays. The cells were diluted with
RPMI 1640 medium containing 10% fetal bovine serum and
then added to 96-well plates at an amount of 1 x 10* per well,
and incubated at 37 °C in 5% CO, overnight. RTA, RTA-4D5,
and RTA-4D5-KDEL in different concentrations were seeded
at each well. After incubation for 3 days, 10 uL. of CCK-8 was
added and incubated at 37 °C for 4 h. The absorbance at
450 nm was detected using a microplate spectrophotometer.

Detection of apoptosis by flow cytometry

Flow cytometry was performed to observe the apoptotic effect
of cancer cells that were treated with RTA, RTA-4D5, and
RTA-4D5-KDEL. The cells were added to 6-well plates at
1 x 10° per well and incubated overnight at 37 °C in 5%
CO.. Different concentrations of recombinant protein were
incubated with cells for 2 days. The cells were digested by
trypsin without EDTA and harvested by centrifugation. The
collected cells were washed three times by pre-cooled PBS
and resuspended with 100 uL binding buffer. Next, 5 uL of
Annexin V-FITC and 10 pL PI staining solution were added
and incubated at room temperature for 10 min. Cell apoptosis
was quantified by flow cytometry (BD FACSCalibur™) and
analyzed by Flow Jo 7.6.1 software (Zhang et al. 2016).

Recombinant protein localization

To determine the selectivity and targeting ability of the recom-
binant proteins RTA-4D5 and RTA-4D5-KDEL, immunoflu-
orescence was used to monitor their intracellular localization.
RTA-4D5 and RTA-4D5-KDEL were labeled with fluorescein

isothiocyanate (FITC). First, the target protein was dialyzed
against bicarbonate buffer (pH 9.0) three times, and FITC was
added at a ratio of 1000:15 (protein: FITC), and then incubat-
ed at4 °C for 8 h in darkness. 50 mM ammonium chloride was
then added to stop the reaction for 2 h. The mixture was
dialyzed with PBS (pH 7.4) to eliminate the unbonded FITC.

To observe the selectivity of RTA-4D5, the cells were seed-
ed onto confocal dishes (20 mm) at 1 x 10° and cultured for
24 h. After 5 pg/mL FITC-labeled RTA-4D5 was added and
incubated for 1 h, the cells were fixed with 4% paraformalde-
hyde for 15 min, and then 1 mL Hoechst 33258 was added to
stain the nuclei for 15 min. Finally, the cells were observed
using laser scanning confocal microscopy.

To determine whether RTA-4D5-KDEL could be localized
in the ER, the cells inoculated in confocal dishes were incu-
bated with 5 pg/mL FITC-labeled RTA-4D5-KDEL for 12 h.
Cells were fixed and permeabilized by 0.2% Triton X-100 in
PBS buffer at room temperature for 10 min. Then, cells were
stained with Texas Red (TR)-conjugated anti-calreticulin an-
tibody for 1.5 h at 37 °C. The cells were washed with TBST
buffer and observed under a laser scanning confocal
microscope.

Statistical analysis

Statistical analysis was performed by Student’s ¢ test. Values
were expressed as mean =+ standard error (mean + SE) from at
least three experiments. A level of P < (0.05 was considered to
be statistically significant.

Results

Construction and expression of recombinant
immunotoxins

We constructed the recombinant plasmids containing the

SUMO tag by overlapping PCR and one-step cloning. The
primer design and construction of recombinant immunotoxin
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genes are shown in Fig. 1. The recombinant plasmids were
checked for insertion of the target genes by sequencing.

The recombinant expression strain containing the desired
plasmid was induced with 0.1 mM IPTG at 18 °C, and protein
expression level was detected by SDS-PAGE (Fig. 2). The
results indicated that fusion proteins SUMO-RTA-4D5-
KDEL, SUMO-RTA-4D5, and SUMO-RTA were mostly sol-
uble expressed. Through Gel Pro Analyzer 4.0 analysis,
SUMO-RTA and SUMO-RTA-4D5 accounted for 40.9 and
35.7% of soluble lysate fraction, respectively (Fig. 2a, b),
and SUMO-RTA-4D5-KDEL in the supernatant was about
10% (Fig. 2¢).

