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PA-MSHA exerts potent activity against cetuximab-resistant
colorectal cancer through the miR-7-5p/Akt3/Wnt-p-catenin
pathway
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Background: The prognosis and survival of individuals with cetuximab-resistant colorectal cancer (CRC)
remain severely impacted by therapy for this disease. The study investigated the underlying mechanisms
of Pseudomonas aeruginosn-mannose sensitive hemagglutinin (PA-MSHA), a type of therapeutic biological
product approved in China, for cetuximab-resistant CRC.

Methods: Cell proliferation, apoptosis, migration and invasion were detected by cell counting kit-8 (CCK-8)
assay, flow cytometry, wound healing assay and transwell assay. Massively parallel sequencing of cetuximab-
resistant CRC cells with PA-MSHA treatment was used to screen the differential expression profile of
miRNAs. The directly target gene of miR-7-5p was revealed by dual luciferase assay. Apoptosis and invasion
related proteins were detected by Western blot.

Results: PA-MSHA could successfully stop the migrating and invading of cetuximab-resistant CRC cells
while also inducing apoptosis. Tumor-bearing experiments in nude mice showed that PA-MSHA slowed
tumor growth and lengthened mouse life. The sequencing data showed that miR-7-5p was considerably
upregulated after PA-MSHA treatment. As anticipated, miR-7-5p overexpression improved PA-MSHA’s
anticancer properties both in vitro and in vive. The target gene of miR-7-5p was confirmed to be Akt3 by
dual luciferase assay, and Akt3 silencing undid the inhibition of PA-MSHA efficacy caused by miR-7-5p
downregulation. Additionally, PA-MSHA therapy significantly reduced the activation of Wnt-B-catenin
pathway, and Akt3 expression was positively linked with several important Wnt-B-catenin pathway genes,
including Wnt and CTNNBI. Finally, we discovered that patients with CRC who had developed cetuximab
resistance or disease progression had remarkably decreased serum miR-7-5p levels.

Conclusions: PA-MSHA controlled the miR-7-5p/Akt3/Wnt-B-catenin pathway to provide substantial
efficacy against cetuximab-resistant CRC.
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Introduction

Colorectal cancer (CRC) is a prevalent malignancy that
contributes significantly to global mortality rates (1,2). CRC’s
high mortality rate is attributed in part to the fact that patients
are often diagnosed at a late stage of the disease, which
further leads to recurrence in a short time (2,3). The available
information indicates that approximately 25% of patients
exhibit metastasis at the time of diagnosis, whereas roughly
50% of patients will ultimately experience the development of
metastatic CRC (4). Currently, notable advancements have
been made in metastatic CRC treatment, such as targeted
therapy (5). Cetuximab, a targeted medicine approved
by Food and Drug Administration (FDA), is commonly
employed as a conventional treatment for the majority
of patients with advanced CRC (6,7). However, patients
harboring primary or acquired kirsten rat sarcoma viral
oncogene (KRAS) and B-Raf proto-oncogene (BRAF)
mutations are resistant to cetuximab (8). In addition, the
patients without common mutations who receive cetuximab
monotherapy will develop resistance to the drug in
4 months (9). Thus, there is a high demand for developing
effective therapeutic approaches to treat cetuximab-resistant
CRC.

Bacterization has emerged as a potentially effective
approach in the field of cancer therapy (10). Several bacterial
toxins, such as denileukin diftitox (11), leukotoxin (12) and

Highlight box

Key findings

®  Pseudomonas aeruginosa-mannose sensitive hemagglutinin (PA-
MSHA) exerts potent activity against cetuximab-resistant colorectal
cancer (CRC) in vitro and in vivo, indicating that PA-MSHA shows
therapeutic promise for cetuximab-resistant CRC.

What is known and what is new?

® The prognosis and survival of individuals with cetuximab-resistant
CRC remain severely impacted by therapy for this disease.

¢ In the present study, we revealed that PA-MSHA exerted great
anticancer effects on cetuximab-resistant CRC by regulating the
miR-7-5p/Akt3/Wnt-B-catenin pathway.

What is the implication, and what should change now?

® The results of our study will establish a theoretical framework
for understanding the miRNA-mRNA regulatory gene network
and treatment efficacy of PA-MSHA in cetuximab-resistant CRC.
Other target genes of miR-7-5p possibly play a role in mediating
the anticancer activities of PA-MSHA, and further research is

necessary in areas that remain unresolved for future investigation.
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LukS-PV (the S component of Panton Valentineleukocidin
secreted by Staphylococcus aureus) (13), have demonstrated
the ability to specifically eliminate cancerous cells. A strain of
Pseudomonas aeruginosa called Pseudomonas aeruginosa-mannose
sensitive hemagglutinin (PA-MSHA) that carries MSHA
fimbriae has been licensed for use as a medicinal biological
product in China (14). To date, the utilization of PA-MSHA
has been extensively documented in the realm of anticancer
therapies, including bladder (15), non-small cell lung (16),
breast (17) and cervical cancers (18). However, there is a lack
of knowledge regarding the possible effects of PA-MSHA
on cetuximab-resistant CRC. This research aims to evaluate
the anticancer activities of PA-MSHA in cetuximab-resistant
CRC and elucidate the relevant functional mechanisms.
We present this article in accordance with the MDAR
and ARRIVE reporting checklists (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-23-2211/rc).

