Iranian Journal of Basic Medical Sciences

ijbms.mums.ac.ir

I=MS

Anticancer activity of Pseudomonas aeruginosa derived peptide
with iRGD in colon cancer therapy

Atieh Yaghoubi ' 2, Aref Movagar ', Fereshteh Asgharzadeh * 3, Mohammad Derakhshan ',
Kiarash Ghazvini ', Seyed Mahdi Hasanian 4, Amir Avan °, Asma Mostafapour ¢, Majid Khazaei **,
Saman Soleimanpour '*

! Department of Microbiology and Virology, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran

2 Student Research Committee, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran

3 Department of Physiology, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran

4 Department of Medical Biochemistry, Faculty of Medicine, Mashhad University of Medical, Sciences, Mashhad, Iran

> Department of Medical Genetics and Molecular Medicine, Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran
¢ Department of Biology, Mashhad Branch, Islamic Azad University, Mashhad, Iran

ARTICLEINFO

Article type:
Original

Article history:
Received: Oct 9, 2022
Accepted: Mar 1, 2023

Keywords:

Azurin-p28

Bacterial peptide

Colon cancer

iRGD

Pseudomonas aeruginosa

P> Please cite this article as:

ABSTRACT

Objective(s): Colon cancer is well-known as a life-threatening disease. Since the current treatment
modalities for this type of cancer are powerful yet face some limitations, finding novel treatments
is required to achieve better outcomes with fewer side effects. Here we investigated the therapeutic
potential of Azurin-p28 alone or along with iRGD (Ac-CRGDKGPDC-amide) as a tumor-penetrating
peptide and 5-fluorouracil (5-FU) for colon cancer.

Materials and Methods: Inhibitory effect of p28 with or without iRGD/5-FU was studied in CT26 and
HT29, as well as the xenograft animal model of cancer. The effect of p28 alone or along with iRGD/5-FU
on cell migration, apoptotic activity, and cell cycle of the cell lines was assessed. Level of the BAX and BCL2
genes, tumor suppressor genes [(p53 and collagen type-la1 (COLTAT), collagen type-la2 (COL1A2)] were
assessed by quantitative RT-PCR.

Results: These findings show that using p28 with or without iRGD and 5-FU raised the level of p53
and BAX but decreased BCL2, compared with control and 5-FU groups in tissues of the tumor, which
result in raising the apoptosis.

Conclusion: It seems that p28 may be used as a new therapeutic approach in colon cancer therapy
that can enhance the anti-tumor effect of 5-FU.
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Introduction

More than 1 million new cases of colon cancer were
expected to be detected in 2020, making it the second most
diagnosed canceramong women and the third most prevalent
among men (1). Traditional therapies for patients suffering
from colon cancer, including surgery, chemotherapy, and
targeted therapies, have faced limitations in the treatment
of this type of cancer (2). Lack of specific toxicity toward
tumor cells is among the disadvantages of conventional anti-
cancer therapies. According to the reports, conventional
therapies using chemotherapeutic agents can’t be effective
in lesions that occur in the advanced stages of colon cancer
and trans-coelomic spread across the peritoneal cavity (3,
4). Chemotherapy and targeted therapy drugs are unable
to reach these lesions, resulting in treatment failure and
a general survival rate of only a few months (5, 6). Colon
cancer surgery also has several disadvantages, especially
in the elderly population, raising the risk of post-operative
side effects and perioperative mortality (7, 8). Thus, new
therapeutics with fewer side effects are desperately needed
to get over these restrictions.

Using bacteria as therapeutic agents for cancer has
currently aroused attention in medical and pharmaceutical

studies (9-11). William Coley used the Serratia marcescens
and Streptococcus pyogenes for the first time in 1909, in
treating 1000 patients with unresectable cancers for the
first time. This mixture was known as Coley’s toxins (12).
Meanwhile, Bacillus Calmette-Guérin (BCG), i.e., was used
in the 1970s as therapy for those who live with non-muscle-
invasive bladder cancer (NMIBC), which was approved
by the FDA. (13, 14). Among the different metabolites of
bacteria, peptides with bacterial origin have drawn a lot of
interest because of their distinctive qualities, such as their
small size, easily adjustable features, and quick and typically
straightforward synthesis (15). Furthermore, bacterial
peptides demonstrate high specificity in inhibiting tumor
cell growth, and also they are quite potent in penetrating
the cell membranes (16). Evidence suggests that bacterial
peptides have minimum drug-drug interaction (17, 18).
Azurin-p28 (Compare Azurin-p28 vs. p28) is one of the
main bacterial peptides in cancer therapy produced by
Pseudomonas aeruginosa (19, 20). This peptide has 28
amino acid lengths derived from Azurin (21). P28 has
received more attention recently due to its high anticancer
potential for several cancers (19, 22). Azurin-p28 has a
preferentially penetrating impact on the tumor cells. It can
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also inhibit tumor cell proliferation as well as cause tumor
cell shrinkage and death through (i) binding to domain DNA
(DBD) of p53, (ii) anti-generation potential, as well as (iii)
inducing apoptosis (23). In addition, this peptide can inhibit
angiogenesis in cancer cells (23). iRGD (CRGDKGPDC)
has a 9 amino-acid cyclic length that is a tumor-homing
peptide for cancer therapy (24). iRGD can penetrate the
cancerous cells through integrins called aVB3 and aVf5,
and then a cleavage by protease leads to activation of the
peptide c-terminal CendR motif (R/KXXR/K) (25). For the
first time, we used p28 in co-administration with iRGD as
a tumor-penetrating peptide. We herewith investigated the
anticancer effect of Azurin-p28 with or without the tumor-
homing peptide iRGD and 5-FU on in vitro and in vivo
models of colon cancer.

