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Abstract

Recombinant protein pharmaceutical agents have been widely used for cancer treatment. Although tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) has broad-spectrum antitumor activity, its clinical applications are limited because
most tumor cells eventually develop resistance to TRAIL-induced apoptosis through various pathways. Prostate apoptosis
response-4 (Par-4) selectively induces apoptosis in cancer cells after binding to the cell surface receptor, GRP78. In this
study, TRAIL was fused with the core domain of Par-4 (SAC) to produce a novel recombinant fusion protein. To obtain
solubly expressed fusion protein, a small ubiquitin-related modifier (SUMO) was added to the N-terminus of the target
protein. Cytotoxicity assays showed that the purified fusion protein exhibited more significant antitumor activity on cancer
cells than that by native TRAIL. The connection order and linker sequence of the fusion proteins were optimized. In vitro
cytotoxicity assay showed that the SAC-TRAIL fusion protein, which contained a flexible linker (G,S);, optimally inhibited
the proliferation of cancer cells. Immunofluorescence assays demonstrated that SAC-TRAIL could efficiently and specifically
bind to cancer cells. Additionally, circular dichroism assays showed that the secondary structure of the recombinant protein
with a flexible linker (G,S); has both a lower a-helix and higher random coiling, which facilitates the specific binding of
SAC-TRAIL to the receptor. Collectively, these results suggest that the novel recombinant fusion protein SAC-(G,S);-TRAIL
is a potential therapeutic agent for cancer.

Key points

o Improved tumor growth suppression and apoptosis induction potency of SAC-TRAIL.
o Enhanced targeting selectivity of SAC-TRAIL in cancer cells.

o Lower a-helix and higher random coiling in SAC-TRAIL with flexible linker (G ,S);.
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Introduction therapy; however, they fail to completely eliminate cancer

cells (Sudhakar 2009). In contrast to conventional therapies,

Although cancer treatment strategies continue to advance,
issues such as drug resistance and incomplete treatment
still exist (Mun et al. 2018). The current strategies include
chemotherapy, radiotherapy, immunotherapy, and targeted
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recombinant proteins can improve biological function or
develop new functions of proteins; their use in the treatment
of various diseases, including cancer, has become a popular
topic of research (Baeshen et al. 2015; Wilding et al. 2019;
Sanchez-Garcia et al. 2016).

TRAIL is a promising drug candidate because of its exten-
sive apoptosis-inducing effects on cancer cells while simul-
taneously leaving normal cells unharmed (Johnstone et al.
2008). TRAIL is a member of the TNF superfamily and a
type II transmembrane protein composed of 281 amino acids;
its soluble portion, which retains complete TRAIL protein
activity, is located 114-281 amino acids from the C-terminus
(Idriss and Naismith 2000). TRAIL can bind to death receptor
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4/5 (DR4/5) expressed on cancer cell surfaces and activate a
series of signaling pathways to promote apoptosis of cancer
cells (Walczak et al. 1997). Although TRAIL shows an attrac-
tive prospect for treating cancer, it induces drug resistance and
does not substantially damage tumor cells with high NF-xB
activity (Seo et al. 2012). Researchers are, therefore, exploring
a wide range of strategies, including those involving recombi-
nant fusion proteins, to realize the theoretical effects of TRAIL
in tumor treatment. Single-chain variable fragments of TRAIL
(scFv-TRAIL) were constructed to target tumor-associated
antigens or immune cell antigens, such as epidermal growth
factor (EGFR), human epidermal growth factor 2 (HER2),
CD25 and PD-L1 (Dubuisson and Micheau 2017; Snajdauf
etal. 2021). A humanized leucine zipper (LZ)-TRAIL chimera
was designed to improve the antitumor activity and half-life of
recombinant protein (Rozanov et al. 2015).