Methods
Cell lines, materials, and antibodies

The human CRC cell lines were acquired from the Cell
Bank of Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China), including HCT116, HT-29
and SW480. Among them, the HT-29 cell line was BRAF
mutated, and the HCT116 and SW480 cell lines carried
mutations in the KRAS gene (19,20). The HCT116-R cell
line, which exhibits resistance to cetuximab, was generated
through the use of extracorporeal shock in our laboratory (21).
HCT116 cells were grown in medium containing cetuximab
at a dose of 20 pg/mL for 48 hours. Subsequently, the
adherent cells were grown in cetuximab-free medium for
a period of time, allowing for their progressive recovery,
which took 24 hours. Following one generation, the cell
state was reinstated, and the drug, specifically 20 pg/mL
cetuximab, was subsequently delivered once again. The
aforementioned technique was replicated in approximately
eight instances. Subsequently, the HCT116-R cell line was
successfully developed. The cells were cultivated in Roswell
Park Memorial Institute (RPMI) 1640 media or Dulbecco’s
modified eagle medium (DMEM), both of which were
supplemented with 10% fetal bovine serum (FBS) from
Gibco. The culture conditions were maintained at 37 °C
witha 5% CO,.

PA-MSHA was donated, diluted, and kept at 4 °C
thanks to Wanter Biopharma Company (Beijing, China).
Primary rabbit or mouse antibodies, including anti-
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nonphosphorylated B-catenin (#19807), anti-E-cadherin
(#14472), anti-survivin (#2808), anti-Akt3 (#4059) and anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(#2118), were purchased from Cell Signaling Technology
(CST, Massachusetts, USA).

MiR-7-5p transfection

Lentiviral vectors, namely LV-miR-7-5p-mimic, LV-miR-
7-5p-inhibitor and LV-miRNA-NC (negative control)
(GenePharma, Shanghai, China) were transfected into
HCT116-R cells. Briefly, one day before transfection, cells
were seeded at a density of 2x10’ cells/mL in six-well plates.
Following the manufacturer’s protocol, the miR-7-5p
mimic, miR-7-5p inhibitor and their respective NC vectors
were transfected into cells. After transfection, the cells were
subjected to PA-MSHA treatment.

Coculture assays

To examine the function of Akt3, HCT116-R cells were
transfected with miR-7-5p inhibitor vector and subsequently
grown in 24-well plates. Next, the cells were transfected
with small interfering RNA (siRINA) specifically designed to
target Akt3 utilizing Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, USA) according to the guidelines
provided by the manufacturer. Within a 24-hour period, a
concentration of 0.3x10’/mL PA-MSHA was given to each
of the experimental groups. Finally, the cells were harvested
at 48 h and subjected to apoptosis, migration, invasion and
western blot assays.

Cell proliferation analysis

In 96-well plates (100 pL per well), cells were spread out
at a density of 8x10"/mL. To investigate the sensitivity
of cetuximab, cells were exposed to 0, 0.01, 0.5, 1, 5, 10
and 20 pg/mL cetuximab. To explore the effect of PA-
MSHA, cells were treated with 0, 0.01, 0.1, 0.2, 0.3, 0.4 and
0.6x10°/mL PA-MSHA. Then, the cells were incubated
at 37 °C for 24 and 48 hours in a humidified 5% CO,
environment. Cell Counting Kit-8 (CCK-8) was used to
measure cell proliferation. Each statistical analysis was
performed three times.

Cell apoptosis analysis

Cells were placed into six-well plates at a density of
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2x10°/mL. After being treated with PA-MSHA for
48 hours, the cells were stained with Annexin V/Propidium
Todide (PI) to check for apoptosis (BB-4101-3, Beibo,
Shanghai, China). Cells were collected by centrifugation
at 1,500 rpm for 5 minutes and washed twice in cold
phosphate buffered solution (PBS). Then, 5 pL. Annexin
V-Fluorescein Isothiocyanate (FITC) and 10 pL. PI were
applied to the cells, and they were stained for 15 minutes
at room temperature in the absence of light. Finally, flow
cytometry was implemented to assess cell apoptosis (Navious
10 COLORS/3 LASER, Beckman Coulter, Brea, USA).
The experiments were conducted in triplicate. The data
were analyzed with FlowJoV10 software.

Cell migration and invasion analyses

In six-well plates, cells were disseminated out at an average
density of 2x10°/mL and stimulated with PA-MSHA. The
cells were gathered after 48 hours to perform migration
and invasion assays. To test cell migration, wound-healing
analysis was carried out. Artificial wounds were created in
a continuous layer of cells that were cultivated in medium
devoid of FBS. Photographs were captured 24 hours
following the establishment of the wound.