Purification of RTA-4D5-KDEL

SUMO-RTA-4D5-KDEL was soluble expressed, thus the
SUMO-tagged recombinant protein was purified using a Ni-
NTA resin. The supernatant of the lysate was applied to the
resin at a flow rate of 1 mL/min, and then the target protein
containing the SUMO tag was eluted with 300 mM imidazole
(Fig. 3¢). The imidazole eluted was removed by dialysis
against PBS, and then the fusion protein was digested by
SUMO protease to remove the SUMO tag. The mixture was
further purified using a Ni-NTA resin to obtain the target pro-
tein RTA-4D5-KDEL (Fig. 3e). The purification of RTA and
RTA-4D5 was the same as that of RTA-4D5-KDEL (Fig. 3a,
b, d). The purity of RTA-4D5-KDEL, RTA-4D5, and RTA was

Nco 1
a

Fig. 1 Schematic representation
of expression vectors. a
Construction of SUMO-RTA-
4D5-KDEL. b Construction of 1
SUMO-RTA-4DS5. ¢ Construction
of SUMO-RTA. Schematic
diagram of target constructs
containing Hisg tag (His), SUMO
fusion tag (SUMO), ricin A chain
(RTA), single-chain variable
fragment (4D5) scFv, and endo-
plasmic reticulum-targeting pep-
tide (KDEL)

e

— >

above 90%, and the yields were 10 mg/L, 15 mg/L, and
20 mg/L, respectively.

RTA-4D5-KDEL significantly inhibits the proliferation
of HER2-overexpressing cancer cells

The cell proliferation inhibition effect of recombinant proteins
RTA-4D5-KDEL, RTA-4D5, and RTA was detected by CCK-
8. The results showed that the inhibitory effects of RTA and
RTA-4D5 on ovarian cells SKOV-3, lung cancer cells H460,
and normal cells HEK-293 were concentration-dependent.
The ICsy of RTA for SKOV-3 and HEK-293 cells was
11 pg/mL and 2.5 pg/mL, respectively (Fig. 4a). However,
when the antibody 4D5 scFv was ligated, the toxicity of RTA-
4D5 to SKOV-3 cells increased, while the damage to HEK-
293 cells decreased. The ICsq of RTA-4D5 against SKOV-3
and HEK-293 cells was 0.7 pg/mL and 10 pug/mL, respective-
ly (Fig. 4b). This indicated that RTA-4D5 had an enhanced
inhibitory effect on HER2-overexpressing cancer cells and
reduced the damage to normal cells. Furthermore, the I1Cs
of RTA-4D5-KDEL on SKOV-3 cells was 25 ng/mL
(Fig. 4c¢), 440-fold and 28-fold lower compared to RTA and
RTA-4DS5, respectively. In addition, RTA-4D5-KDEL showed
almost no damage to HER2-negative H460 cancer cells, even
at 5 pug/mL, and the damage to normal cells was also greatly
reduced. This indicated that RTA-4D5-KDEL had a higher
specificity for HER2-overexpressing cancer cells.
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Fig. 2 SDS-PAGE analysis of the expression of recombinant
immunotoxin. a The expression of E. coli containing pET28a/SUMO-
RTA induced at 18 °C for 20 h. Lane M, protein marker; lane 1, total
cellular lysate of E. coli containing pET28a; lane 2, supematant of lane I;
lane 3, total cellular lysate of E. coli containing pET28a/SUMO-RTA;
lane 4, supernatant of lysate; lane 5, insoluble lysate. b The expression of