Although Par-4, a tumor suppressor, was originally discov-
ered in apoptotic prostate cancer cells, it is widely expressed
in various other cells as well (Sells et al. 1994). Par-4 is a
multi-domain protein and has a leucine-zipper domain (LZ)
at the C-terminus, two nuclear localization sequences (NLS1
and NLS2), a SAC (selective for apoptosis of cancer cells)
domain, and a nuclear export sequence (Hebbar et al. 2012).
Studies on the deletion of the Par-4 sequence have identified
the 59-amino acid-long SAC domain as its core component
(EI-Guendy et al. 2003). Par-4 is able to enter the nucleus,
where the SAC domain can activate caspase, inhibit the activ-
ity of NF-kB, and selectively induce apoptosis of cancer cells
without having cytotoxic effects on normal cells and tissues
(Chaudhry et al. 2012; Meynier et al. 2015). Therefore, Par-4
is a promising candidate for cancer therapy.

Recombinant fusion proteins have been broadly applied
for disease treatment, as they can improve biological function
and enhance the protein targeting (Wang et al. 2017). Biologi-
cal activities of fusion proteins are influenced by the order in
which subunits are connected, as this can remarkably affect
the overall protein structure (Sachdev and Chirgwin 1998; Yu
et al. 2015). Linker sequence length and flexibility also affect
the biological activity and expression status of fusion proteins
(Arai et al. 2001; Huang et al. 2013).

In this study, the anticancer proteins TRAIL and SAC were
fused using a flexible linker in Escherichia coli. The connec-
tion order and linker sequence of the fusion units were opti-
mized to improve the antitumor activity of the fusion protein.
The physicochemical properties and secondary structure
changes of recombinant protein were analyzed using Anth-
eprot software and circular dichroism, respectively. The dem-
onstrated selectivity and cytotoxicity of the fusion proteins
against human cancer cells support their use in the treatment
of tumors.
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Methods
Cell lines and cell culture

The human ovarian carcinoma cells SK-OV-3, human
breast cancer cells MCF-7, and human embryonic kidney
cells HEK-293 were purchased from cell bank of Chinese
Academy of Science (Shanghai, China). MCF-7 cells were
cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS; Gibco) in incubator with 5% CO, at
37 °C. Other cell lines were cultured in RPMI 1640 medium.

Construction of expression plasmids

The genes encoding TRAIL (GenBank No. 0G143333) and
SAC (GenBank No. AB108448) were stored in our labora-
tory. In order to obtain the soluble recombinant protein in
E. coli system, the fusion protein was attached to the C-ter-
minal of SUMO fusion tag. Overlapping PCR was used to
amplify the fusion genes. Target genes were inserted into
pET28a(+) vector between the Nco I and Xho I endonu-
clease sites, respectively. All primers used in this study are
listed in Table S1 and Table S2.

Optimization of the linker between SAC and TRAIL

To determine the effect of different connection orders on the
activity of the recombinant fusion protein, SAC-TRAIL and
TRAIL-SAC were constructed with a flexible linker (G,S),.
To further improve the biological activity of the recombinant
protein, the linker of the fusion protein was optimized based
on the flexibility and length. The different linkers were set as
follows: flexible linker A: (GGGGS),, B: (GGGGS);, and C:
(GGGGS),4; rigid linker D: PKPSTPPGGS and E: (PKPSTP-
PGGS),; semi-rigid linker F: GGGSPKPSTPPGGGS and G:
GGGS(PKPSTPP),GGGS.

Expression and purification of fusion proteins

The recombinant strains were incubated in 200 mL
Luria—Bertani (LB) medium containing kanamycin (50 mg/
mL) at 37 °C until ODg, was reached 0.6-08; then, 0.1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG) was added
to induce the expression of recombinant protein at 18 °C
for 16 h. The cell culture was harvested through centrifuga-
tion and washed with PBS buffer (pH 7.4), then resuspended
with PBS and disrupted by ultrasonication. Soluble expres-
sion level of target protein was analyzed by 12% SDS-PAGE
under reduction condition.

To purify the recombinant fusion protein, the supernatant
was loaded onto the Ni-NTA Sepharose column. The target
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protein with Hisg-tag was eluted with PBS containing dif-
ferent concentrations of imidazole. In order to remove the
imidazole and NaCl, the eluent was dialyzed twice at 4 °C in
PB buffer (pH 7.4). Then, fusion protein was digested with
SUMO protease at a ratio of 1000:1 (w/w) for 1 h at 37 °C to
get rid of SUMO protein, and the target protein was purified
via CM Sepharose FF. The purity of recombinant protein
was analyzed by ImageJ software and protein concentration
was measured by Bradford assay.