Transwell analysis was conducted to assess cell invasion.
The cells were suspended in 200 pL of medium lacking
FBS and were then placed into the upper chamber together
with 80 pL. of Matrigel (Millipore, Billerica, USA) solution
at a dose of 1 mg/mL. Subsequently, 600 pL of medium
containing 10% FBS was placed in the lower chamber as
the nutritional attractant. After 48 hours, the cells adhered
to the lower surface of the chamber were fixed for 30
minutes with 20% methanol and dyed for 20 minutes with
0.1% crystal violet. We counted the cells in 3 different
fields of vision, and the results were then used to determine
the average number of cells. Every experiment was repeated
three times.

MiRNA isolation and quantitative real time polymerase
chain reaction (qRT-PCR) analysis

The manufacturer’s protocol was followed to isolate total
RNA from cells or serum samples. The A260/A280 ratio
was measured by Qubit 4.0 (Life Technologies, USA)
to quantify the extracted RNA. MiRNA levels were
measured using the miRNA qPCR Primer Set (RiboBio,
T1027) according to the manufacturer’s instructions. The
Roche LC480 system (Roche, Germany) was employed to
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Table 1 The qRT-PCR primers for miRNAs amplification

Zhang et al. PA-MSHA inhibits cetuximab-resistant CRC

miRNAs Forward primers (5'-3')

Reverse primers (5'-3)

miR-7-5p TGGAAGACTAGTGATTTT GTGCAGGGTCCGAGGT
miR-3529-3p GGCACCATTAGGTAGACTGG CCCCATCTGGAAGACTAGTG
ue CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
cel-miR-39 GGCCTCACCGGGTGTAAATCAG AGTGCAGGGTCCGAGGTAT

gRT-PCR, quantitative real time polymerase chain reaction.

perform qRT-PCR, with an initial incubation at 95 °C for
10 minutes, followed by 40 cycles of 95 °C for 15 seconds
and 60 °C for 1 minute. The U6 RNA levels for cells and
cel-miR-39 levels for serum samples (22,23) served as
internal controls to ensure the accuracy of the data. The
expression levels of miRNAs were compared using the 27
method. There were three separate runs of each analysis.

The specific primers of miRNAs are shown in Table 1.

Western blot analysis

Following 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) separation, proteins were
transferred to 0.45 pm polyvinylidene fluoride (PVDF)
membranes (Amersham, UK). Next, the membranes were
blocked with 5% milk-PBST (Phosphate Buffered Saline
with Tween 20). They were then incubated overnight with
primary antibodies against B-catenin, E-cadherin, Survivin,
Akt3, and GAPDH at the right concentrations. After that,
they were incubated for 1 hour with a secondary antibody
attached to horseradish peroxidase (1:2,000). Images were
taken using an LAS-4000 system (Olympus, Tokyo, Japan)
following incubation with an enhanced chemiluminescence

reagent (Life Technologies, NY, USA).

MiRNA sequencing and data analysis

HCT116-R cells treated with 0, 0.3 or 0.4x10°/mL PA-
MSHA for 48 h were collected for miRNA sequencing. A
quantity of three micrograms of total RNA was used for
library production, using a previously documented protocol
with minor adjustments. The libraries that had undergone
purification were subjected to sequencing using an Illumina
HiSeq 2000 platform, which was performed by Annoroad
Genome, a company headquartered in Beijing, China. In
summary, the raw data were processed using Python scripts
to assure data quality. Subsequently, the data were filtered
based on Q30 statistics. We used Bowtie (v1.01) to map
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the clean data to the Ensemble library (GRCh37) (http://
grch37.ensembl.org/index.html) and then compared it with
miRBase to find mature miRNAs. The miRNA counts and
RPM (reads per million total reads) values were gathered
for each sample. DEGseq software version 1.18.0 was
employed to perform differential expression analysis. The
criteria utilized to identify differentially expressed miRNAs
(DEMs) were a false discovery rate (FDR) <0.05 and log2-
fold change (FC)| >1.

MiR-7-5p target prediction and luciferase reporter analysis

The TargetScan and miRTarBase databases were used for
the prediction of miR-7-5p targets. Luciferase analysis was
performed by transfecting HEK 293T cells with miR-7-5p
mimic, empty miR nonspecific control (NC), wild-type and
mutant Akt3 3’-UTR (untranslated region) plasmids using
Lipofectamine 2000 (Invitrogen, USA). A dual-luciferase analysis
device (Promega, Madison, WI, USA) was used to measure
luciferase activity 48 hours after transfection. Luminescence

readings were obtained with the help of a Flexstation 3
Multiscan Spectrum (Molecular Devices, Sunnyvale, CA, USA).

In vivo efficacy of PA-MSHA

Female BALB/c nude mice (4-5 weeks old) were procured
from the animal center of the University of Science and
Technology of China and housed in a specific pathogen-
free facility located at the Lab Animal Center of the First
Affiliated Hospital of University of Science and Technology
of China. A protocol was prepared before the study without
registration. Animal experiments were performed under a
project license (No. 2024-N (A)-158) granted by the Ethics
Committee of the First Affiliated Hospital of the University
of Science and Technology of China, in compliance with
national guidelines for the care and use of animals. After a
week of getting used to their fresh surroundings, 44 mice
were randomly split into four groups, with 11 mice in
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each. These groups were the normal control, the negative
control, the A group, and the B group. The mice in the
normal control group received an injection of PBS and
were administered PBS therapy. Tumors were initiated by
subcutaneous injection (s.c.) of 2x10° HCT116-R cells (in
100 pL PBS) into the right lower flanks of the nude mice
in the negative control and A groups. The mice in the B
group were subcutaneously injected with 2x10° miR-7-
Sp-overexpressing HCT116-R cells. Seven days later, the
mice were treated by peritumor injection every two days for
two weeks according to the following protocols: (I) normal
and negative groups: 0.1 mL PBS, (II) A and B groups:
0.1 mL 1.0x10"/mL PA-MSHA.