Materials and Methods
Peptide synthesis and purification

ProteoGenix Inc. produced the p28 anticancer peptide
(LSTAADMQGVVTDGMASGLDKDYLKPDD, 2914 Da)
(20) and the iRGD homing peptide (Ac-CRGDKGPDC-
amide), a disulfide-based cyclic peptide, with >95% purity
and mass balance. After the linear chain amino acid was
finished, this process was oxidized on solid-phase resin by
thallium trifluoroacetate. Mass spectrometry and amino
acid analysis were used to further analyze the isolated
peptides.

Cell culture

Cell lines for the human colon cancer HT29, murine
colorectal carcinoma CT26, and normal fibroblast 1.929
were obtained from the Pasture institute of Tehran (Iran). 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 environment at 37
‘Cwith 5% CO,, all three cell lines were thereafter cultivated.

Cytotoxicity assessment using MTT assay

All three cancer cell lines were cultured in a culture plate
with 96 wells for 24 hr. Cells were subsequently subjected
to five different treatments p28, p28+iRGD, p28+5-FU,
p28+iRGD+iRGD, iRGD, and 5-fluorouracil for 24 hr at
varying doses (Ebewe Pharma, Austria). The cells were then
treated with MTT (0.05 mg/ml, per well) for 4 hr at 37 °C.
DMSO (1001 per well) after the supernatant was eliminated.
Determination was done by using a microplate reader
(TECAN NanoQuant Infinite M200 Microplate Reader,
USA) with absorbance at 540 nm. Three separate MTT tests
were conducted.

Apoptosis analysis by flow cytometry

For our proposal, we utilized an annexin V apoptosis
detection kit (MabTag GmbH, Germany). CT26 and HT29
cells in the logarithmic growth phase (2-3 105 cells/well)
were planted onto 6-well plates. After a 24 hr culture period
at 37 'C and 5% CO,, a fresh medium containing p28,
p28+iRGD, p28+5-FU, p28+5-FU+iRGD, iRGD, and 5-FU
was used. After that, the cells were washed with PBS and
centrifuged at 400 g for five minutes. Annexin V-FITC/PI
double labeling method was used for the apoptosis assay.
After centrifuging the cells, 90 ml of binding buffer was
added, and 5 ml of PI and 5 ml of annexin V-FITC were
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added to stain the cells (with incubation for 20 min. in the
dark). Tagged cells were then analyzed using a FACSCalibur
flow cytometer, and the labeled cells were gathered for
examination.

Cell cycle analysis

The following 24 hr were spent treating CT26 and HT29
cells in 6-well plates with p28, p28+iRGD, p28+5-FU,
p28+5-FU+iRGD, iRGD, and 5-FU. Then, RNase A was
added to the mixture then incubated at 37 "C for 30 min.
After the initial incubation period, the cells were treated
with propidium iodide (PI, 50 pg/ml), and incubated at 24
°C for 20 min. After the labeled cells were gathered for flow
cytometric analysis with the FACSCalibur flow cytometer,
the cell cycle was then studied using FlowJo V10-CL
software.

Migration assay

After being sown in the 12-well plates, the cells were
expanded until they were 70% confluent. For the migration
assay, by using a p200 pipette tip, the cells were scratched,
and the free unattached cells were then removed using
PBS. A 10x objective microscope was used to measure
the cell-free area (ZEISS Microscopy, Germany). To assess
the migration of transfected cells, untransfected cells as a
control group were used. ANOVA test was used to determine
whether there were any significant differences between the
transfected and non-transfected cells after each assay was
carried out in triplicate.

In vivo antitumor efficacy

Thirty-six inbred BALB/c mice, with an age of 7 weeks,
were obtained from the Pasteur Institute in Tehran, Iran,
and kept there under guidelines endorsed by the Institute
of Animal Ethics Committee (IRMUMS.MEDICAL.
REC.1398.899) (2242 °C, 54+2% humidity, and a 12 hr light/
dark cycle). Mashhad University of Medical Sciences Ethical
Committee approved the Care and Use of Laboratory
Animals Guidelines, which were followed by all protocols.
The mice’s left flank was subcutaneously injected with CT26
cells (2x10°).

The xenograft mice were divided into seven groups
(n=6 in each group) after the tumors reached a size of 80-
100 mm?: (i) control (tumor not receiving treatment); (i)
5-FU (administered with a 5 mg/kg intraperitoneal (IP)
injection every other day). The following substances are
listed in order of increasing potency: (iii) p28 (4 mg/kg/
day, IP); (iv) iRGD (5 mg/kg/day, IP); (v) p28-+iRGD (4 mg/
kg/day and 5 mg/kg/day IP, respectively); (vi) p28+5-FU (4
mg/kg/day and 5 mg/kg/every other day IP, respectively)
(26-28) (Figure 1). Every other day, the tumor size was
measured with a digital caliper using the formula: Tumor
volume=(tumor length)x(tumor width)2/ 2. A full dose
of Ketamine-Xylazine (87 mg/kg-13 mg/ kg) was utilized
to quickly create a deep state of unconsciousness, and the
cervical dislocation technique was subsequently employed
to sacrifice the mice (29). The mice were dissected after the
experiment. The mice were dissected after the experiment.
Major organs (heart, liver, lungs, and kidneys) and tumor
tissues were removed for histological analysis.

Histological evaluation
Major organs like the heart, liver, lungs, and kidneys were
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Figure 1. A: Schematic representation of the experimental
methodology and mouse colon model; B: Workflow

removed and cut into 5 pum slices. We used Hematoxylin-
Eosin (H&E) and Masson’s trichrome stains for histological
evaluation. The percentages of necrosis and fibrosis were
estimated using Image] software (NIH, Bethesda, MD,
USA).

