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Abstract

Purpose As the conventional therapeutic approaches were not completely successful in the treatment of colon cancer, there
is still a need for finding the most efficient therapeutic agents. Here we investigated the anticancer activity of HPRP-A1 that
was derived from the N-terminal region of Helicobacter pylori ribosomal protein L1 (RpL1) alone or in combination with
tumor-homing peptide iRGD and 5-Fluorouracil (SFU) on colon cancer cell lines (CT26 and HT29) and isograft models of
colon cancer.

Method We assessed the tumor growth inhibitory activity of HPRP-A1 with or without iRGD and 5FU on colon cancer
in vitro and in vivo. In the in vitro part, we investigate the effect of HPRP-A1 alone and in combination with iRGD/5FU.
Results Our results demonstrated that co-administration of HPRP-A1 with iRGD increased the apoptosis, while these two
peptides in combination with SFU increased the intracellular level of p53 that upregulate the pro-apoptotic gene BAX and
downregulate the anti-apoptotic gene BCL2. HPRP-A1 blocks the cell cycle progression in GO/G1. Co-administration of
two peptides significantly reduced the size and weight of the tumors, while the group that received SFU in combination with
the peptides increased the necrotic and decrease the fibrotic area significantly in the tumor tissues, which also disrupt the
oxidant/antioxidant balance.

Conclusions Our results indicated that HPRP-A1 could be considered an effective agent toward colon cancer in vitro and
in vivo with the ability to enhance the effects of conventional chemotherapy agent SFU.
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Introduction

Colon cancer is one of the most commonly diagnosed can-
cers among men and women, with over one million new
cases in 2020 (Siegel et al. 2020). Surgery, chemotherapy,
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and antibody therapies have long been the first choices for
colon cancer (Cao et al. 2009). However, these conventional
therapeutic approaches cannot be completely successful in
the treatment of colon cancer due to some disadvantages,
such as non-specific toxicity to normal cells and the forma-
tion of multi-drug resistant (MDR) cells in the case of using
some chemotherapeutic agents (Cao et al. 2009). Lesions
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that commonly occur in advanced colon cancer extend to
the peritoneal cavity and lead to multiple metastatic lesions.
Chemotherapeutic agents and antibody therapy agents can-
not penetrate into these lesions since they lead to decreasing
the patient’s survival rate (Lemoine et al. 2016; Sugarbaker
2016). Hence, there is an urgent need for novel therapeutic
agents to combat this cancer. Currently, utilizing bacteria
has attracted much attention as a new approach for cancer
therapy. Bacillus Calmette—Guérin (BCG) was another
example of using bacteria for the treatment of cancer in
the 1970s. BCG is the attenuated form of Mycobacterium
bovis strain that received FDA approval for intravesical
therapy of patients with non-muscle-invasive bladder cancer
(NMIBC) (Gontero et al. 2010). In current investigations,
different forms of bacteria such as live, attenuated, or geneti-
cally modified states, and their products (including bacterial
peptides, bacteriocins, and toxins) are used in the treatment
of several types of cancer (Boohaker et al. 2012; Roberts
et al. 2014; Fujimori 2006). Some species of bacteria with
anticancer potential are Lactococcus, Clostridia, Shigella,
Bifidobacteria, Listeria, Vibrio, Salmonella, and Escherichia
(Lax 2005; Lecuit et al. 2004; Gupta et al. 2016; Nath et al.
2010). Current studies suggest that these species are able
to invasion the tumors then colonization into them, which
led to tumor suppression and inhibits the proliferation of
neoplasm (Wei et al. 2007; Chang et al. 2015; Hetz et al.
2002; Yan et al. 2015). The hypoxic and necrotic area of the
tumor causes the resistance of the tumor to the conventional
therapy agents, thus influences the outcome of treatment.
However, some bacteria including Clostridia strains and
Bifidobacterium longum can inter to this area, survive under
hypoxic conditions then colonize and caused tumor destruc-
tion (Roberts et al. 2014; Fujimori 2006). Currently, some
studies by genetic engineering try to produce more effective
bacterial-based therapy agents with minimal adverse effects.
Attenuated form of auxotrophic mutants of the Salmonella
typhimurium (S. typhimurium) is one of these examples
which selectively invade the tumor cells and inhibit the
tumor growth, also it is able to proliferate within the necrotic
and hypoxic area of the tumor (Zhao et al. 2006). Recent
findings of using bacterial peptides in the treatment of can-
cers have attracted considerable attention due to their thera-
peutic advantages. These peptides can prevent the forma-
tion of multidrug-resistance cells and improve the anticancer
effect of conventional therapeutic agents (Boohaker et al.
2012; Marqus et al. 2017). The recent finding suggests that
bacterial peptides are very potent in inhibiting the prolifera-
tion of cancer cells. Furthermore, bacterial peptides have
specific toxicity and penetrating ability for tumor cells with
low accumulation in tissues. The small size, easily modifi-
able features, and rapid, generally simple synthesis are other
advantages of bacterial peptides (Marqus et al. 2017).
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According to various reports, small peptides derived from
the N-terminal region of Helicobacter pylori (H. pylori)
ribosomal protein L1 (RpL1) have anticancer potential (Piit-
sep et al. 1999; Kang et al. 2005). L1 protein can directly
bind to 23SrRNA. The stalk of L1 protein is very mobile
in the ribosome and is involved in the E site tRNA release.
L1 protein has a role as a translational repressor protein,
and also it controls the translation of the L11 operon by
binding to its mRNA. This derived peptide called HPRP-
A1l (FKKLKKLFSKLWNWK) shows anticancer activity
through different mechanisms (i) activation of caspase-3, -8
and -9-dependent pathway leading to apoptosis, (ii) arresting
the cell cycle at the GO/G1 and G2/M, (iii) cell proliferation
inhibition, (iv) damaging the mitochondrial function, and (v)
increasing the generation of reactive oxygen species (ROS)
(Hu et al. 2018a, b, c; Hao et al. 2019). One of the key chal-
lenges in the fields of peptide-based therapy of cancer is the
short half-life of these agents. Currently, tumor-penetrating
peptides (TPPs) are discovered, allowing the selective deliv-
ery of therapeutic agents to the tumors that are also used to
enhance the bacterial peptide half-life (Teesalu et al. 2013;
Ruoslahti 2017). A cyclic peptide with a length of 9 amino
acids, called iRGD (CRGDKGPDC), is widely used as a
TPPs (Sugahara et al. 2010). This cyclic peptide can enter
into the tumors by binding to «Vp3 and VPS5 integrins
and then cleaved by the protease, leading to the activation
of revealing the c-terminal CendR motif (R/KXXR/K) of
the peptide. This motif activates the endocytotic/exocy-
totic transport pathway through binding to the neuropilin-1
(NRP-1) that enhances the transport of co-administered
anti-cancer drugs into tumors (Teesalu et al. 2009). In the
present study, we aimed to investigate the anticancer effect
of HPRP-A1 with or without the tumor-targeting peptide
iRGD and 5 Fluorouracil (SFU) as a standard drug on colon
cancer in vitro and in vivo.