Two weeks after treatment, 3 randomly selected mice
from each group were sacrificed by cervical dislocation
without any anesthetics used, and their tumor samples were
collected. Tumor volume was determined using the formula
1/2 x larger diameter x (smaller diameter)’. Tumor weight
was also measured. The survival of each group of remaining
mice was measured from the start of therapy to death.
The death state is when the mouse cannot move, does not
respond to gentle stimulation, or the body becomes rigid.
The assessment of survival benefit was conducted using
Kaplan-Meier analysis.

Clinical CRC patient samples

From January 2017 through July 2020, 96 patients with
CRC were recruited at random from the Oncology
Department of Ward 1 at the Western Branch of the
First Affiliated Hospital of the University of Science and
Technology of China (Hefei, Anhui, China) to provide
serum samples. This study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). All
participants provided informed consent, and the study was
authorized by the Ethics Committee of The First Affiliated
Hospital of the University of Science and Technology of
China (No. 2019-KY-28). The inclusion criteria were as
follows: (I) pathology confirmed the patients’ diagnoses of
CRC. (II) The patients had no serious underlying disease
or other cancers. (II) The patients had data for the KRAS
and BRAF genes (mutation or wild-type). The participating
patients were divided into the cetuximab-sensitive and
cetuximab-resistant groups. The cetuximab-sensitive group
consisted of patients with both KRAS and BRAF wild-
type. The cetuximab-resistant group consisted of patients
with KRAS mutations only. In addition, serum samples
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were retrospectively selected from twenty-two patients with
cetuximab therapy at the following stages: initial diagnosis,
disease remission and progression. The initial diagnosis
stage was defined as the point when the patient had not
been given treatments. The response of every patient to
cetuximab was defined as disease remission (complete
or partial remission) and disease progression (stable or
progressive disease). Finally, miR-7-5p levels were measured

by QRT-PCR.

Statistical analysis

All data were presented as the mean = standard deviation
(SD). The statistical studies depicted in the figures were
conducted utilizing ¢ tests or one-way analysis. The
statistical analyses were performed using SPSS 16.0
software (SPSS Inc., Chicago, IL, USA). A significance level
of P<0.05 was deemed to indicate statistical significance.

Results

PA-MSHA exerts antitumor effects on cetuximab-resistant
CRC in vitro

Cetuximab is ineffective in CRC patients harboring KRAS
or BRAF mutations. We selected HT-29 cells with BRAF
mutations and HCT116 and SW480 cell lines harboring
KRAS mutations in the present study. Additionally, using
extracorporeal shock, we were able to cultivate a panel
of CRC HCT116 cells that were resistant to cetuximab
(HCT116-R). The CCK-8 data showed that the highest
inhibition rate of 20 pg/mL cetuximab was not more
than 30% at 48 h (Figure 1A), confirming that these cell
lines were not sensitive to cetuximab. Greater resistance
to cetuximab was observed in HCT116-R cells, and the
inhibition rate of 20 pg/mL cetuximab was only 7.6%
at 48 h. Conversely, PA-MSHA markedly inhibited the
growth of cetuximab-resistant CRC cells in a dose- and
time-dependent manner. The inhibition rates of HCT'116,
HCT116-R, SW480 and HT-29 cells treated with
0.6x10’/mL PA-MSHA for 48 h were 79.7%, 76.8%, 68.6%
and 51.3%, respectively (Figure 14). Moreover, PA-MSHA
markedly induced apoptosis (Figure 1B) and restrained
migration and invasion in cetuximab-resistant CRC cells
(Figure 1C,1D). Taken together, these data indicated
that PA-MSHA had potent anticancer activities against
cetuximab-resistant CRC iz vitro.
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Figure 1 PA-MSHA exerts antitumor effects on cetuximab-resistant CRC. (A) Cell proliferation of cetuximab-treated (0-20 pg/mL) or PA-
MSHA-treated (0-0.6x10°/mL) cells. Cell proliferation was measured by CCK-8 analysis at 24 and 48 h. (B) Extent of apoptosis after exposing
cells to 0, 0.3x10’/mL or 0.4x10°/mL PA-MSHA for 48 h. Cells were stained with Annexin V-FITC and PI and then analyzed by flow cytometry.
(C) Cell migration of PA-MSHA-treated (0, 0.3x10’/mL and 0.4x10°/mL) cells. Cell migration was examined by wound-healing analysis (scale
bar =100 pm, magnification: 100x). (D) Cell invasion of PA-MSHA-treated (0, 0.3x10°/mL and 0.4x10°/mL) cells. Cell invasion was examined
by transwell analysis (crystal violet staining, HCT116-R scale bar =50 pm, SW480 scale bar =50 um; magnification: 200x). *, P<0.05; **, P<0.01;
*** P<0.001. CRC, colorectal cancer; HCT116-R, HCT116-R cell line resistance to 20 pg/mL cetuximab; PA-MSHA, Pseudomonas aeruginosa-
mannose sensitive hemagglutinin; CCK-8, Cell Counting Kit-8; V-FITC, annexin V-fluoresceine isothiocyanate; PI, propidium iodide.