Structural characterization

Antheprot software was applied to analyze the physicochem-
ical properties of recombinant protein with different linker.
The linker sequence mainly affects the C-terminal of SAC
and the N-terminal of TRAIL domain; thus, the hydropho-
bicity, antigenicity, and solvent accessibility of this local
domain were analyzed.

Circular dichroism (CD) was used to detect the secondary
structure of recombinant protein. The purified recombinant
proteins were dialyzed in 20 mM PB buffer (pH 7.4) and
then diluted to the same concentration. CD measurement
wavelength was between 190 and 260 nm. The results were
analyzed by CDNN and Chirascan software.

Cell cytotoxicity assay

CCK-8 assay was performed to detect the cytotoxicity of
fusion protein on cancer cells SK-OV-3 and MCF-7 at
96-well plate. 10* cells were added to each well and incu-
bated at 37 °C for 24 h. Cells were treated with different
concentrations of recombinant protein. After incubation for
72 h, 10 pL of CCK-8 was added to each well and incubated
at 37 °C for 2 h. Finally, the absorbance was measured at
450 nm by microplate reader.

Flow cytometry analysis

Flow cytometry analysis was performed to test the apopto-
sis-inducing potency of recombinant protein on tumor cells.
SK-OV-3, MCF-7, and HEK-293 cells were seeded into
six-well plates. After 24 h, fresh medium containing puri-
fied target proteins at different concentrations were added
to each well. After incubating for 2 days, the cells were
washed twice with ice-cooled PBS buffer and collected by
centrifugation. Cells were resuspended with 100 pL binding
buffer. Then, 5 pL of FITC-labeled Annexin-V and 5 pL of
propidium iodide staining solution were added sequentially
and incubated for 10 min in the dark. Finally, 300 pL of
PBS buffer was added. Cell apoptosis was detected by flow
cytometry and analyzed by Flow Jo software.

Immunofluorescence assay

Immunofluorescence assay was used to detect the locali-
zation of fusion protein in different cells. The purified
protein was dialyzed against bicarbonate buffer (pH 9.0)
for three times at 4 °C, and then FITC was added to cross-
link with fusion protein (protein: FITC=1 mg: 15 pg).
Finally, NH,Cl was used to terminate the reaction with
a final concentration of 50 mM. Cells were seeded into
confocal dishes at a density of 1x 10°/dish. The FITC-
labeled fusion protein was added to a final concentration
of 10 pg/mL. After 48 h, the nucleus was stained with
Hoechst 33342 (10 pg/mL) at 37 °C for 10 min and washed
with PBS for three times. The samples were observed by
laser scanning confocal microscopy.

Statistical analysis

All quantitative data were measured by at least three inde-
pendent experiments. The experimental data were statis-
tically processed by GraphPad Prism 9.0 software, and
the data results were presented as mean + standard error
(mean + SE). The data was considered to be statistically
significant when P <0.05.

Results

Construction and expression of recombinant
proteins

TRAIL was expressed as inclusion body in the E. coli
expression system, and a small ubiquitin-related modifier
(SUMO) tag was used to enhance the soluble expression
of the target protein. To determine the effect of different
connection orders on the activity of the recombinant pro-
tein, fusion proteins TRAIL-SAC and SAC-TRAIL with
a flexible linker (G,S), were designed. A schematic dia-
gram of the recombinant protein construction is shown in
Fig. la. IPTG (0.1 mM) was used to induce the expres-
sion of recombinant protein at 18 °C. SDS-PAGE was per-
formed to verify the expression level and solubility of the
recombinant protein. The results showed that the recom-
binant proteins SUMO-TRAIL, SUMO-TRAIL-SAC, and
SUMO-SAC-TRAIL were mostly solubilized in E. coli
BL21 (DE3) (Fig. 1b, c, and d). Analysis using ImageJ
software quantified the soluble expressed SUMO-TRAIL,
SUMO-TRAIL-SAC, and SUMO-SAC-TRAIL as account-
ing for 30.1%, 37.0%, and 34.8% of the total soluble pro-
tein, respectively.