Materials and methods
Peptide synthesis and purification

The anticancer peptide HPRP-A1 (Ac-FKKLKKLFSKL-
WNWK-amide) and homing peptide iRGD (Ac-CRGDKG-
PDC-amide) were synthesized by ProteoGenix Inc. at>95%
purity and mass balance. In addition, iRGD is a disulfide-
based cyclic peptide. The reaction was oxidized by thallium
trifluoroacetate on solid-phase resin after the linear chain
amino acid was completed. The purified peptides were fur-
ther characterized by mass spectrometry and amino acid
analysis.
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Cell culture

In this study, we used two colon cancer cell lines, includ-
ing CT26 (murine colorectal carcinoma cell line) and HT29
(human colon cancer cell line). One of the cell lines that
was used in this study was CT26 that is a murine colorectal
carcinoma cell line that is from a BALB/c mouse. This cell
line suitable for in vitro and in vivo experimentation. CT26
cells will form tumors and metastases post-implantation
into syngenic BALB/c mice or immunocompromised mice
(Abedizadeh et al. 2020; Zhang et al. 2013). Another cancer
cell line we used was HT29 which is a human colorectal
adenocarcinoma cell line with epithelial morphology. This
cell line sensitive to the chemotherapeutic drugs 5-fluoro-
uracil and oxaliplatin, which are standard treatment options
for colorectal cancer. Furthermore, HT29 is used widely as
an in vitro model to study absorption, transport, and secre-
tion by intestinal cells, in addition, this cell line is used in
the in vivo studies to induce the xenograft tumor model of
colorectal cancer (Cohen et al. 1999). Under standard culture
conditions, HT29 grows as a nonpolarized, undifferentiated
multilayer, while changing the culture conditions or treating
cells with various inducers caused differentiated and polar-
ized morphology that characterized by the redistribution of
membrane antigens and development of an apical brush-
border membrane (Nautiyal et al. 2011). We also used a nor-
mal fibroblast cell line L.929. All the cell lines were cultured
in Roswell Park Memorial Institute (RPMI) 1640 (Gibco
Life Technologies, Thermo Fisher Scientific, MA, USA)
with fetal bovine serum (FBS) (10% v/v), penicillin (100 U/
ml), and streptomycin (100 U/ml) in a humid atmosphere at
37 °C with 5% CO2.