Oxidative stress factors measurement

By homogenizing tumor tissues, 3 indicators of
oxidative/antioxidative stress were determined, including
malondialdehyde (MDA), total thiol groups (SH),
superoxide dismutase (SOD), and catalase (CAT) activity.
MDA was measured to investigate the antioxidant activity
of p28 alone or recombined with iRGD or/and 5-FU. A 10%
homogenate of tissue of each tumor was blended with 1 ml
of trichloroacetic acid, thiobarbituric acid, and hydrochloric
acid solution (30). The SH groups were recognized by the
DTNB (Di-Tio nitro benzoic acid) reagent. Reacting the
SH groups with DTNB reagent produced a yellow color
complex (31). To ascertain the auto-oxidation of pyrogallol
and suppress the conversion of MTT to formazan, SOD
activity was assessed (32). Catalase enzyme activity was
examined by the Aebi method. The process is based on H,O,
being hydrolyzed in a buffer of phosphate (pH 7.0). Under
normal circumstances, the activity of CAT was created by
the conversion of H,0, to H,O and O, in 1 min (33, 34).

RNA isolation and real-time PCR

Favorgen Biotech’s FavorPrepTM Tissue Total RNA Mini
Kit (Taiwan) was used in this study. A kit of cDNA synthesis,
available from Yekta Tajhiz, was also used to create the cDNA
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(Tehran, Iran). Roche Diagnostics (Mannheim, Germany)
light cycler real-time PCR was used for the gene expression
study. The reaction mixture for the PCR technique contained
the following components per 25:400 nM per primer, 1.25 U
of Taq polymerase, 5.5 mM MgCl,, 200 M deoxynucleotide
triphosphate (ANTP), and 5 | of template DNA make up the
1X buffer mixture. On a thermal cycler, the PCR was cycled
40 times at 95 “C for 30 sec, 60 “C for 30 sec, and 72 “C for
30 sec, with the final extension taking place at 72 °C for 7
min. The initial denaturation was done at 95 "C for 5 min.
Bringing the gene expression levels to a standard reference
gene (GAPDH). To ascertain the relative changes in gene
expression, findings were examined by 2-Pelta Pelta &),

Statistical analysis

The results were examined by means and standard
deviations. An LSD post hoc test was used after a one-
way ANOVA test to compare different groups. The data
were analyzed using SPSS Ver. 20, a statistical tool (IBM,
Chicago, USA). A P-value lower than 0.05 was used to
define statistical significance

Results
In vitro activity

Antitumor effects were examined, the viability of all three
cell lines were determined by MT'T assay, and findings were
analyzed by CalcuSyn software (Ver. 2.0). Different p28
concentrations were applied to cells, either with or without
a 6 pg/ml tumor-targeting peptide and 3.84x10° M 5-FU
for 24 hr. The viability of the cancer cell lines drastically
declined. Even while a high dosage of iRGD alone produced
cytotoxic effects on the cancer cells, the combination
of iRGD and p28 resulted in a greater inhibition. The
concentration of peptides increased while the HT29 cell
line’s cell viability drastically reduced. The CT26 cell line,
in contrast, saw a sluggish drop, indicating that the HT29
cell line was more responsive to the combination therapy.
Furthermore, exposure to 119.68 pg/ml p28 for 24 hr, with
or without the addition of 6 pg/ml of iRGD and 3.84x10~
M 5-FU, had no effect on the proliferation (5%) of normal
fibroblasts (Figure 2).
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Figure 2. IC, values for the peptide-treated L929, CT26, and HT29
cells

(A) After 24 hr, the MTT test was used to determine the IC50 of p28 alone or
along with iRGD and 5-FU at the stated concentration. (B) After 24 hr, an MTT
assay was used to determine the IC50 of iRGD alone or in combination with p28
and 5-FU at the stated concentration. (C) IC50 of 5-FU alone or in combination
with iRGD and p28. (In comparison with cell lines treated with peptides or 5-FU
alone, *P<0.05, **P<0.01, and ***P<0.001)
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Figure 3. Ability of peptides to cause apoptosis in cancer cell lines

(A) For 24 hr, the 119.68 pg/ml p28 with or without 5-FU and iRGD was applied
to CT26 cell lines. (B) Proportion of cells in late and early apoptosis in CT26 cells
that had been exposed to the peptides shown in (A). (C) For a 24 hr period, HT29
cell lines were exposed to p28 alone or with iRGD and 5-FU. (D) The proportion
of HT29 cells that underwent early and late apoptosis after being exposed to the
peptides shown in (A). (E) BAX, BCL2, and p53 expression levels in the tumor
tissue. (**P<0.01 and ***P<0.001 compared with the control group); (**P<0.01
and #**P<0.001 compared with the 5-FU group); and (**P<0.01 and **P<0.001
compared with the p28 group)

Apoptosis induction activity

Apoptotic activity was calculated by flow cytometry after
both cell lines were grown with 119.68 ug/ml p28 alone or
in combination with iRGD and 5-FU. FlowJo-V 10 software
was used to examine the findings of the flow cytometry.
Thus, a crucial metric for determining the anticancer effects
of these two peptides in vitro is the cancer cells’ apoptotic
rate following the co-administration of this peptide and
p28. Figure 3 displays the findings, which revealed that
co-administration of p28 with iRGD and 5-FU could
significantly increase the apoptosis rate of CT26 and HT29
cells compared with a single therapy.