SUMO-
RTA-4D5

SUMO-RTA

RTA

SUMO

Fig. 3 Purification of recombinant immunotoxin. a The purification of
SUMO-RTA. Lanes 1-2, proteins eluted by 200 mM and 300 mM
imidazole. b The purification of SUMO-RTA-4D5. Lanes 1-2, proteins
eluted by 200 mM and 300 mM imidazole. ¢ The purification of SUMO-
RTA-4D5-KDEL. Lane 1, total cellular lysate; lane 2, supernatant lysate;
lane 3, unbounded proteins; lanes 47, proteins eluted by 50 mM,
100 mM, 200 mM, and 300 mM imidazole, respectively. d The
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E. coli containing pET28a/SUMO-RTA-4D5 induced at 18 °C for 20 h.
Lane 1, total cellular lysate; lane 2, supernatant of lysate; lane 3, insoluble
lysate; lane M, protein marker. ¢ The expression of E. coli BL21 contain-
ing pET28a/SUMO-RTA-4D5-KDEL induced at 18 °C for 20 h. Lane M,
protein marker; /ane 1, total cellular lysate; lane 2, supernatant of lysate

SUMO-RTA-
4D5-KDEL
e
RTA-4D5 A-4D5-KDEL
SUMO
SUMO

digestion and purification of RTA-4D5 and RTA. Lane 1, SUMO-RTA
digested by SUMO protease; lane 2, purified RTA; lanes 3—4, eluted
SUMO tag; lane 5, purified RTA-4DS5; lane 6, SUMO-RTA-4D5 digested
by SUMO protease. e The digestion and purification of RTA-4D5-KDEL.
Lane 1, SUMO-RTA-4D5-KDEL digested by SUMO protease; lanes 2—
3, purified RTA-4D5-KDEL; lane 4, eluted SUMO tag
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Fig. 4 Cytotoxicity of recombinant proteins against SKOV-3, H460, and
HEK-293 cells. a Cytotoxicity of RTA against SKOV-3, H460, and HEK-
293 cells. b Cytotoxicity of RTA-4D5 against SKOV-3, H460, and HEK-

RTA-4D5-KDEL induces apoptosis in cancer cells

Flow cytometry analysis was used to monitor the apoptosis
inducing effect of recombinant immunotoxins. It was found
that RTA-4D5-KDEL could remarkably induce the apoptosis
of SKOV-3 cells (Fig. 5a). One microgram per milliliter of
RTA-4D5-KDEL caused 53% early apoptosis and 10% late
apoptosis in SKOV-3 cells. However, 1 ug/mL of RTA-4D5
caused a lower apoptosis rate in SKOV-3 than RTA-4D5-
KDEL cells, and RTA at the same concentration did not in-
duce apoptosis in SKOV-3 cells. Furthermore, RTA-4D5-
KDEL and RTA-4D5 did not induce apoptosis in normal
HEK-293 cells even at 1 ug/mL (Fig. 5b). Therefore, RTA-
4D5-KDEL strongly induced the apoptosis of HER2-
overexpressed SKOV-3 cells but caused almost no damage
to normal HEK-293 cells, which was consensus with the re-
sults of the CCK-8 assay.

Specific selectivity and ER-targeting ability
of RTA-4D5-KDEL

To detect the selectivity of immunotoxins, SKOV-3 and HEK-
293 cells were incubated with FITC-labeled RTA-4D5 for 1 h.
After the nuclei were stained with Hoechst 33258, protein
localization was observed using confocal microscopy. As
shown in Fig. 6, RTA-4D5 can specifically bind to the cell
surface of SKOV-3, whereas no fluorescence was observed on
HEK-293 cells (Fig. 6). However, RTA was barely observed
on the surface of SKOV-3 and HEK-293 cells at the same
concentration. Therefore, this suggests that RTA fused with
4DS5 scFv can be specifically combined with HER2-
overexpressed cancer cells.

Immunofluorescence and confocal microscopy were used
to observe the localization of RTA-4D5-KDEL in the ER.
After incubation for 12 h, most of the RTA-4D5-KDEL was
localized at the ER in SKOV-3 cells, whereas RTA-4D5 was
dispersed in the cytoplasm (Fig. 7a). In addition, RTA-4D5
and RTA-4D5-KDEL were barely observed in HEK-293 cells
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RTA-4D5 (ug/mL)

RTA-4D5-KDEL (pg/mL)

293 cells. ¢ Cytotoxicity of RTA-4D5-KDEL against SKOV-3, H460, and
HEK-293 cells

on account of the lack of HER?2 at cell surface (Fig. 7b). This
suggests that RTA-4D5 fused with the ER-targeting
tetrapeptide KDEL can be rapidly localized in the ER to in-
duce apoptosis in cancer cells.