Cell viability assay

In this respect, we cultured the CT26, HT29, and 1929 cell
lines in a 96-well culture plate for 24 h. After the incubation
time, all the three cell lines were exposed to six different
groups of treatments, including (i) HPRP, (ii) HPRP +iRGD,
(iii)) HPRP + 5FU, (iv) HPRP + 5FU +iRGD, (v) iRGD, and
(vi) 5-Fluorouracil (5FU) (Ebewe Pharma, Austria) at vari-
ous concentrations incubated at 37 °C with 5% CO2 for 24 h.
Then, MTT was added (0.05 mg/ml, 100 pl per well), and
the cells were incubated for another 4 h at 37 °C. In the next
step, the supernatant was removed, and DMSO was added
(100 pl per well) to dissolve the formazan crystals. Ulti-
mately, the absorption at 540 nm was measured by a micro-
plate reader (TECAN NanoQuant Infinite M200 Microplate
Reader, USA). The MTT assays were performed in tripli-
cates (Amerizadeh et al. 2018).

Flow cytometric analysis of apoptosis

An annexin V-FITC/PI double staining method was used
for the apoptosis assay. In brief, CT26 and HT29 cells were
exposed to the HPRP-A1 with or without iRGD and 5FU for
24 h. At the end of the treatment, the cells were trypsinized,
washed with PBS, and centrifuged at 400 X g for 5 min.
Then, the cells were resuspended in 90 pL of binding buffer
and stained with 5 pL annexin V-FITC and 5 pL PI (Incubate
20 min in the dark). Finally, the stained cells were collected
for flow cytometric analysis using the FACSCalibur flow
cytometer (Giovannetti et al. 2014).

Cell cycle analysis by flow cytometry

In this regard, CT26 and HT29 cells were seeded (2-3 X 10°
cells/well) in the 6-well plates at 37 °C, 5% CO2. After
24 h, the cells were exposed to six different treatment
groups, including HPRP, HPRP +iRGD, HPRP + 5FU,
HPRP + 5FU +iRGD, iRGD, and 5FU. After the incubation
time, 100 ug/ml stock of RNase A was added and incubated
at 37 °C for 30 min. Then, the cells were mixed with propid-
ium iodide (PI, 50 pg/ml) and incubated at 24 °C for 20 min.
In the end, the stained cells were collected for the flow cyto-
metric analysis using the FACSCalibur flow cytometer, and
the cell cycle was then analyzed using FlowJo V10_CL soft-
ware (Marjaneh et al. 2018).

Migration assay

For the migration assay, we used the wound healing assay
(scratch assay). In brief, CT26 and HT29 cells were cultured
at 37 °C, 5% CO2, and grown to achieve 70% confluence.
Then, the cells were scratched with a p200 pipette tip, and
the free detached cells were then removed with PBS. The
scratch area was measured using a 10 X objective (ZEISS
Microscopy, Germany). The non-transfected cells were
used as a control group to assess the migration of trans-
fected cells. The wound healing rate was measured via the
Imagel] software (NIH, Bethesda, MD). All the assays were
performed in triplicates, and significant changes among
transfected and non-transfected cells were assessed by the
ANOVA test.

Antitumor efficacy in isograft mice

Seven-week-old female inbred Balb/C mice were bought
from Pasteur Institute (Tehran, Iran) and were housed in
standard conditions approved by Animal Ethics Committee
Institute (temperature 22 +2 °C, the humidity of 54 +2%,
and 12 h light/dark cycle). All the protocols were according
to the guidelines of Care and Use of Animals Laboratory,
approved by the Ethics Committee of Mashhad University
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of Medical Sciences. CT26 cells (2 x 10°) were subcutane-
ously injected into the left flank of the mice. The isograft
mice were randomly divided into seven groups (n=06 for
each group) when the tumors grew to 80—100 mm?>. The
groups included (i) Control group (tumor without treat-
ment); (ii) SFU (treated with 5 mg/kg every other day,
intraperitoneal “ip” injection); (iii) HPRP (10 mg/kg/every
2 days “direct injection into the tumor”); (iv) iRGD (5 mg/
kg/every 2 days “direct injection”); (v) HPRP+iRGD (10
and 5 mg/kg/ every 2 days, respectively “direct injection”);
(vi) HPRP +5FU (10 mg/kg/every 2 days “direct injec-
tion” and 5 mg/kg every other day “ip”, respectively); (vii)
HPRP +iRGD +5FU (10 and 5 mg/kg/every 2 days “direct
injection” and 5 mg/kg/every other day “ip”, respectively”)
(Hao et al. 2019; Hu et al. 2018d; Hamilton et al. 2015; Mar-
janeh et al. 2018). The tumor size was measured every other
day using a digital caliper and by the following formula:
Tumor volume = (tumor length X tumor width?)/2. At
the end of the experiment, mice were dissected. Tumor tis-
sues and major organs (heart, liver, lungs, and kidneys) were
dissected out, fixed in 10% formalin, embedded in paraffin,
and sectioned at a thickness of 5 pum. The sections were
stained with Hematoxylin—Eosin (H&E) and Masson’s tri-
chrome stains and studied under light microscopy (x40
magnification). The percentage of necrosis and fibrosis was
measured by ImagelJ software (NIH, Bethesda, MD).