Additionally, treatment with p28 with or without iRGD
and 5-FU significantly enhanced the level of BAX while
decreasing the level of BCL2 in the tumor tissue, which
increases the ratio of apoptosis (P<0.01 and P<0.001,
respectively). Co-administration of p28 in combination with
iRGD and 5-FU dramatically up-regulated the expression
of the BAX gene while also drastically down-regulating the
expression of BCL2 (P<0.001) (Figure 3E).

Role of p28 in the cell cycle regulation

We assessed the activity of p28 alone or with 5-FU
and iRGD on the growth cycle of cells by flow cytometry.
The results of the flow cytometry were examined using
FlowJo-V 10 software. 119.68 pg/ml p28 was added to CT26
and HT29 cells for 24 hr along with either 5-FU or iRGD.
Similar to the results for apoptosis, co-administration of
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Figure 4. Shows how colon cancer cell lines’ cell cycles are affected
by p28

(A) CT26 cells as well as (B) HT29 cells received 119.68 pg/ml p28 for 24 hr,
either with or without the addition of 5-FU and iRGD. To evaluate, the cell cycle
utilizing PI flow cytometry was done. It shows the proportion of cells in G1, S,
G2-M, and sub-G1 (apoptosis) phases

p28 with iRGD and 5-FU led to noticeably more CT26
and HT29 cells in sub-G1 than when p28 was given alone
(20.5% and 21.5%, respectively). Additionally, analyses of
the cell cycle in the CT26 and HT29 cell lines demonstrate
that p28 with 5-FU and iRGD raised the cell population at
the G2-M phase (25% and 36.7%, respectively) after 24 hr
in comparison with the cells treated with p28 alone (19.71%
and 20.7%, respectively). Additionally, p53 levels in the
tumor tissues were markedly elevated with p28 alone or with
5-FU and iRGD (P<0.001). In the xenograft tumor tissues,
the therapy of p28 with 5-FU and iRGD dramatically raised
the amount of p53 expression (P<0.001). (Figures 3 and 4).

Migration assay

We used the wound healing method to determine the
impact of p28 alone or in conjunction with iRGD/5-FU on
the control of cell migration. NIH, Bethesda, Maryland,
developed Image] software to calculate the rate of wound
healing (40). 119.68 pg/ml p28 alone or with 5-FU and
iRGD can significantly prevent cell migration over time,
according to cell migration studies of the CT26 and HT29
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Figure 5. Shows how p28 prevents colon cancer cells from migrating
and encroaching
Effect of p28 inhibition of (A) CT26 and (B) HT29 following observation (x10
objectives; ZEISS Microscopy, Germany). (C) Proportion of both cancer cell lines
that repair wounds

cell lines. Additionally, the results of both cell lines show
that, compared with cells exposed to p28 alone after 24
hr, combined therapy of p28 with iRGD and 5-FU can
considerably block cell migration [(prevention rate of CT26:

17.91% and 31.58%, respectively); (prevention rate of HT29:
13.45% and 32.64%, respectively)] (Figure 5).

In vivo antitumor efficacy

These results demonstrated that p28 therapy alone or in
combination with iRGD or/and 5-FU significantly reduced

A Control SFU iRGD

e Control

- SFU

—+ iRGD

- p28

- p28RGD

o p28-SFU

& p28+SFUARGD

“Tumor size (mm’)
g

N=MS

Azurin-p28 with iRGD in colon cancer therapy

tumor size and weight. Furthermore, these results showed
that the combined treatment of p28 with iRGD and 5-FU
may significantly reduce the tumor size and weight (P<0.001
and P<0.05, respectively) (Figure 6). We performed H&E
staining on the tumor tissues, and the results showed that,
when p28 with iRGD and 5-FU was used in combination
therapy, it markedly raised the necrotic area in the tumor
compared with the control group and p28 and 5-FU alone.
Additionally, the combination of p28 and 5-FU therapy
enhanced the tumor (Figure 7). Trichrome staining results
alsorevealed that treatment with p28 alone or in combination

A P23+RGD P28+iRGI

g2 & 7

Percent of Necrosis & 3
2

Control P28+5FU

Figure 7. Shows microscopic findings from the xenograft mouse
model showing necrosis and its impact on organs

(A) In each group, the tumor area is depicted by T, and the necrosis area is
denoted by N. Each figure included a description of the magnification. (B)
Necrosis. H&E staining was used to examine the morphological characteristics
of the indicated organs in (C). Following therapy with p28 with or without iRGD
or/and 5-FU, nude mice showed no discernible pathological alterations in the
heart, liver, kidney, or lung. (*P<0.05, P<0.01, and *P<0.001 compared with the
control group); (**P<0.01 and **P<0.001 compared with the p28 group); and
(#P<0.05, #*P<0.01, and ***P<0.001 compared with the 5-FU group)

P28+RGD P28+5FU P28+SFU+RGD

~ . .-

a
~ w -

Tumor weight (g)

-

Figure 6. shows how p28, either alone or in combination with iRGD and 5-FU, inhibits the development of CT26 cells in xenograft nude mice
(A) Typical pictures of tumors from each therapy group. (B) The rate of tumor growth in each group was assessed throughout the trial. (C) Weight of each treatment
group’s tumors. (#P<0.05 compare to 5-FU group); (*P<0.05; **P<0.01; and ***P<0.001 compare to control group)
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Figure 8. Trichrome staining shows the presence of fibrotic tissue and an increase of collagen in tumor tissue
(A) Fibrosis is visible in the blue area. (B) Amount of collagen in a different group as a percentage. CoL1al and CoL1a2 gene expression levels in tumor tissue are shown
in C and D. (P<0.05 and ***P<0.001 compared with the p28 group); (P<0.05 and ***P<0.001 compared with the 5-FU group); and (*P<0.05, **P<0.01, and ***P<0.001

compared with the control group)