@ Springer



1514

Applied Microbiology and Biotechnology (2022) 106:1511-1520

Fig. 1 The expression of fusion
proteins. a Schematic of expres-
sion vectors. pET28a(+) was |His6
used to construct the expres- 1
sion vectors. b The expression

Nco 1

Xho I
SUMO | TRAIL |7 e

of SUMO-TRAIL. M, protein

Nco 1

Xho 1
|Hiss| SUMO | TRAIL | Linker -* =

molecular weight marker.

Lanes 1-3, cell lysate, soluble
fraction, and insoluble fraction
from Escherichia coli harboring
pET28a; lanes 4-6, cell lysate,
soluble fraction, and insoluble
fraction from Escherichia coli
harboring pET28a/SUMO-
TRAIL. ¢ The expression of
SUMO-TRAIL-SAC. Lanes
1-3, cell lysate, soluble fraction,
and insoluble fraction from
Escherichia coli harboring
pET28a/SUMO-TRAIL-SAC. d
The expression of SUMO-SAC-
TRAIL. Lanes 1-3, cell lysate,
soluble fraction, and insoluble
fraction from Escherichia coli
harboring pET28a/SUMO-SAC-
TRAIL

1 3

Preparation of recombinant proteins

Nickel column affinity chromatography was used for
purification of the SUMO-TRAIL-SAC and SUMO-SAC-
TRAIL due to the His¢-tag that located at the N-terminal
of SUMO protein. The fusion proteins were efficiently
eluted by 500 mM imidazole (Fig. 2a and c). After dia-
lyzed against PBS to remove imidazole, the sample was
incubated with SUMO protease to remove the SUMO
tag from the target protein, and the mixture was puri-
fied using a nickel column. However, the SUMO tag and
target protein were both well bound to the nickel column,
and the proteins were simultaneously eluted by imidazole.
This may be due to the spatial proximity of several histi-
dines on the TRAIL protein surface; thus, target proteins
without the Hisq-tag are also able to bind to the nickel
column (Hymowitz et al. 2000). A series of tests were
performed to optimize the purification process, and the
weak cation exchange chromatography was determined
to be the most optimal method for removal of the SUMO
tag from the cleavage mixture. The mixture was dialyzed
with PB buffer (pH 7.4) to remove NaCl before purify-
ing the recombinant TRAIL-SAC and SAC-TRAIL with a
CM Sepharose Fast Flow column (Fig. 2b and d). TRAIL
was also purified using a similar method (Fig. 2e and f).
The purity of TRAIL, TRAIL-SAC, and SAC-TRAIL was
97.8%, 98.0%, and 94.3%, respectively.
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In vitro cytotoxic activity of recombinant proteins

Effects of recombinant proteins on the viability of various
cells were detected using CCK-8 assay. As shown in Fig. 3,
dose-dependent cytotoxicity of TRAIL-SAC was observed
against the human ovarian cancer cells SK-OV-3 and the
breast cancer cells MCF-7. The ICs, values of TRAIL-
SAC and TRAIL against SK-OV-3 cells were 0.67 nM and
3.44 uM, respectively (Fig. 3a and c¢). The ICs, values of
TRAIL-SAC and TRAIL to MCF-7 cells were 61.98 nM
and 2.86 pM, respectively (Fig. 3b and c). Overall, anti-
tumor activity of TRAIL was remarkably enhanced after
fusion with SAC, and SK-OV-3 cells were more susceptible
to TRAIL-SAC than MCF-7 cells. Differences in cancer cell
line susceptibility to TRAIL and TRAIL-SAC were attrib-
utable to variations in cancer cell receptor compositions
(Sanlioglu et al. 2005). In addition, recombinant TRAIL
and TRAIL-SAC showed almost no damage to normal cells
HEK-293 (Fig. 3d). These results indicated the specificity
of TRAIL-SAC toward cancer cells.