Oxidative/antioxidative stress markers assessment

For this purpose, the homogenized tumor tissues were used
for the assessment of oxidative markers, including malon-
dialdehyde (MDA), as well as antioxidative markers such as
total thiol groups (SH), catalase (CAT) activity, and super-
oxide dismutase (SOD).

Malondialdehyde (MDA)

Malondialdehyde (MDA) is considered a biomarker of lipid
peroxidation. For determining the MDA level, 1 ml of 10%
(weigh tissue/ volume of saline) tumor tissue homogenates
were mixed with 2 mL of thiobarbituric acid (TBA), trichlo-
roacetic acid (TCA), and HCL solution in boiling water.
In the next step, the absorbance was measured at 535 nm
wavelength by using a spectrophotometer (Amerizadeh et al.
2018).

Total thiol group

The SH level was assessed by DTNB (Di-Tio nitro ben-
zoic acid) reagent, which reacted with SH groups and
led to the production of the yellow color complex. In this
manner, tumor tissue supernatant was incubated with
DTNB in Tris—EDTA buffer (pH=_8.6). Then, this mix
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was for 10 min at room temperature. In the next step,
absorbance was measured at 412 nm wavelength. The
total thiol content was calculated using this formula.
(Total thiol concentration (mM) = (A2 — Al — B) x 1.07/(0.05 X 13.6))
(Marjaneh et al. 2018).

Superoxide dismutase

In this manner, pyrogallol autoxidation is characterized by
inhibition of the conversion of MTT to formazan that was
based on the measurement of SOD activity. The formazan
was dissolved in DMSO and the absorbance was read at
570 nm wavelength (Elmi et al. 2008).

Catalase

Catalase activity was measured by Aebi et al. based on
the hydrolyzation of H,O, in phosphate buffer, pH=7.0,
and reducing absorbance at 240 nm. The activity of CAT
obtained through the conversion of H,0, to H,O and O,
in 1 min under a standard situation (Aebi 1984; Marjaneh
et al. 2018).

RNA isolation and real-time PCR

We used FavorPrep™ Tissue Total RNA Mini Kit for
extracted total RNA from tumor tissue purchased from
Favorgen Biotech (Taiwan). The cDNA Synthesis Kit
obtained from Yekta Tajhiz (Tehran, Iran) was used for
cDNA synthesis. The Ampliqgon SYBR Green PCR Mas-
ter Mix was applied for quantitative real-time PCR reac-
tions. The expression levels of the genes were normalized

Table 1 qPCR primer sequences

Gene Source Primer  Sequence

GAPDH Mouse Forward CAACGACCCCTTCATTGACC
Reverse CTTCCCATTCTCGGCCTTGA

P53 Mouse Forward GGACAGCTTTGAGGTTCGTG
Reverse TCATTCAGCTCCCGGAACAT

BAX Mouse Forward AGACAGGGGCCTTTTTGCTAC
Reverse AATTCGCCGGAGACACTCG

BCL2 Mouse Forward GCTACCGTCGTCGTGACTTCGC
Reverse CCCCACCGAACTCAAAGAAGG

Colla2  Mouse Forward GTTCTCAGGGTAGCCAAGGT
Reverse CCTTCAAAACCAAAGTCATAGCC

Collal  Mouse Forward TGACGCATGGCCAAGAAGA
Reverse CAGATCAAGCATACCTCGGG

MCP-1 Mouse Forward GTGAAGTTGACCCGTAAATCTGA
Reverse ACTAGTTCACTGTCACACTGGT

IL1B Mouse Forward GACTTCACCATGGAATCCGT
Reverse TGCTCATTCACGAAAAGGGA
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to a housekeeping control gene (GAPDH) (Dinarvand et al.
2015). The primer sequences are shown in Table 1.