MiR-7-5p mediates the effects of PA-MSHA on cetuximab-
resistant CRC

We examined the levels of 1483 miRNAs in HCT116-R
cells with increasing doses of PA-MSHA through miRNA
sequencing analysis. In the comparison of the 0 and
0.3x10°/mL PA-MSHA groups, 22 miRNAs were
upregulated, whereas 122 miRNAs were downregulated.
In the comparison of the 0.3x10°/mL and 0.4x10°/mL PA-
MSHA groups, 71 miRNAs were upregulated, whereas 8
miRNAs were downregulated. The cluster graph depicting
the profile results is illustrated in Figure 24. The miRNAs
with the highest fold increase and decrease were miR-7-
5p and miR-3529-3p, respectively. To validate the data,
we quantified the levels of these miRNAs in HCT116-R
and SW480 cells after PA-MSHA treatment. As shown in
Figure 2B,2C, the expression of miR-7-5p increased in a
dose-dependent manner (Figure 2B), whereas miR-3529-
3p did not decrease with increasing doses of PA-MSHA
(Figure 2C). Thus, we mainly selected miR-7-5p for the
subsequent study.

We next explored the association between miR-7-5p
expression and PA-MSHA efficacy. The average expression of
miR-7-5p in HCT116-R cells was observably upregulated after
transfection with the miR-7-5p mimic vector (Figure 2D). MiR-
7-5p overexpression significantly increased the apoptotic
rate (Figure 2E) and markedly inhibited the migration

© Translational Cancer Research. All rights reserved.

and invasion of HCT116-R cells treated with PA-MSHA
(Figure 2F). The data provided evidence that miR-7-5p
overexpression dramatically enhanced the efficacy of PA-
MSHA for cetuximab-resistant CRC.

Akt3 acts as the target of miR-7-5p to regulate the effect of
PA-MSHA on cetuximab-resistant CRC

MiRNAs often exert their biological activity by inhibiting
the expression of their target messenger RNAs (mRNAs).
Based on the data from the literature review, TargetScan
and miRTarBase databases, we speculate Akt3 might act
as the target of miR-7-5p. As expected, the luciferase
activity of the reporter plasmid carrying wild-type Akt3
3’-UTR sequences were markedly suppressed by miR-7-
5p. However, this suppression was abrogated when the
predicted sequences were subjected to mutation (Figure 34).
In addition, the level of Akt3 was markedly downregulated
after miR-7-5p overexpression, whereas the protein showed
the opposite trend by inhibiting miR-7-5p expression
(Figure 3B).

To further investigate the effects of Akt3 on the
anticancer activities of PA-MSHA, we used the miR-7-5p
inhibitor vector (Figure 3C) and Akt3 siRNA (Figure 3D)
to reduce their expression in HCT116-R cells. MiR-7-
5p downregulation significantly reduced the apoptosis
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Figure 2 MiR-7-5p expression is associated with the effects of PA-MSHA on cetuximab-resistant CRC. (A) Heatmap showing the
differentially expressed miRNAs in HCT116-R cells treated with 0, 0.3x10”/mL or 0.4x10°/mL doses of PA-MSHA, as determined using
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miRNA sequencing analysis. (B,C) The levels of miR-7-5p and miR-3529-3p measured by qRT-PCR in HCT116-R and SW480 cells with
increasing doses of PA-MSHA. (D) MiR-7-5p expression in HCT116-R cells after mimic vector transfection. (E) Cell apoptosis of miR-7-5p-
overexpressing HCT116-R cells treated with 0.3x10’/mL PA-MSHA. Cell apoptosis was analyzed by flow cytometry. (F) Cell migration and
invasion of miR-7-5p-overexpressing HCT116-R cells treated with 0.3x10°/mL PA-MSHA. Cell migration and invasion were examined by wound-
healing (scale bar =100 pm, magnification: 100x) and transwell assays (crystal violet staining, scale bar =50 pum; magnification: 200x), respectively.
*, P<0.05; **, P<0.01; ***, P<0.001. CRC, colorectal cancer; HCT116-R, HCT116-R cell line resistance to 20 pg/mL cetuximab; PA-MSHA,
Pseudomonas aeruginosa-mannose sensitive hemagglutinin; miR-7-5p, microRNA 7-5p; miR-3529-3p, microRINA 3529-3p; qRT-PCR, quantitative
real time polymerase chain reaction; miRINA-NC, negative control; V-FITC, annexin V-fluoresceine isothiocyanate; PI, propidium iodide.
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Figure 3 Akt3 acts as the target of miR-7-5p to regulate the anticancer activities of PA-MSHA in cetuximab-resistant CRC. (A) The highly
conserved miR-7-5p binding motif in the 3’-UTR of Akt3. MiR-7-5p suppressed the activity of the luciferase reporter carrying the wild-
type 3’-UTR of Akt3 but not the reporter carrying the mutant 3’-UTR of Ake3. (B) Akt3 expression in HCT116-R cells transfected with the
miR-7-5p mimic and inhibitor vectors. (C) MiR-7-5p expression in HCT116-R cells transfected with inhibitor vector. (D) Akt3 expression
in HCT116-R cells transfected with Akt3 siRNA. (E) Apoptosis analysis of 0.3x10’/mL PA-MSHA-treated HHCT116-R cells transfected
with miR-7-5p inhibitor vector or Akt3 siRNA. Akt3 silencing restored the apoptotic rate inhibited by miR-7-5p downregulation in PA-
MSHA-treated HCT116-R cells. (F) The migration and invasion of 0.3x10°/mL PA-MSHA-treated HCT116-R cells transfected with miR-
7-5p inhibitor vector or Akt3 siRNA. Akt3 silencing restrained the migration and invasion induced by miR-7-5p downregulation in PA-
MSHA-treated HCT116-R cells. Cell migration and invasion were examined by wound-healing (scale bar =100 pm, magnification: 100x)
and transwell assays (crystal violet staining, scale bar =50 pm, magnification: 200x), respectively. *, P<0.05; **, P<0.01; ***, P<0.001; ns,
P>0.05. CRC, colorectal cancer; HCT116-R, HCT116-R cell line resistance to 20 pg/mL cetuximab; PA-MSHA, Pseudomonas aeruginosa-
mannose sensitive hemagglutinin; UTR, untranslated region; WT, wild type; MUT, mutant type; miRNA-NC, negative control; OD,
optical density; siRNA, small interfering RNA; V-FITC, annexin V-fluoresceine isothiocyanate; PI, propidium iodide.