with iRGD or/and 5-FU markedly decrease the fibrotic area
and collagen formation in the tumor. However, the collagen
accumulation, as well as fibrotic area in the animals, were
considerably reduced when p28 was also administered along
with iRGD and 5-FU (P<0.01). Additionally, p28 and 5-FU
co-administration markedly reduce collagen accumulation
as well as fibrotic area when compared with p28 or 5-FU
alone (P<0.05 and P<0.001, respectively) (Figure 8). When
5-FU was treated alone or in combination with iRGD or/and
5-FU, CoLlal and CoL1la2 gene expression was significantly
reduced in the tumor tissues (P<0.001). Additionally, p28
co-administration with iRGD and 5-FU, or therapy with
p28 and 5-FU, dramatically decreased the expression of
the CoLlal and CoLla2 genes in the tumor tissues when
compared with the mice receiving solo therapy with p28 or
5-FU (P<0.05 and P<0.001, respectively). The H&E results
of the major organs (heart, liver, lung, and kidneys) of each
group were utilized to evaluate the potential toxicity and
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likely side effects of providing p28 alone or in combination
with iRGD and 5-FU. No discernible changes were seen
histologically (Figures 7 and 8).

The impact of p28 on inflammation and the balance of
oxidants and antioxidants

In tumor tissue homogenates, we evaluated the impact
of p28 on the balance of oxidant as well as antioxidant
markers. These findings showed that xenograft models
receiving single therapy with either p28 or 5-FU, along
with p28 with 5-FU and iRGD had dramatically reduced
anti-oxidant indicators such as thiol, catalase, and SOD
activity (P<0.001). While p28 co-administration with
iRGD and 5-FU significantly elevated the malondialdehyde
(MDA) level indicators of oxidative stress (P<0.001 and
P<0.01 respectively), the xenograft models received sole
therapy with either p28 or 5-FU (Figure 9). Moreover, we
found that mono-therapy with p28 peptide can increase

SOD activity (U/g tissue)

AHIMMIMIY

Relative gene expression of MCP1

Figure 9. Shows the impact of p28 on indicators of oxidative, cytokines of inflammation, as well as genes that promote fibrosis

Results of p28 alone or with 5-FU and iRGD: total serum thiol, MDA, SOD activity, and catalase activity (Figure 1A). Effects of p28 on levels of the IL1B and MCP-1,
respectively, are shown in Figures (E and F). (*P<0.05, **P<0.01, and ***P<0.001 compared with the control group); (*P<0.05, *P<0.01, and ***P<0.001 compared with
the p28 group); and (#P<0.05, #P<0.01, and #**P<0.001 compared with the 5-FU group)
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the pro-inflammatory cytokines. Furthermore, our results
demonstrated the effect of p28 on xenograft models
that received a single therapy with either p28 or 5-FU,
considerably raising the inflammatory genes such as IL1f
that were elevated in the treatment of p28 with 5-FU and
iRGD (P<0.001). (Figure 9E). Additionally, treatment of p28
alone with iRGD or/and 5-FU dramatically decreases the
pro-fibrotic gene MCP-1 (P<0.001) (Figure 9F). The recent
findings demonstrated that the disruption of the balance
of oxidant as well as antioxidant markers and elevation of
the pro-inflammatory cytokine, which result in cancer cell
death, were likely the mediators of the tumor-suppressive
action of p28 on colon cancer models.

Discussion

At the moment, bacterial peptides are gaining popularity
as a cutting-edge method of treating cancer. p28 is well-
known as a small peptide derived from Azurin which is
a multitarget antitumor agent. Here, we examined the
impact of p28 peptide anticancer therapy as monotherapy
or combination therapy along with iRGD and 5-FU in
vitro and animal models of colorectal cancer for the first
time. We found that p28 with tumor-penetrating peptides
of iRGD and 5-FU increased the apoptosis rate of CT26
and HT29 cells significantly. In addition, we found that
co-administration of p28 with iRGD and 5-FU down-
regulated BCL2 in the tumor tissue homogenates. BAX
also known as a Bcl-2-like protein 4 has a role in cell death
and apoptosis regulations (35). Additionally, proapoptotic
genes like BAX lose their ability to act as tumor suppressors
due to overexpression of BCL2. Therefore, suppressing
or controlling BCL2 expression can enable tumor cells
to resume their natural apoptotic process (36). With a
very short half-life and functions like tumor suppression,
p53 is involved in the control of the cell cycle. Ubiquitin-
mediated pathways also control the basal concentration
of p53 (37, 38). Breast, ovarian, hepatocellular, colon, and
stomach cancers are only a few of the malignancies that
have excessive levels of the p53-negative regulator COP1
(also known as COP1). Additionally, the p28-p53 complex
promotes the transcription of genes known to interact
with mitochondria, such as BAX and Noxa, which are pro-
apoptotic (39-41). Cells were treated with p28 either alone
or in combination with iRGD and 5-FU at the G2-M phase.
In contrast to p28 or 5-FU monotherapy, the injection of
p28 with 5-FU dramatically decreases fibrosis and collagen.
According to earlier studies, treatment with the p28 peptide
can diminish the phosphorylation of FAK and Akt, which
inhibits the motility and migration of endothelial cells (23,
42, 43). The major structural element of the extracellular
matrix and a prominent member of the collagen family is a
type I collagen, which is well-known (44).

One chain of collagen type I 2 (COL1A2) and two chains
of collagen type I 1 (COL1A1) make up this kind, which
is a heterotrimer (45). The invasion and development of
tumors are facilitated by type I collagen (46, 47). Numerous
cancers, including colorectal cancer and medulloblastoma,
have higher expression levels of COL1A1 and COL1A2.
COLI1A1 and COL1A2 expression changes are utilized to
forecast prognosis in a number of cancer types (48-51).