Statistical analysis

The average data were presented as the means + standard
error and the Student’s t-test or ANOVA followed by Tuk-
ey’s multiple comparison tests were used for the data analy-
sis via SPSS Ver.0.20 statistical software (IBM, Chicago).
Statistical significance was lower than 0.05.

Results
In vitro anticancer activity and cytotoxicity

We used MTT assay to determine the effect of HPRP
with or without iRGD and 5FU on the cell viability of
CT26, HT29, and 1929 cell lines. The results were cal-
culated with CalcuSyn software (Ver.2.0). Hence, cells
were exposed to the various concentrations of HPRP
with or without 6 pug/ml iRGD and 3.84 x 107> M 5FU
for 24 h. The cell viability of CT26 and HT29 cell lines
were significantly decreased along with the increasing
concentration of HPRP peptide. The cell viability of
CT26 and HT29 were decreased after exposure to the high
concentration of iRGD, while we observed the stronger

Als =3 HPRP
=3 HPRP+RGD
=3 HPRP+5FU
:3“" » L] mm HPRP+5FU+RGD
2 ek * *
0.0~ :

L929 CT26

cytotoxic activity at the time of using in combination with
HPRP. The cell viability of the HT29 cell line decreased
significantly, along with the increasing concentration of
peptides. In contrast, it declined slowly on the CT26 cell
line, suggesting that the HT29 cell line was more sensi-
tive to the peptide combination. In addition, exposure to
0.73 pg/ml HPRP-A1 with or without 6 pg/ml of iRGD
and 3.84 x 107> M 5FU for 24 h did not decrease the pro-
liferation (< 5%) of normal fibroblast cells (Fig. 1).

Flow cytometric analysis of apoptosis

The early and late apoptosis of HPRP-A1 with or with-
out iRGD and 5FU was determined by using the FITC
Annexin V/PI apoptosis detection kit. The flow cytom-
etry results were analyzed by using FlowJo (Ver. 10)
software. iRGD is a tumor-homing and penetrating pep-
tide that is also known as an apoptosis-inducing peptide
(Qifan et al. 2016; Sugahara et al. 2009). Our results
demonstrate that the apoptotic activity of HPRP signifi-
cantly increases after co-administration by iRGD with or
without SFU in both cancer cell lines in comparison to
the control group and when the cells received the single
therapy (P <0.001) (Fig. 2). Furthermore, HPRP-A1 with
or without iRGD and/or SFU significantly increased the
expression of BAX in the tumor tissue as compared to the
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Fig. 1 IC50 values in L1929, CT26, and HT29 cells treated with pep-
tides. A IC50 values of HPRP-A1 with or without iRGD and 5FU at
the indicated concentration were measured by MTT assay after 24 h.
B IC50 values of peptide iRGD with or without HPRP-A1 and 5FU at
the indicated concentration were measured by MTT assay after 24 h.

C IC50 values of peptide SFU with or without iRGD and HPRP-A1
at the indicated concentration were measured by MTT assay after
24 h. (*P<0.05; **P<0.01; and ***P<(.001; in compare to when
cell lines treated with peptides or SFU alone)
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«Fig. 2 Apoptosis induction activity of peptides in CT26 and HT29
cells. A CT26 cell lines were exposed to the 0.73 ug/ml HPRP-A1
with or without 6 pg/ml iRGD and 3.84 x 107> M 5FU for 24 h. The
early and late apoptotic rates were measured by flow cytometry.
B The percentage of cells in early and late apoptosis in CT26 cells
incubated with peptides as indicated in (A). C HT29 cell lines were
exposed to the HPRP-A1 with or without iRGD and 5FU for 24 h.
The early and late apoptotic rates were measured by flow cytometry.
D The percentage of cells in early and late apoptosis in HT29 cells
incubated with peptides as indicated in (A). E The expression level of
BAX, BCL2, and p53 in the tumor tissue. (*P <0.05, **P <0.01 and
*#%P <(0.001 compare to control group); (#P <0.05 and ###P <0.001
compare to SFU group); and ($P <0.05 and $$$P <0.001 compare to
HPRP-A1 group)

control group (P < 0.001). However, combination therapy
of HPRP-A1with iRGD and 5FU significantly increased
the expression of BAX compare to when experiments
received the peptides alone (P <0.001). In addition,
HPRP-A1with or without iRGD and/or SFU significantly
reduced the expression level of BCL2 in comparison to
the control and 5FU group in the tumor tissue (P <0.001)
(Fig. 2E).