The results of the proliferation inhibition assay showed
that the ICs, values of SAC-TRAIL for SK-OV-3 and MCF-7
cells were 0.46 nM and 44.33 nM, respectively, which was
markedly improved compared with TRAIL-SAC (Fig. 3e
and f). This was attributable to the smaller spatial site hin-
drance between the two domains of SAC-TRAIL, which
allows for better targeting ability. In addition, SAC-TRAIL
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Fig.2 The purification of recombinant proteins. a Purification of
SUMO-TRAIL-SAC. Lanes 1-3, supernatant, precipitation, and flow-
through fraction from E. coli harboring pET28a/SUMO-TRAIL-SAC;
lanes 4-7, elutes from Ni-NTA by 50, 100, 200, and 500 mM imi-
dazole. b Purification of TRAIL-SAC. Lane 1, SUMO-TRAIL-SAC
cleaved by SUMO protease; lane 2, flow-through fraction from CM
Sepharose column; lanes 34, elutes by 200 and 500 mM NaCl. ¢
Purification of SUMO-SAC-TRAIL. Lanes 1-4, cell lysate, super-
natant, precipitation, and flow-through fraction from E. coli harbor-
ing pET28a/SUMO-SAC-TRAIL; lanes 5-8, elutes from Ni-NTA by

caused almost no toxicity to HEK-293 cells (Fig. S1). SAC-
TRAIL, which has the stronger inhibitory effect on tumor
cells, was selected for utilization in subsequent experiments.

Optimization of the linker between SAC and TRAIL

Previous studies have shown that the character of the linker
between fusion proteins has a significant influence on the
soluble expression level and bioactivity of fusion protein
(Lebendiker and Danieli 2014). The amino acid composi-
tion, length, and flexibility of the linker are important fac-
tors influencing the physical and chemical properties of con-
nected domains (Yu et al. 2015). To obtain a highly active
fusion protein, linker sequences with different properties
were used to integrate SAC with TRAIL. Proteins fused
with various linkers were purified using Ni-NTA column
and weak cation exchange resin (Fig. 4a and b). The SDS-
PAGE results indicated that the differences in apparent
molecular weights of the fusion proteins, attributable in
part to different linkers, affect the secondary structure of the
recombinant fusion protein. The properties of SAC-TRAIL
with different linkers are generalized in Table 1. In addition,

116
66.2

45
35

+—

25

f
kDaM1 2 3 4

116 116
66.2  66.2

45 45
35 35

25

18.4
14q 144

50, 100, 200, and 500 mM imidazole. d Purification of SAC-TRAIL.
Lane 1, SUMO-SAC-TRAIL cleaved by SUMO protease; lane 2,
flow-through fraction from CM Sepharose column; lanes 3—4, elutes
by 200 and 500 mM NaCl. e Purification of SUMO-TRAIL. Lanes
1-4, cell lysate, supernatant, precipitation, and flow-through frac-
tion from E. coli harboring pET28a/SUMO-TRAIL; lanes 5-8, elutes
from Ni-NTA by 50, 100, 200, and 500 mM imidazole. f Purifica-
tion of TRAIL. Lane 1, SUMO-TRAIL cleaved by SUMO protease;
lane 2, flow-through fraction from CM Sepharose column; lanes 3—4,
elutes by 200 and 500 mM NaCl

the protein mass was calculated and summarized for each
preparative step. The final yield of SAC-(G,S);-TRAIL was
4.01% (Table S3).

Co-incubating 10 ng/mL recombinant proteins with
SK-OV-3 cells inhibited the proliferation of tumor cells to
varying degrees, and optimal antitumor activity was dem-
onstrated by proteins fused with the flexible linker (G,S),
(Fig. 4c). Similar results were found by co-incubating
1 pg/mL of recombinant fusion protein with MCF-7 cells
(Fig. 4d). SAC-TRAIL with different linkers caused almost
no toxicity to HEK-293 cells even at the concentration of
1 pg/mL (Fig. S2).