According to earlier publications, our findings also
showed that the combined therapy of p28 with iRGD and
5-FU dramatically decreased the CoL1al and CoL1a2 genes.
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Additionally, compared with a single therapy, p28 plus
5-FU combination therapy also dramatically reduces the
expression of these two genes. Additionally, we discovered
that the pro-inflammatory gene IL1  was considerably up-
regulated in the tumor tissue by the combination therapy
of p28 with iRGD and 5-FU. It appears that p28 also has
anticancer potential due to the disruption of the oxidant/
antioxidant equilibrium brought on by the down-regulation
of antioxidant indicators including thiol, catalase, and SOD,
and the amplification of oxidative stress markers like MDA.
All of these results suggested that p28 might be used as a
colon cancer treatment medication. It can also enhance the
effects of chemotherapy medications.

One of the essential chemokines needed for all phases
of tumor formation, including tumor initiation and
metastasis, is MCP-1, which is well-known. Additionally,
the tumor stage and grade in individuals with breast and
bladder malignancies, as well as rises in colorectal cancer,
are all positively connected with serum levels of MCP-1
(52-54). Our findings showed that treatment of p28 alone,
with iRGD or/and 5-FU, down-regulated the level of MCP-
1. Based on earlier studies, IL1P can trigger both Th1 and
Th17 responses, which have an anti-tumorigenic effect (55,
56). When IL1p was injected into the xenograft models, the
tumors shrank until they were large enough and the mice’s
T cell counts were normal (57).

Conclusion

We should also point out that a phase I clinical trial was
conducted on young patients with recurrent or progressing
central nervous system cancers to examine the safety,
tolerability, pharmacokinetics, and activity of the p28
peptide. Due to the blood-brain barrier, which restricts a
drug’s ability to reach the brain tumor, these sorts of cancers
are frequently extremely aggressive and challenging to
treat (58, 59). However, more investigations are needed to
confirm the exact activity of p28 in inducing the suppression
of colon tumors.

Acknowledgment
This study was part of a Ph.D dissertation by Atieh Yaghoubi.

Authors’ Contributions
AY and FA performed conceptualization, investigation, and
writing; MK, KG, SMH, AA, AF, AM, and WCC reviewed
and edited the manuscript.

Funding

This study was supported by Elite Researcher Grant
Committee under award number [4000660] from the
National Institute for Medical Research Development
(NIMAD), Tehran, Iran, and a grant from Iran National
Science Foundation (98022042).

Data availability statement

The datasets generated and/or analyzed during the current
study are available from the corresponding author upon
reasonable request.

Conflicts of Interest
The authors have declared that have no conflicts of interest

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023.
Cancer ] Clin 2023;73:17-48

Iran J Basic Med Sci, 2023, Vol. 26, No. 7



Azurin-p28 with iRGD in colon cancer therapy

2. Cao C, Yan TD, Black D, Morris DL. A systematic review
and meta-analysis of cytoreductive surgery with perioperative
intraperitoneal chemotherapy for peritoneal carcinomatosis of
colorectal origin. Ann Surg Oncol 2009;16:2152-2165.

3. Koppe MJ, Boerman OC, Oyen WJ, Bleichrodt RP. Peritoneal
carcinomatosis of colorectal origin: Incidence and current
treatment strategies. Ann Surg 2006;243:212-222.

4. Portilla AG, Cendoya I, De Tejada IL, Olabarria I, de Lecea CM,
Magrach L, et al. Peritoneal carcinomatosis of colorectal origin.
Current treatment. Review and update. Rev Esp Enferm Dig
2005;97:716-737.

5. Lemoine L, Sugarbaker P, Van der Speeten K. Pathophysiology
of colorectal peritoneal carcinomatosis: Role of the peritoneum.
World ] Gastroenterol 2016;22:7692-7707.

6. Sugarbaker PH. Improving oncologic outcomes for colorectal
cancer at high risk for local-regional recurrence with novel surgical
techniques. Expert Rev Gastroent 2016;10:205-213.

7. Symeonidis D, Christodoulidis G, Koukoulis G, Spyridakis M,
Tepetes K. Colorectal cancer surgery in the elderly: Limitations
and drawbacks. Tech Coloproctol 2011;15:47-50.

8. Groza D, Gehrig S, Kudela P, Holcmann M, Pirker C,
Dinhof C, et al. Bacterial ghosts as adjuvant to oxaliplatin
chemotherapy in colorectal carcinomatosis. Oncolmmunology
2018;7:€1424676-€1424689.

9. Nemunaitis J, Cunningham C, Senzer N, Kuhn J, Cramm J, Litz
C, et al. Pilot trial of genetically modified, attenuated Salmonella
expressing the E. coli cytosine deaminase gene in refractory cancer
patients. Cancer Gene Ther 2003;10:737-744.

10. Heimann DM, Rosenberg SA. Continuous intravenous
administration of live genetically modified Salmonella
typhimurium in patients with metastatic melanoma. ] Immunother
2003;26:179-180.

11. Yu K-H, Zhang C, Berry GJ, Altman RB, Ré C, Rubin DL,
et al. Predicting non-small cell lung cancer prognosis by fully
automated microscopic pathology image features. Nat Commun
2016;7:12474-12483.

12. Nauts HC, Swift WE, Coley BL. The treatment of malignant
tumors by bacterial toxins as developed by the late William B.
Coley, MD, reviewed in the light of modern research. Cancer Res
1946;6:205-216.