HPRP-A1 blocks cell cycle progression in GO/G1

The cell cycle analysis indicated that co-administration of
HPRP-A1 with iRGD and 5FU induced a G1 arrest in both
the CT26 and HT29 cells (88.8% and 87.7%, respectively).
Furthermore, co-administration of 0.73 pg/ml HPRP-A1
with 6 pg/ml of iRGD and 3.84 X 10-5 M 5SFU results in
much higher numbers of cells in sub-G1 of the CT26 and
HT?29 cells (32.8% and 45.1%, respectively) compared to
when the cells are only exposed to the HPRP-A1 (20.6% and
25%, respectively) (Fig. 3). In addition, HPRP-A1 with or
without iRGD and 5FU significantly increased the p53 in the
tumor tissues in comparison to the control and SFU groups
(P<0.001). Furthermore, co-administration of HPRP-A1 by
5FU with or without iRGD significantly elevated the level
of the p53 in the tumor tissues in comparison to the group
that was treated with HPRP-A1 alone (P <0.001) (Fig. 2E).

Migration assay

Our results demonstrated that the migration and invasion
rates of the cells are significantly decreased after being
treated with 0.73 ug/ml HPRP-A1 and 6 pg/ml of iRGD
after 24 h (Prevention rate: CT26, 25.68% and HT29, 19%)
(P<0.001) (Fig. 4). Furthermore, combination therapy of
HPRP-A1 along with 5FU also significantly reduces the
migration rate of cells in comparison to when cells treated
with HPRP-A1 or 5FU alone (Prevention rate: CT26, 30.65%
and HT29, 22.53%) (P <0.05) (Fig. 3).

In vivo tumor-suppressive activity

Our results demonstrated that combination therapy of
HPRP-A1 with or without iRGD significantly reduced the
tumor size and weight in comparison to the control group
(P <0.001). Furthermore, co-administration of HPRP-A1
and iRGD with or without SFU also significantly decreased
the tumor size and weight in comparison to the control
group (P <0.01) (Fig. 5). The result of the H&E staining of
tumor tissues indicated that combination therapy of HPRP-
A1l and 5FU with or without iRGD significantly increased
the necrotic area in the tumor tissue in comparison to the
control group and when the experiments received SFU
and HPRP-A1 alone (P <0.001 and P <0.01, respectively)
(Fig. 6). In addition, trichrome staining result showed that
combination therapy of HPRP-A1 and 5FU with or without
iRGD significantly reduced the fibrotic area and collagen
accumulation in the tumor tissue in comparison to the con-
trol group and the group that received SFU or peptide alone
(P<0.001) (Fig. 7A and B). Moreover, the expression of
CoL1a2 genes was significantly reduced in the experiments
treated with HPRP-A1 and iRGD as compared to the control
group and when isograft treated with SFU or peptide alone
(P <0.001) (Fig. 7D). However, the expression of CoL1lal
was significantly decreased in the HPRP-A1+iRGD group
as well as the HPRP-A1 + 5FU group in comparison to
the control group and group that received only HPRP-A1
or 5SFU (P <0.001) (Fig. 7C). The H&E result of the pri-
mary organs (heart, liver, lung, and kidneys) of each group
determined that there were no obvious changes in these
organs after treatment with single or combination peptides
(Fig. 6C).

The effects of HPRP-A1 on oxidant/antioxidant
balance and inflammation

Assessment of the oxidant/antioxidant balance in the tumor
tissue homogenates demonstrated that HPRP-A1with or
without in the tumor tissues as compared to the control
group (P <0.001) (Fig. 8A). However, the combination ther-
apy of HPRP-A1 with iRGD and 5FU significantly reduced
the level of anti-oxidant markers including thiol, catalase,
and SOD activity in comparison to the control group and
when the experimental group was treated with SFU or pep-
tides alone (P <0.001) (Fig. 8). Moreover, the expression
level of a pro-inflammatory gene such as IL1f was signifi-
cantly increased in the experimental group that received
HPRP-A1 along with iRGD and 5FU in comparison to the
control group and when the experimental group was treated
with peptides or SFU alone (P <0.001and P <0.01, respec-
tively) (Fig. 8E). HPRP-A1 with or without iRGD and SFU
significantly reduced the expression level of the pro-fibrotic
gene MCP-1 as compared to the control group (P <0.001).
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Fig.3 HPRP-A1 effect on cell cycle of colon cancer cell lines. (A)
CT26 cells and; B HT29 cells were treated with 0.73 ug/ml HPRP-A1
with or without 6 ug/ml iRGD and 3.84x 107> M 5FU for 24 h.Cell

However, the expression level of MCP-1 was significantly
decreased in the homograft that was treated with HPRP-A1
along with iRGD in comparison to the group that received
HPRP-Alor 5FU alone (P <0.001) (Fig. 8F). These results
indicated that HPRP-A1 had a tumor-suppressive effect on
the colon cancer models through disruption of the oxidant/
antioxidant balance and upregulation of the pro-inflamma-
tory cytokine that led to the cancer cell death.