Discussion

Immunotoxins have become a hot topic of research since they
were successfully constructed (Pincus et al. 2001).
Immunotoxins are fusion proteins of different target-specific
antibodies or growth factors fused with toxins (Blythman et al.
1981). Therefore, immunotoxins have targeted selectivity and
antitumor properties. Recently, bacterial toxins, phytotoxins,
and ricin A-chains have been coupled as toxin moieties with
monoclonal antibodies to form immunotoxins for cancer treat-
ment (Schnell et al. 2002; Kreitman 2009).

RTA has N-glycosidase activity and can disrupt protein
synthesis, leading to apoptosis. RTA is highly efficient; one
molecule of RTA can inactivate thousands of ribosomes in
1 min (Olsnes et al. 1975). The cytotoxicity of ricin is only
exerted after it is reversely transported to the cytoplasm by
internalization. Therefore, RTA must be transported to the
cytoplasm to kill tumor cells. Recently, some protein signal
sequences have been found to mediate the introduction and
retention of proteins in specific organelles during drug trans-
portation. It has been demonstrated that the C-terminal of pro-
tein within the ER contains the tetrapeptide sequence KDEL,
which localizes the protein to the ER mainly through binding
to the KDEL receptor (Wales et al. 1992). Studies have con-
firmed that the fusion of ER-targeting tetrapeptide KDEL to
the C-terminal of RTA can remarkably increase the cell-killing
effect and translocation efficiency of RTA (Munro and Pelham
1987; Zhan et al. 2004). HER?2 is overexpressed in many solid
tumors, for example in 25-30% of breast cancers and in 20%
of ovarian cancers, but is weakly expressed in normal epithe-
lial tissues (Press et al. 1990). Therefore, HER2 is one of the
main targets of cancer treatment (Sommaruga et al. 2011).
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Fig. 5 Effects of recombinant control

immunotoxin on cell apoptosis.

1 pg/mL RTA 1 pg/mL RTA-4D5

The living cells were shown as
Annexin V-/PI- (Q4), Annexin
V-/PI+ represented mechanically
damaged cells (Q1), Annexin V+/
PI- represented early apoptotic
cells (Q3), and Annexin V+/Pl+
represented late apoptotic and
necrotic cells (Q2). a The

recombinant protein induces
apoptosis of SKOV-3 cells.
SKOV-3 cells were treated with
RTA, RTA-4D5, and RTA-4D5-
KDEL for 2 days and then labeled
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ptosis analysis by flow cytometry.
b The recombinant protein in-
duces apoptosis of HEK-293
cells. HEK-293 cells were treated
with RTA, RTA-4D5, and RTA-
4D5-KDEL for 2 days and then
labeled by Annexin V-FITC/PI
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Here, in order to enhance the targeting ability of RTA to cancer
cells meanwhile to decrease the damage done towards normal
cells, the anti-HER2 single-chain variable fragment 4D5 scFv
and the ER positioning peptides KDEL were fused to the C-
terminal of RTA to prepare a recombinant immunotoxin RTA-
4D5-KDEL which could specifically target the tumor cells and
rapidly localize to the ER. But RTA-4D5-KDEL exists as

FITC

inclusion bodies in the E. coli system. Recent studies have
shown that the SUMO tag linked at the N-terminal of the re-
combinant protein promotes the soluble expression of heterolo-
gous proteins in the E. coli system (Satakarni and Curtis 2011;
Zhang et al. 2015; Lv et al. 2016). Furthermore, the SUMO tag
was fused at the N-terminal of RTA-4D5-KDEL to facilitate its
soluble expression.