13. Gontero P, Bohle A, Malmstrom P-U, O’'Donnell MA, Oderda
M, Sylvester R, et al. The role of bacillus Calmette-Guérin in the
treatment of non-muscle-invasive bladder cancer. Eur Urol Suppl
2010;57:410-429.

14. Zlotta AR, Fleshner NE, Jewett MA. The management of BCG
failure in non-muscle-invasive bladder cancer: An update. Can
Urol Assoc ] 2009;3:5199-205.

15. ] Boohaker R, W Lee M, Vishnubhotla P, LM Perez J, R Khaled
A. The use of therapeutic peptides to target and to kill cancer cells.
Curr Med Chem 2012;19:3794-3804.

16. Karpinski TM, Adamczak A. Anticancer activity of bacterial
proteins and peptides. Pharmaceutics 2018;10:54-79.

17. Anson ML, Edsall JT. Interactions of antimicrobial peptides
with bacterial membranes and membrane components. Adv
Protein Chem Struct Biol 1949;1:374-390.

18. Marqus S, Pirogova E, Piva TJ. Evaluation of the use of
therapeutic peptides for cancer treatment. ] Biomed Sci 2017;24:21-
35.

19. Fialho AM, Bernardes N, Chakrabarty AM. Exploring the
anticancer potential of the bacterial protein azurin. Aims Microbiol
2016;2:292-303.

20. Yaghoubi A, Khazaei M, Avan A, Hasanian SM, Cho WC,
Soleimanpour S. p28 bacterial peptide, as an anticancer agent.
Front Oncol 2020;10:1303-1312.

21. Beattie CW, Yamada T, Gupta TKD. Compositions and
methods to prevent cancer by stabilizing p53 through non MDM2-
mediated pathways. Google Patents; 2017.

22. Garizo AR, Bernardes N, Chakrabarty AM, Fialhoa AM. The
anticancer potential of the bacterial protein azurin and its derived
peptide p28. Clin Microbiol Rev 2019:319-328.

Iran J Basic Med Sci, 2023, Vol. 26, No. 7

NE=EMS

Yaghoubi et al.

23. Mehta RR, Yamada T, Taylor BN, Christov K, King ML,
Majumdar D, et al. A cell penetrating peptide derived from
azurin inhibits angiogenesis and tumor growth by inhibiting
phosphorylation of VEGFR-2, FAK and Akt. Angiogenesis
2011;14:355-369.

24. Sugahara KN TT, Karmali PP, Kotamraju VR, Agemy L,
Greenwald DR, Ruoslahti E. Coadministration of a tumor-
penetrating peptide enhances the efficacy of cancer drugs. Science
2010;328:1031-1035.

25. Teesalu T SK, Kotamraju VR, Ruoslahti E. C-end rule peptides
mediate neuropilin-1-dependent cell, vascular, and tissue
penetration. PNAS 2009;106:16157-16162.

26. Yamada T, Gupta TKD, Beattie CW. p28-mediated activation
of p53 in G2-M phase of the cell cycle enhances the efficacy of
DNA damaging and antimitotic chemotherapy. Cancer Res
2016;76:2354-2365.

27. Hamilton AM, Aidoudi-Ahmed S, Sharma S, Kotamraju VR,
Foster PJ, Sugahara KN, et al. Nanoparticles coated with the
tumor-penetrating peptide iRGD reduce experimental breast
cancer metastasis in the brain. ] Mol Med 2015;93:991-1001.

28. Marjaneh RM, Rahmani F, Hassanian SM, Rezaei N,
Hashemzehi M, Bahrami A, et al. Phytosomal curcumin inhibits
tumor growth in colitisXassociated colorectal cancer. J Cell Physiol
2018;233:6785-6798.

29. Carbone L, Carbone ET, Yi EM, Bauer DB, Lindstrom KA,
Parker JM, et al. Assessing cervical dislocation as a humane
euthanasia method in mice. ] Am Assoc Lab Anim Sci 2012;51:352-
356.

30. Amerizadeh E Rezaei N, Rahmani F, Hassanian SM, MoradiX
Marjaneh R, Fiuji H, et al. Crocin synergistically enhances the
antiproliferative activity of 5Kflurouracil through Wnt/PI3K
pathway in a mouse model of colitisXassociated colorectal cancer. J
Cell Biochem 2018;119:10250-10261.

31. Marjaneh RM, Rahmani F, Hassanian SM, Rezaei N,
Hashemzehi M, Bahrami A, et al. Phytosomal curcumin inhibits
tumor growth in colitis-associated colorectal cancer. ] Cell Physiol
2018;233:6785-6798.

32. Elmi S, Sallam NA, Rahman MM, Teng X, Hunter AL, Moien-
Afshari F, et al. Sulfaphenazole treatment restores endothelium-
dependent vasodilation in diabetic mice. Curr Vasc Pharmacol
2008;48:1-8.

33.Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA,
Green DR, et al. BH3 domains of BH3-only proteins differentially
regulate Bax-mediated mitochondrial membrane permeabilization
both directly and indirectly. Mol Cell 2005;17:525-35.
35.Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA,
Green DR, et al. BH3 domains of BH3-only proteins differentially
regulate Bax-mediated mitochondrial membrane permeabilization
both directly and indirectly. Mol Cell 2005;17:525-535.

36. Wang J-L, Liu D, Zhang Z-], Shan S, Han X, Srinivasula SM, et
al. Structure-based discovery of an organic compound that binds
Bcl-2 protein and induces apoptosis of tumor cells. Proc Natl Acad
Sci USA 2000;97:7124-7129.