@ Springer

cycle analysis using the PI flow cytometry was performed to assess.
The percentage of cells in the G1, S, G2-M, and sub-G1 (apoptosis)
phases are indicated

Discussion

HPRP-A1 is a 15-mer a-helical cationic peptide with an
anticancer activity derived from the N-terminus of riboso-
mal protein L1 of H. pylori (Piitsep et al. 1999). In the pre-
sent study, for the first time, we investigated the anticancer
effect of HPRP-A1 with or without tumor-targeting peptide
iRGD and 5 Fluorouracil (5FU) on colon cancer cell lines
(CT26 and HT29) and the isograft models of colon cancer.
Evidence suggests that HPRP-A1 is able to induce apopto-
sis through activation of caspase-3, -8, and -9-dependent
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Fig.5 Effect of HPRP-A1 with or without iRGD and 5FU on inhibit-
ing CT26 cell growth in isograft mice. A Representative images of
tumors in all treatment groups. B Tumor growth measured during the

pathways (Hao et al. 2015). Furthermore, iRGD is well
known as an apoptosis-inducing peptide with high penetra-
tion into the tumor tissue. HPRP-A1 consider is well known
as a membrane-active peptide, that can induce rapid mem-
brane disruption (Hao et al. 2015). The previous study on
AS549 non-small cell lung cancer cells demonstrated that
combination therapy of HPRP-A1 with iRGD caused the
destruction of the integrity of the cell membrane and adher-
ence to the mitochondrial net which led to inducing apop-
tosis in the cancer cells via a caspase-dependent pathway.
Furthermore, it demonstrates that cells treated with HPRP-
A1l co-administered with iRGD could increase the level of
reactive oxygen species (ROS) generation which consider as
one of the primary indicators of disruption of the mitochon-
drial membrane (Hu et al. 2018d). Moreover, the 3D MCS
model result in this study indicates that iRGD increase the
penetration ability of HPRP-A1 which also enhances the
selectivity of the peptide (Hu et al. 2018d). Another study
on non-small cell lung cancer (NSCLC) A549 cell line also
demonstrates that co-administration of HPRP-A1 with kla-
TAT induced much more ROS generation which shows the
strong synergistic effect of these two peptides. In addition,
the combination therapy leads to more LDH was released
from the cytoplasm that indicates the cell membrane was
disrupted more seriously (Hu et al. 2018c). However, our
results demonstrate that co-administration significantly
increased the apoptotic activities of the two peptides, indi-
cating an increase in the rate of early apoptosis in CT26
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control group)

cells, while combination therapy of these two peptides with
SFU leads to an early higher rate of apoptosis in the HT29
cells. BAX belongs to the BCL2 protein family that contrib-
utes to programmed cell death or apoptosis (Kuwana et al.
2005); It is an apoptosis regulator, while BCL2 (B-cell lym-
phoma 2) has an antiapoptotic activity as the other member
of this family that also has a significant role in the resist-
ance of tumor cells to chemotherapy or radiation therapy
(Kuwana et al. 2005). Furthermore, BCL2 increased the
expansion of neoplastic cells by blocking the turnover of
the normal cell via physiological cell death mechanisms.
The overexpression of BCL2 as an antiapoptotic gene leads
to loss of the tumor suppressor activity of proapoptotic genes
such as Bax, Bak, Bok. Therefore, restoring the apoptotic
process of tumor cells is possible by blocking the expression
of BCL2 (Wang et al. 2000). Our results demonstrate that
combination therapy of HPRP-A1 with iRGD and 5FU sig-
nificantly increased the expression of BAX while reducing
the expression level of BCL2 in the tumor tissue that leads
to an increase in the ratio of apoptosis.

Previous studies demonstrate that HPRP-A1 co-admin-
istered with iRGD can induce a G1 arrest on the A549
lung cancer cells (Hu et al. 2018d). Another study also
demonstrates that HPRP-A1 in combination with kla-
TAT can arrest the A549 cell cycle in the G1 phase and
resulted in an increase of cell number in sub-G1 phase. In
the present study, the G1 stage arrest was validated with
the regulation of cyclin-D1 (Hu et al. 2018c). In addition,
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Fig.6 H&E staining demonstrated microscopic finding showed the
tumor necrosis and effect on primary organs from the isograft mice
model. A The necrosis area is indicated by N and the tumor area
show by T in each group. Magnification was mention under each fig-
ure. B Necrosis percentage of each group. C Morphological details
of indicated organs were investigated using hematoxylin—eosin stain-

this combination therapy resulted in much higher numbers
of cells in sub-G1 of A549 lung cancer cells. Same as the
result of previous studies, our results also indicated that
coadministration of HPRP-A1 with iRGD and 5FU arrest
the CT26 and HT29 cell cycles at GO/G1. Furthermore,