rate (Figure 3E) and increased the migration and
invasion of HCT116-R cells after PA-MSHA treatment
(Figure 3F). Akt3 silencing obviously reversed these effects
caused by miR-7-5p downregulation (Figure 3E,3F). These
data suggested that Akt3 potentially acted as the target of
miR-7-5p to regulate the anticancer activities of PA-MSHA
in cetuximab-resistant CRC.

PA-MSHA inactivates the Wnt-f-catenin pathway in
cetuximab-resistant CRC

Most cancers, particularly CRC, rely on aberrant Wnt-
B-catenin signaling for their development and spread.

© Translational Cancer Research. All rights reserved.

By increasing downstream GSK3p phosphorylation and
overall B-catenin expression, Akt activation can stimulate
Wnt-B-catenin signaling. Hence, using the TCGA CRC
databases, we calculated Spearman’s correlation coefficient
between Akt3 expression and the expression of WNT and
CTNNBI, two of the most important genes in the Wnt-
B-catenin pathway. Akt3 expression was positively linked
with WNT1 (Figure 44, Spearman’s r=0.18, P=0.00049),
WNT2 (Figure 4B, Spearman’s r=0.67, P=1.1e-49) and
CTNNBI1 (Figure 4C, Spearman’s r=0.33, P=4.5e-11) in
TCGA CRC. The findings revealed that the Wnt-B-catenin
signaling pathway was implicated in the efficacy of PA-
MSHA in cetuximab-resistant CRC. As expected, the levels
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Figure 4 PA-MSHA inactivates the Wnt-B-catenin pathway in cetuximab-resistant CRC. (A-C) Spearman’s correlation analysis of Akt3
expression and WNT1, WNT2 and CTNNBI in the TCGA CRC dataset. (D,E) Protein expression associated with the Wnt-B-catenin
pathway in HCT116-R and SW480 cells with increasing doses of PA-MSHA. Protein expression was detected by western blot. B-catenin
is a key protein in the Wnt-B-catenin pathway. E-cadherin, a downstream protein of the Wnt-B-catenin pathway, is a remarkable marker of
tumor migration and invasion. Survivin, another downstream protein of the Wnt-B-catenin pathway, is involved in mediating cell apoptosis.
(F) Protein expression of PA-MSHA-treated HCT116-R cells transfected with the miR-7-5p inhibitor vector or Akt3 siRNA. *, P<0.05; **,
P<0.01; ***, P<0.001. CRC, colorectal cancer; TCGA, The Cancer Genome Atlas; TPM, transcripts per million; HCT116-R, HCT116-R
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siRNA, small interfering RINA.
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of B-catenin, the key protein of the Wnt-B-catenin pathway,
were downregulated after PA-MSHA treatment. The levels
of E-cadherin, a noteworthy indication of tumor migration
and invasion, were upregulated. The expression of Survivin,
a downstream protein of the Wnt-B-catenin pathway
mediating cell apoptosis, was decreased (Figure 4D,4E).
Moreover, we observed that miR-7-5p downregulation
increased the levels of B-catenin and Survivin but decreased
the levels of E-cadherin in HCT116-R cells treated with
PA-MSHA. However, these proteins showed opposite
trends after Ake3 silencing (Figure 4F). Collectively, the
data suggest that PA-MSHA exerts potent activity against
cetuximab-resistant CRC through miR-7-5p/Akt3/Wnt-f-
catenin signaling pathway.