@ Springer



9592

Appl Microbiol Biotechnol (2018) 102:9585-9594

FITC

0
el
@
on
£
Q
3
s
RTA-4D5 RTA-4D5
SK-0V-3 HEK 293

Fig. 6 Targeted selectivity analysis of RTA-4D5 in cancer cells. Cells
were incubated with FITC-labeled RTA-4D5 or RTA at 37 °C for 1 h
and then stained with Hoechst 33258 for 20 min. The blue color repre-
sents the nucleus stained with Hoechst 33258, and the green color repre-
sents the FITC-labeled target proteins

Previous studies demonstrated that ricin has a preventive
effect on the proliferation of cancer cells (Wales et al. 1993).
The results of the CCK-8 assay indicated that the ICs, of RTA-
4D5-KDEL in SKOV-3 cells was 25 ng/mL, while the ICs of
RTA-4D5 and RTA in SKOV-3 cells was 0.7 pg/mL and 11 pg/
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Fig. 7 Laser confocal microscopy analysis of the localization of RTA-
4D5-KDEL in cells. a Laser confocal microscopy detection of RTA-4D5-
KDEL localized to ER of SKOV-3 cells. b Laser confocal microscopy
detection of RTA-4D5-KDEL localized to ER of HEK-293 cells. The
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mL, respectively. Therefore, the anticancer effect of RTA-4D5
was increased 15-fold relative to RTA, while the anticancer
effect of RTA-4D5-KDEL increased 28-fold and 440-fold com-
pared to RTA-4D5 and RTA, respectively. However, RTA-4D5
still had a certain inhibitory effect towards normal cells HEK-
293, but RTA-4D5-KDEL showed almost no damage towards
normal cells HEK-293 and lung cancer cells H460 at the same
concentration. It has been reported that the ER-located molecu-
lar chaperone GRP 78 contains an endoplasmic reticulum-
locating tetrapeptide sequence KDEL that localized it in the
ER. GRP 78 is preferentially positioned on the surface of cancer
cells but not normal cells or organs (Munro and Pelham 1986;
Tsai et al. 2015). Thus, we speculated that RTA-4D5-KDEL
may bind not only to HER2 at the surface of SKOV-3 cells
but also to GRP 78, further enhancing the binding of RTA-
4D5-KDEL to SKOV-3 cells. This increased the amount of
RTA-4D5-KDEL that enters SKOV-3 cells to exert a toxic ef-
fect. These results showed that RTA-4D5-KDEL exerted a
strong proliferation inhibition effect on SKOV-3 cells that were
overexpressing HER2 but had almost no apparent cytotoxicity
to HER2-negative H460 and HEK-293 cells. In addition, flow
cytometry analysis indicated that RTA-4D5-KDEL caused tu-
mor cell death mainly through apoptosis and necrosis. RTA-
4D5-KDEL induced more apoptosis in SKOV-3 cells than
RTA and RTA-4DS5.
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green color represents the FITC-labeled proteins, and the red color repre-
sents the endoplasmic reticulum (ER) stained with Texas Red (TR)-con-
jugated anti-calreticulin antibody. The yellow color represents the
colocalization of the target protein and ER
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Based on the above results, we used immunofluorescence
experiments to demonstrate the targeting of RTA-4D5-KDEL
to ovarian cancer cells SKOV-3. We determined that RTA-
4DS5 could effectively accumulate on the surface of SKOV-3
cells, but not HEK-293 cells. Furthermore, RTA-4D5-KDEL
could rapidly localize to the ER of SKOV-3 cells, whereas the
RTA-4D5 was dispersed at the cytoplasm. Therefore, the RTA
that linked with the 4D5 scFv could specifically bind to
HER2-overexpressed ovarian cancer cells SKOV-3 but not
lung cancer cells H460 and normal cells HEK-293, and the
fusion of ER-targeting tetrapeptide with the RTA-4D5 could
rapidly localize the recombinant protein to the endoplasmic
reticulum to increase the anticancer activity of the toxin to-
ward cancer cells.

In summary, the recombinant immunotoxin RTA-4D5-
KDEL is shown to have a targeted and potent proliferation
inhibition effect on SKOV-3 cells that overexpress HER2 and
can rapidly localize to the ER to enhance its anticancer activ-
ity, but almost no obvious cytotoxicity on HER2-negative
cells. Therefore, RTA-4D5-KDEL could be used as a candi-
date for the therapy of HER2-positive tumor cells.
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