Linker analysis based on physicochemical properties

Antheport software was used to analyze the differences in
physical and chemical properties of fusion proteins with
different linker sequences. As the linker sequence primar-
ily affects the C-terminal domain of SAC and the N-ter-
minal domain of TRAIL, the study focused on examining
the physicochemical properties of this partial domain.
Flexible linkers were found to have higher hydrophobicity

@ Springer
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Fig.3 Cytotoxicity of recombinant protein to different cells. Prolif-
eration inhibition effects of TRAIL-SAC on SK-OV-3 cells (a) and
MCEF-7 cells (b) were measured by CCK-8 analysis after incubation
with different concentrations of recombinant protein for 72 h. ¢ Pro-

Fig.4 Purification of SAC-
TRAIL with different link-
ers and their cytotoxicity to
cancer cells. a Purification of
SUMO-tagged fusion protein
by Ni-NTA. b Purification of
fusion protein by CM Sepha-
rose column. ¢ Cytotoxicity
of SAC-TRAIL with different
linkers (10 ng/mL) on SK-OV-3
cells. d Cytotoxicity of SAC-
TRAIL with different linkers
(1 pg/mL) on MCEF-7 cells. c
The different linkers were set

as follows: flexible linker A:
(GGGGS),, B: (GGGGS);, and

C: (GGGGS),; rigid linker D:
PKPSTPPGGS and E: (PKP-
STPPGGS),; semi-rigid linker

F: GGGSPKPSTPPGGGS and

G: GGGS(PKPSTPP),GGGS.
*P<0.05; *#*P<0.01, com-

pared with the fusion protein

with linker (G,S),

a
kbaMA B C D E F G

Cell viability (%)

and lower solvent accessibility (Fig. S3a and S3b). The
optimal antitumor activity of the flexible linker (G,S);
may be attributable to its higher hydrophobicity, which
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brings the active centers of SAC and TRAIL relatively
closer to facilitate binding of the recombinant fusion pro-
tein to receptors on cancer cell surfaces. In contrast, the
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Table 1 P.ropc.rties of SAC' Name Scheme Linker MW (kDa) Purification Antitumoral
TRAIL with different linkers yield (%) activity (%)

A Flexible (GGGGS), 26.07 22.3 427

B Flexible (GGGGS);, 26.22 19.8 66.5

C Flexible (GGGGS), 27.17 20.5 62.3

D Rigid PKPSTPPGGS 26.07 16.7 15.6

E Rigid (PKPSTPPGGS), 27.17 21.1 47.2

F Semi-rigid GGGSPKPSTPPGGGS 26.22 20.3 50.5

G Semi-rigid GGGS(PKPSTPP),GGGS 27.39 14.1 52.6

Antitumoral activity (%): Cytotoxicity of SAC-TRAIL with different linkers (10 ng/mL) on SK-OV-3 cells
by CCK-8 assay

Circular dichroism(ndeg)

_15 1 1 1 1 1 1 ]
190 200 210 220 230 240 250 260

Wavelength(nm)

Fig.5 Secondary structure analyses of recombinant proteins were
performed by circular dichroism

recombinant protein with rigid linkage (PKPSTPPGGS)
showed the least favorable antitumor activity against both
tumor cell types, probably due to its high solvent acces-
sibility, thereby increasing the spatial distance between
SAC and TRAIL. There were no significant differences in
the antigenicity of each recombinant protein (Fig. S3c).
Circular dichroism was used to observe the effect of
different linkers on the secondary structure of the recom-
binant fusion protein. Recombinant proteins with dif-
ferent linkers have typical negative absorption peaks at
222 nm and 208 nm (Fig. 5), indicating that the secondary
structure of recombinant protein SAC-TRAIL is mainly
a-helical. CDNN analysis showed that the fusion pro-
tein with a flexible linker (G,S); contained relatively low
proportions of a-helix (55.3%) and high random coiling
(20.2%) (Table S4). The comparatively higher antitumor
activity of fusion protein with a flexible linker (G,S); is
likely caused by their possession of fewer a-helices, which

reduced the rigidity and enhanced the receptor binding
specificity of the recombinant protein.

SAC-(G,S);-TRAIL induced apoptosis of cancer cells

Flow cytometry was used to detect the apoptosis-inducing
effect of recombinant fusion protein. The apoptosis rate
of SK-OV-3 cells treated with 20 ng/mL SAC-(G,S);-
TRAIL was 42.71%, whereas 20 ng/mL TRAIL had
almost no effect on SK-OV-3 cells (Fig. 6a and Fig. S4a).
Further, 0.25 pg/mL TRAIL caused 25.98% apoptosis
in the MCF-7 cells. At the same concentration, SAC-
(G4S);-TRAIL induced apoptosis in 97.8% of MCF-7 cells
(Fig. 6b and Fig. S4b). Neither TRAIL nor SAC-(G,S);-
TRAIL induced apoptosis in normal cells HEK-293 at a
concentration of 0.25 pg/mL (Fig. S5). Thus, SAC-(G,S);-
TRAIL strongly induces apoptosis in cancer cells while
causing almost no damage to normal cells.