MiR-7-5p overexpression enbances the effects of PA-MSHA
on cetuximab-resistant CRC in vivo

We further studied the function of PA-MSHA in cetuximab-
resistant CRC in vivo. A tumorigenesis assay was conducted
by subcutaneously administering cells into the right lower
flanks of mice, divided into four distinct groups, including
the normal control (injected PBS), the negative control
(injected HCT116-R cells), A (injected HCT116-R cells)
and B groups (injected miR-7-5p-overexpressing HCT116-R
cells). The mice in the normal and negative control groups
were given PBS treatment, but the mice in the A and B
groups were given PA-MSHA treatment (Figure 5A).
Compared with the negative control group, administration
of PA-MSHA led to significant reductions in tumor weight
and volume (Figure 5B,5C). Additionally, compared with the
A group, miR-7-5p overexpression markedly slowed tumor
growth in the B group (Figure 5B,5C). Moreover, the mice
in the A group (74.3 days) had a significantly longer survival
period than those in the negative control group (58.8 days),
and miR-7-5p overexpression further prolonged the survival
time of mice in the B group (81.5 days, Figure 5D). In the
normal control group, all mice survived until the end of the
experiment. These data indicated that PA-MSHA exerted
potent activity against cetuximab-resistant CRC in vivo, and
miR-7-5p overexpression further enhanced its efficacy.

Serum miR-7-5p levels are associated with cetuximab
resistance and therapeutic response in CRC

To better comprehend the clinical significance of miR-7-5p
in CRC, we evaluated its level in serum samples. We found
that serum miR-7-5p levels were significantly lower in
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cetuximab-resistant CRC than in cetuximab-sensitive CRC
(Figure 6A). Next, we looked into the viability of miR-7-5p
as a biomarker for tracking the effectiveness of cetuximab in
CRC. The data revealed that the levels of miR-7-5p were
significantly lower at the disease progression stage than at
the remission or initial diagnosis stages in 22 CRC patients
(Figure 6B). According to these findings, serum miR-7-5p
was proven to be helpful for assessing cetuximab resistance
and therapeutic response in CRC.

Discussion

For metastatic CRC, cetuximab—the first FDA-approved
antibody for the treatment of CRC—has been used in
conjunction with conventional chemotherapy. However,
due to primary and acquired resistance, only a few patients
could benefit from cetuximab treatment (24). Therefore,
to combat cetuximab-resistant CRC, alternative treatments
must be found. In the present study, we revealed that PA-
MSHA, a medicinal biological product with Chinese
regulatory approval, exerted great anticancer effects on
cetuximab-resistant CRC by regulating the miR-7-5p/
Akt3/Wnt-B-catenin pathway. These data have significant
implications for gaining comprehension of the effectiveness
and fundamental mechanics of PA-MSHA in cetuximab-
resistant CRC.

PA-MSHA has been extensively documented as a
chemotherapeutic agent in different cancers (18,25).
However, the effects of PA-MSHA on cetuximab-resistant
CRC remain unclear. A previous study reported that
patients harboring primary and acquired KRAS and BRAF
mutations were resistant to cetuximab (26). We selected
KRAS-mutated CRC cell lines for this study (19,27). Our
results showed that PA-MSHA significantly inhibited
migration and invasion and induced apoptosis in cetuximab-
resistant CRC cells. Similarly, PA-MSHA also displayed
marked anticancer activities in animal studies.

We next explored the molecular mechanisms through
which PA-MSHA exerted these functions. Cancer cells
rely on miRNAs, a class of conserved short noncoding
RNAs, to regulate many various aspects of their biology,
including their response to treatment, differentiation,
apoptosis, and migration (28,29). Generally, target mRNAs
are silenced during translation or degraded after miRNA
binds to the 3’-UTR (30). Most studies have demonstrated
that chemicals or bacterization display obvious effects
through the miRNA-mRNA gene network in various
cancers. For instance, Sun ez 4/. reported that LukS-PV, a
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component of PVL secreted by S. aureus, regulated miR-
125a-3p to promote THP-1 macrophage differentiation
and apoptosis by downregulating NF1 and Bel-2 (13).
However, the role of miRINAs in the anticancer activities of
PA-MSHA is poorly understood. In our study, the analysis
of the sequencing data identified that miR-7-5p and miR-
3529-3p exhibited the most significant fold increase and
decrease, respectively, in HCT116-R cells when treated

© Translational Cancer Research. All rights reserved.

with increasing doses of PA-MSHA. Given that only miR-
7-5p expression was changed in a dose-dependent manner
in the verified experiment, we speculated that it might be
the key factor regulating PA-MSHA efficacy. As expected,
miR-7-5p overexpression markedly enhanced the anticancer
activities of PA-MSHA for cetuximab-resistant CRC in vitro
and iz vivo. Consistent with our data, several studies have
reported that miR-7-5p functions as a suppressor in cancer
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tumorigenesis. Wang ez 4l. showed that miR-7-5p mediated
the antitumor activity of the N-terminal polypeptide
in breast cancer (31). Wang et #/. found that miR-7-5p
stopped hepatocellular carcinoma cell lines from growing
and migrating and sped up apoptosis by blocking SPC24
expression (32). Likewise, miR-7-5p plays a crucial role in
CRC development (33,34).