HPRP

ing. No significant pathological changes in heart, liver, kidney, and
lung were observed in nude mice following treatment with HPRP-
Al with or without iRGD or/and 5FU. (*P<0.05; **P<0.01;
and ***P<(0.001 compare to control group); (# ##P<0.01 and
##HP <0.001 compare to SFU group); and ($P <0.05 and $$P <0.01
compare to HPRP-A1 group)

this combination therapy increased the number of cells
in sub-G1 of both cell lines that caused higher apoptotic
activity. In addition, we observed a higher expression level
of the p53 in the tumor tissues of the group that received
HPRP-A1 and 5FU with or without iRGD, which mediate
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the blocking cell cycle progression. The tumor protein
"p53" that is also known as TP53, has a role in regula-
tion or progression, apoptosis, and hence functions as a
tumor suppression. pS3 becomes activated in response
to different factors in including DNA damage, oxidative
stress, ribonucleotide depletion, and deregulated oncogene
expression, etc. (Han et al. 2008). The result of the present
study on BALB/c nude mice was subcutaneously injected
with A549 cells to create tumors demonstrates that co-
administration of HPRP-A1 and iRGD can significantly
inhibit tumor proliferation and decrease the tumor size.
Furthermore, it demonstrates that HPRP-A1 alone or in
co-administration with iRGD did not reflect the body-
weight of the A549 xenograft mice (Hu et al. 2018d). The
H&E result of this study shows that HPRP-A1 alone or
in combination with iRGD has no toxicity against major
organs of the A549 xenograft nude mice (Hu et al. 2018d).
In line with the previous results, the in-vivo results of our
study also demonstrate that co-administration of HPRP-
A1 with iRGD significantly reduced the tumor size and
weight. According to the histological results, the com-
bination therapy of these two peptides with SFU caused
the wider necrotic area in the tumor tissue, while there
were no obvious changes in these organs after treatment
with HPRP-AT1 alone or in combination with iRGD and
SFU. Furthermore, the histological results indicated that
combination therapy of HPRP-A1 with iRGD and 5FU
significantly decreased the fibrotic area and collagen accu-
mulation in the tumor tissue in comparison to the control
group and when the experimental group received single
therapy. Therefore, these two peptides can enhance the
anti-fibrotic and necrosis activity of SFU in comparison to
the time that the experimental group was treated with SFU
alone. Moreover, a higher expression level of COL1aland
COL1a2 was observed in the group that received peptides
along with 5FU. Evidence suggests the overexpression
of these two genes in different cancers such as colorectal
cancer and medulloblastoma, having a role in tumor inva-
sion and progression. Collagen type I a 1 (COL1A1) and
collagen type I & 2 (COL1A2) are known as two chains of
type I collagen that are the main members of the collagen
family and the main structural components of the extracel-
lular matrix. Changes in the expression levels of COL1A1
and COL1A2 used to predict prognosis in various types
of cancer (Shin et al. 2011, 2014). Thus, HPRP-A1 can
prevent the invasion and progression in the tumor cells by
downregulation of the expression of COLlaland COL1a2.

The monocyte chemoattractant protein-1 (MCP-1/CCL2)
is a member of the C-C chemokine family. MCP-1 is well-
known as a pro-inflammatory and pro-fibrotic chemokine,
which contributes to tumor initiation and metastasis. Our
results show that HPRP-A1 with iRGD has tumor suppressor
activity by downregulating the expression of the pro-fibrotic

gene MCP-1. IL1p plays a relevant role in anti-tumorigenic
effects through inducing both Th1 and Th17 (Haabeth et al.
2011, 2016). We observed the higher expression level of
a pro-inflammatory gene such as IL1f in the experimental
group receiving HPRP-A1by iRGD with or without 5FU.
Our results indicated that peptides have tumor suppressor
activity by downregulating the pro-fibrotic gene, upregulat-
ing the pro-inflammatory, and disrupting the oxidant/antioxi-
dant balance, including the increasing MDA as an oxidative
marker and decreasing the anti-oxidant markers, including
thiol, catalase, and SOD. According to these results, HPRP-
A1 can be considered as a novel potential agent in the treat-
ment of colon cancer, which also promotes the influence
of chemotherapy agents such as 5SFU. However, confirming
these results requires further studies to indicate the exact
anticancer mechanism of HPRP-A1.
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