Specific selectivity of SAC-(G,S);-TRAIL toward cancer
cells

Immunofluorescence analysis was performed to observe
the targeted binding ability of SAC-(G,S);-TRAIL to
tumor cells (Fig. 6¢). The confocal microscopy results
showed that SAC-(G,S);-TRAIL could specifically bind
with SK-OV-3 cells after incubation for 48 h, and rela-
tively fewer fluorescence was observed in MCF-7 cells.
This is consistent with the results of the CCK-8 assay
showing that the ovarian cancer cells SK-OV-3 are more
susceptible than the breast cancer cells MCF-7 to SAC-
(G4S);-TRAIL. Notably, FITC-labeled TRAIL was rarely
detected on the SK-OV-3 and MCF-7 cells. In addition,
neither protein was observed in HEK-293 cells. In sum-
mary, our results suggest that SAC-(G,S);-TRAIL binds
specifically to cancer cells SK-OV-3 and MCF-7.
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Fig.6 Flow cytometry and immunofluorescence analyses of cells
treated with recombinant protein. SK-OV-3 cells (a) and MCF-7 cells
(b) were incubated with TRAIL and SAC-TRAIL for 48 h and then
stained by Annexin-V/PL. ¢ Targeting selectivity of SAC-TRAIL on

Discussion

Recent studies have demonstrated that TRAIL is a broad-
spectrum anticancer agent with substantial clinical ben-
efits (Cousin et al. 2016). Although TRAIL can selectively
induce apoptosis of tumor cells, it has a short half-life and
certain tumor cells exhibit drug resistance (Han et al. 2016).
Previous studies have confirmed that the sensitivity of can-
cer cells to TRAIL is increased by the overexpression of
pro-apoptotic factors or downregulation of the expression of
anti-apoptotic factors (Chu et al. 2006; Hassanzadeh et al.
2018).

Sequence deletion analysis of Par-4 revealed that its core
structural domain, SAC, retained its entire anticancer activ-
ity (El-Guendy et al. 2003). SAC has wide inhibitory effects
on the survival of various cancer cells while exerting no
obvious effect on normal cells (Jagtap et al. 2014; Lee et al.
2010; Zhang et al. 2018). Overexpression of the gene encod-
ing Par-4 can enhance the sensitivity of tumor lymphocytes
to TRAIL treatment (Boehrer et al. 2006). In this study, we
fusion expressed TRAIL with SAC to improve the anticancer
effects of TRAIL against cancer cells SK-OV-3 and MCF-7.

Although approximately one-third of the recombinant
protein was expressed by the E. coli expression system,
most of the heterologous proteins produced in E. coli were
insoluble (Ki and Pack 2020; Sanchez-Garcia et al. 2016).
In the initial study, TRAIL and SAC were fused in different
orders by flexible linker (G,S),, but most of the recombinant
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different cells. FITC-labeled TRAIL or SAC-TRAIL was incubated
with SK-OV-3, MCF-7, and HEK-293 cells for 48 h. Cell nuclei were
stained with Hoechst 33342 for 20 min. The confocal images were
captured atx 1000 magnification

proteins were presented as inclusion bodies. Soluble expres-
sion of recombinant proteins could not be achieved by reduc-
ing the induction temperature and inducer concentration.
Recent studies have shown that SUMO tag can facilitate
correct folding of proteins while improving protein expres-
sion levels. After the fusion protein is digested by SUMO
protease, a native protein without any amino acid residue
redundancies may be obtained (Jiao et al. 2018; Lin et al.
2017; Zhang et al. 2018) . Thus, the SUMO tag was fused
to the N-terminus of TRAIL-SAC to enhance the soluble
expression level of fusion protein.