"To obtain an in-depth comprehension of the molecular
pathways by which miR-7-5p affects the efficiency of PA-
MSHA, we adopted bioinformatics techniques to anticipate
its target genes. Based on the data from the literature
review (35,36), TargetScan and miRTarBase databases, we
speculated that Akt3 might act as the target gene of miR-
7-5p to regulate the effects of PA-MSHA on cetuximab-
resistant CRC. As expected, luciferase activity analysis
confirmed that miR-7-5p directly targeted Akt3. Functional
studies indicated that miR-7-5p suppression significantly
reduced the anticancer activities of PA-MSHA, but the
effects could be observably reversed by Akt3 silencing.
As demonstrated in the report by Shiau ez 4/, miR-7-5p
was predicted to target AK'T3 according to the miRDB
database (37).

We further explored the downstream signaling of
Akt3 involved in the effects of PA-MSHA on cetuximab-
resistant CRC. Akt is a central node of many pathways.
The activation of Akt is widely recognized for its ability
to augment the phosphorylation of downstream GSK3p
and the production of total B-catenin, hence leading to the
activation of the Wnt-B-catenin signaling pathway (38,39).
The Wnt-B-catenin pathway is commonly overactivated
in many tumors (40,41), especially in CRC (42,43). Its
activation is not only associated with tumor migration
and invasion but also closely related to cell apoptosis in
CRC (44,45). In addition, it is clear that the Akt/Wnt--
catenin pathway plays a key role in most cancers, such as
hepatocellular carcinoma (46) and CRC (47). Moreover,
the miR-7/Akt pathway plays a momentous role in the
development of lung cancer (48) and CRC (49). Based
on the aforementioned results, our hypothesis posited
that miR-7-5p may augment the efficacy of PA-MSHA
in treating cetuximab-resistant CRC by impeding the
activation of the Akt3/Wnt-B-catenin pathway. Consistent
with our prediction, we demonstrated that Akt3 expression
was positively correlated with key genes in the Wnt-f-
catenin pathway, including WNT1, WNT2 and CTNNBI,
by Spearman’s correlation coefficient from TCGA CRC
databases. PA-MSHA treatment reduced the levels of
B-catenin, which is a crucial protein involved in the Wnt-
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B-catenin pathway. In addition, the expression of proteins
downstream of the Wnt-B-catenin pathway was significantly
changed. For instance, the levels of the anti-metastatic
factor E-cadherin were upregulated, and the expression of
anti-apoptotic protein Survivin was decreased. Moreover,
we found that Akt3 silencing could obviously reverse the
variation tendency of these proteins caused by miR-7-5p
downregulation. These data consumingly demonstrated
that PA-MSHA exerted potent activity against cetuximab-
resistant CRC through the miR-7-5p/Akt3/Wnt-B-catenin
pathway.

Due to their amazing stability in plasma/serum,
circulating miRNAs offer major potential as biomarkers for
cancer screening and monitoring purposes (50-52). Most
serum miRNAs, including miR-21, miR-210, miR-663 and
miR-497, are related to the diagnosis, prognosis (53) and
recurrence (54,55) of CRC. Our study showed that serum
miR-7-5p levels were significantly higher in cetuximab-
sensitive CRC than in cetuximab-resistant CRC. Besides,
serum miR-7-5p levels were decreased in patients who
achieved disease progression with cetuximab treatment.
These results indicated that serum miR-7-5p levels could be
useful in monitoring cetuximab resistance and response in
CRC during treatment.

Conclusions

In summary, our study demonstrates that PA-MSHA exerts
potent activity against cetuximab-resistant CRC in vitro
and /n vivo, indicating that PA-MSHA shows therapeutic
promise for cetuximab-resistant CRC. In addition, we
found that the miR-7-5p/Akt3/Wnt-B-catenin pathway
plays a role in controlling PA-MSHA efficacy. Specifically,
PA-MSHA treatment primarily upregulates miR-7-5p
levels, inhibits the expression of Akt3, and finally inactivates
the Wnt-B-catenin pathway (Figure 7). This study deeply
enriches the regulatory network of PA-MSHA in cancer
therapy. Moreover, we show that serum miR-7-5p might
constitute a potential dynamic biomarker to monitor the
resistance and therapeutic efficacy of cetuximab in CRC.
Indeed, our research exhibited certain constraints. First,
although the obtained sequencing findings indicated that
miR-3529-3p was observably decreased, its direct effect has
not been verified. Shang et /. reported that miR-3529-3p
was markedly increased in radioresistant CRC cells (56).
These results indicated that miR-3529-3p might be a critical
miRNA to regulate CRC radiotherapy. Second, other target
genes of miR-7-5p possibly play a role in mediating the
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anticancer activities of PA-MSHA, and further research
is necessary in areas that remain unresolved for future
investigation. Notwithstanding these limitations, the
results of our study will establish a theoretical framework
for understanding the miRNA-mRNA regulatory gene
network and treatment efficacy of PA-MSHA in cetuximab-
resistant CRC.
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