37. Niazi S, Purohit M, Niazi JH. Role of p53 circuitry in
tumorigenesis: A brief review. Eur ] Med Chem 2018;158:7-24.

38. Valente JF, Queiroz JA, Sousa E p53 as the focus of gene therapy:
Past, present and future. Curr Drug Targets 2018;19:1801-1817.
39. Yamada T, Goto M, Punj V, Zaborina O, Kimbara K, Gupta TD,
et al. The bacterial redox protein azurin induces apoptosis in J774
macrophages through complex formation and stabilization of the
tumor suppressor protein p53. Infect Immun 2002;70:7054-7062.
40. Punj V, Bhattacharyya S, Saint-Dic D, Vasu C, Cunningham
EA, Graves ], et al. Bacterial cupredoxin azurin as an inducer
of apoptosis and regression in human breast cancer. Oncogene
2004;23:2367-2378.

41. Huang Y, Zhou J, Cheng X, Su Z. Deciphering the Interactions
between an Anticancer Bacteriocin and the P53 DNA Binding
Domain. Biophys ] 2018;114:222a.

42. Sheibani N, Newman P, Frazier W. Thrombospondin-1, a
natural inhibitor of angiogenesis, regulates platelet-endothelial

775



Yaghoubi et al.

cell adhesion molecule-1 expression and endothelial cell
morphogenesis. Mol Biol Cell 1997;8:1329-1341.

43. Wu J, Sheibani N. Modulation of VE-cadherin and PECAM-1
mediated cell-cell adhesions by mitogen-activated protein kinases.
J Cell Biochem 2003;90:121-137.

44. Koga Y, Pelizzola M, Cheng E, Krauthammer M, Sznol M,
Ariyan S, et al. Genome-wide screen of promoter methylation
identifies novel markers in melanoma. Gene Res 2009;19:1462-
1470.

45. Mori K, Enokida H, Kagara I, Kawakami K, Chiyomaru
T, Tatarano S, et al. CpG hypermethylation of collagen type I a
2 contributes to proliferation and migration activity of human
bladder cancer. Int ] Oncol 2009;34:1593-1602.

46. Shin K, Lim A, Zhao C, Sahoo D, Pan Y, Spiekerkoetter E, et
al. Hedgehog signaling restrains bladder cancer progression by
eliciting stromal production of urothelial differentiation factors.
Cancer cell 2014;26:521-533.

47.Shin K, Lee J, Guo N, Kim J, Lim A, Qu L, et al. Hedgehog/Wnt
feedback supports regenerative proliferation of epithelial stem cells
in bladder. Nature 2011;472:110-114.

48. Zou X, Feng B, Dong T, Yan G, Tan B, Shen H, et al. Up-
regulation of type I collagen during tumorigenesis of colorectal
cancer revealed by quantitative proteomic analysis. Proteomics
2013;94:473-485.

49. Liang Y, Diehn M, Bollen AW, Israel MA, Gupta N. Type I
collagen is overexpressed in medulloblastoma as a component of
tumor microenvironment. ] Neurooncol 2008;86:133-141.

50. Gao E, Li M, Xiang R, Zhou X, Zhu L, Zhai Y. Expression of
CLDNG6 in tissues of gastric cancer patients: Association with
clinical pathology and prognosis. Onc Let 2019;17:4621-4625.
51.Lin P, Tian P, PangJ, Lai L, He G, Song Y, et al. Clinical significance
of COL1A1 and COL1A2 expression levels in hypopharyngeal
squamous cell carcinoma. Onc Let 2020;20:803-809.

776

N=MS

Azurin-p28 with iRGD in colon cancer therapy

52. Mestdagt M, Polette M, Buttice G, Noél A, Ueda A, Foidart
JM, et al. Transactivation of MCP-1/CCL2 by B-catenin/TCF-4 in
human breast cancer cells. Int ] Cancer 2006;118:35-42.

53. Yoshidome H, Kohno H, Shida T, Kimura E, Shimizu H, Ohtsuka
M, et al. Significance of monocyte chemoattractant protein-1 in
angiogenesis and survival in colorectal liver metastases. Int J
Cancer 2009;34:923-930.

54. Xu M, Wang S, Qi Y, Chen L, Frank JA, Yang XH, et al. Role
of MCP-1 in alcohol-induced aggressiveness of colorectal cancer
cells. Mole carcin 2016;55:1002-1011.

55. Haabeth OAW, Lorvik KB, Hammarstrom C, Donaldson IM,
Haraldsen G, Bogen B, et al. Inflammation driven by tumour-
specific Th1 cells protects against B-cell cancer. Nature 2011;2:1-
12.

56. Haabeth OAW, Lorvik KB, Yagita H, Bogen B, Corthay A.
Interleukin-1 is required for cancer eradication mediated by
tumor-specific Thl cells. Oncolmmunology 2016;5:¢1039763-
1039773.

57. North R, Neubauer RH, Huang J, Newton RC, Loveless SE.
Interleukin 1-induced, T cell-mediated regression of immunogenic
murine tumors. Requirement for an adequate level of already
acquired host concomitant immunity. ] Exp Med 1988;168:2031-
2043.

58. Warso M, Richards J, Mehta D, Christov K, Schaeffer C, Bressler
LR, et al. A first-in-class, first-in-human, phase I trial of p28, a
non-HDM2-mediated peptide inhibitor of p53 ubiquitination in
patients with advanced solid tumours. Br ] Cancer 2013;108:1061-
1070.

59. Lulla RR, Goldman S, Yamada T, Beattie CW, Bressler L, Pacini
M, et al. Phase I trial of p28 (NSC745104), a non-HDM2-mediated
peptide inhibitor of p53 ubiquitination in pediatric patients with
recurrent or progressive central nervous system tumors: A Pediatric
Brain Tumor Consortium Study. ] Neurooncol 2016;18:1319-1325.

Iran J Basic Med Sci, 2023, Vol. 26, No. 7