Ovarian cancer, the most lethal malignant gynecologic
tumor, has a reported sensitivity to TRAIL (Abdollahi 2004;
Zhao et al. 1995). However, breast cancer cells are less
susceptible to TRAIL-induced cell death (Sanlioglu et al.
2005). CCK-8 analysis demonstrated that TRAIL showed
a stronger inhibitory effect on human ovarian cancer cells
SK-OV-3 and human breast cancer cells MCF-7 when fused
with the SAC domain, whereas it had no obvious cytotoxic-
ity to normal cells HEK-293. The ICj, values of TRAIL and
TRAIL-SAC to SK-OV-3 cells were 3.44 uM and 0.67 nM,
respectively.

It has also been reported that Par-4 or SAC can specifi-
cally bind to GRP78 on the tumor cell surface to selectively
induce apoptosis of cancer cells by promoting endoplasmic
reticulum stress-mediated signaling pathways (Shrestha-
Bhattarai and Rangnekar 2010). The fusion of TRAIL
with SAC remarkably enhanced the targeting ability of the
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recombinant protein. In addition, the cytotoxic effects of the
recombinant fusion protein against SK-OV-3 cells were sig-
nificantly higher than MCF-7 cells. This is probably due to
the high expression of TRAIL-R4 on the surface of MCF-7
cells, which results in reduced sensitivity of MCF-7 cells to
TRAIL fusion protein (Sanlioglu et al. 2005). The ICs, val-
ues of SAC-TRAIL against SK-OV-3 and MCF-7 cells were
0.46 nM and 44.33 nM, respectively. This indicated that dif-
ferent orders of fusion units obviously affect the antitumor
activity of the fusion protein. These differences are likely
due to the smaller spatial site hindrance of the independent
domains in SAC-TRAIL, which allows for more effective
exertion of their respective functions.

Previous studies have indicated that the length and amino
acid sequence of the linker are important factors affecting
the biological activity of fusion proteins (Yu et al. 2015).
The antitumor activity of the recombinant protein SAC-
TRAIL with different linkers was evaluated and the fusion
proteins with a flexible linker (G,S); were found to have
a relatively higher proliferation inhibition effect on tumor
cells. As fusion proteins with different linkers have vari-
ous antitumor activities, we analyzed the physicochemical
properties of each protein using Antheprot software. This
analysis showed that the flexible linker has low solvent
accessibility and high hydrophobicity. The optimal antitu-
mor activity of fusion protein with linker (G,S); may, there-
fore, be caused by its high hydrophobicity, which brings the
SAC and TRAIL active centers spatially closer together to
facilitate binding of recombinant proteins to receptors on
the tumor cell surface.

Circular dichroism results also indicated that different
properties of the linker could affect the composition of the
secondary structure of the recombinant protein. CDNN anal-
ysis demonstrated that the flexible linker (G,S); had a lower
proportion of a-helix (55.3%) and higher random coiling
(20.2%). The higher random coiling conferred greater speci-
ficity of biological activity while fewer a-helices reduced
the rigidity of the recombinant protein, thus facilitating the
specific binding to respective receptors.

Flow cytometry assays showed that SAC-(G,S);-TRAIL
induced the apoptosis of SK-OV-3 and MCF-7 cells. In
comparison to TRAIL, SAC-(G,S);-TRAIL demonstrated
a remarkably enhanced apoptosis-inducing ability. Immu-
nofluorescence assay revealed that the amount of recom-
binant protein SAC-(G,S);-TRAIL bound to the surface of
SK-OV-3 cells was significantly greater in comparison to
MCF-7 cells at the same concentration. Most importantly,
no fluorescence was observed on the surface of normal cells
HEK-293. Overall, TRAIL exhibited stronger targeted cyto-
toxicity to cancer cells after fusion with SAC.

In conclusion, the novel fusion protein SAC-(G,S);-
TRAIL exhibits superior anticancer effects toward tumor
cells without harming normal cells. Optimized strategies for

fusion expression and linker selection will provide a useful
platform for the treatment of drug-resistant cancers. These
results indicate that SAC-(G,S);-TRAIL may be a promising
candidate for treating GRP78-overexpressed tumors.
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