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Bacterial RNA virus MS2 exposure increases the expression of
cancer progression genes in the LNCaP prostate cancer cell line
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Abstract. Bacteriophages effectively counteract diverse
bacterial infections, and their ability to treat most types
of cancer has been explored using phage engineering or
phage-virus hybrid platforms. In the present study, it was
demonstrated that the bacteriophage MS2 can affect the
expression of genes associated with the proliferation and
survival of LNCaP prostate epithelial cells. LNCaP cells were
exposed to bacteriophage MS2 at a concentration of 1x107
plaque forming units/ml for 24-48 h. After exposure, various
cellular parameters, including cell viability, morphology, and
changes in gene expression, were examined. MS2 affected cell
viability adversely, reducing viability by 25% in the first 4 h
of treatment; however, cell viability recovered within 24-48 h.
Similarly, the AKT, androgen receptor, integrin a.5, integrin 31,
MAPKI, MAPK3, STAT3, and peroxisome proliferator-
activated receptor-y coactivator la genes, which are involved
in various normal cellular processes and tumor progression,
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were significantly upregulated, whereas the expression levels of
HSP90, ITGBS, ITGB3, HSP27, ITGAV, and PI3K genes were
unchanged. Therefore, based on viability and gene expression
changes, bacteriophage MS2 severely impaired LNCaP cells
by reducing anchorage-dependent survival and androgen
signaling. A caveolin-mediated endocytosis mechanism for
MS2-mediated signaling in prostate cancer cells was proposed
based on reports involving bacteriophages T4, M13, and MS2,
and their interactions with LNCaP and PC3 cell lines.

Introduction

In men, prostate cancer (PCa) is the second leading cause of
death worldwide (1,2). Early detection and diagnosis are the
most important steps to possibly curing PCa before it metas-
tasizes (3,4). Different treatment modalities are important due
to the resistance of cancer cells to chemo- and antiandrogenic
therapies in advanced stages of the disease (5-7). With recent
developments in the field of oncolytic and phage-based cancer
therapies, there is a growing interest in novel approaches for
cancer treatment. Recently, bacteriophages have been consid-
ered alternative nanoparticles for targeting, recognizing,
and even killing cancer cells through phage engineering or
adeno-associated virus/phage hybrids (8). Numerous research
groups worldwide have reported the development of various
phages, such as M13, MS2, T4, and T7, and have studied their
important applications (9-18). MS2 virus-like particles (VLPs)
can carry cargoes of small interfering RNA (siRNA) and
modified RNA in the presence of specific nucleic acids, which
makes them an ideal vehicle for targeted therapeutic drug
delivery and imaging (11). In breast cancer, bacteriophage
MS2 RNA-free capsids have been conjugated with anti-EGFR
antibodies to target upregulated receptors using in vitro and
in vivo models (12). In addition to its production efficiency,
safety and non-toxicity, an MS2 VLP-based messenger RNA
vaccine against PCa induced potent humoral and cell-mediated
immune responses and slowed tumor growth, thus showing
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promising results (13). Considering its in vivo safety, the
bacteriophage MS2-L2 VLP has been used for oral immuniza-
tion against various oral and vaginal human papillomavirus
infections as well as head and neck, and cervical cancer (14).
Similarly, VLPs are used to target abnormal cells in vivo by
targeting surface peptides, e.g., a single chain fragment vari-
able that binds to cell surface receptors [such as androgen
receptors (ARs) or G protein-coupled receptors (GPCRs)]
can be modified (15). In addition, nanovectors, such as MS2
VLPs, are used to target cancer cells for personalized therapy
and to deliver anticancer components, such as siRNAs or long
non-coding RNAs, for chemotherapy, immunotherapy, and
radiotherapy; in this process, these VLPs interfere with RNA
expression in cancer cells (16,17). MS2 bacteriophages target
tumor tissues through internalizing Arg-Gly-Asp (RGD) motif
peptides, which are ligands of integrins, and are used for the
targeted delivery of apoptosis-inducing agents, such as thal-
lium (I) nitrate (TINO; or NO,TI) and thallium (I) ions (TI*)
in tumor tissues (18). Since these agents penetrate bacterio-
phage MS2 particles and bind to their RNA molecules without
inducing any side effects, they are particularly effective for
clinical applications (18).

Based on our previously reported work with PC3
and LNCaP cells and their interactions with T4 and M13
phage (19-23); we found that LNCaP cells more closely repre-
sent metastasis Prostate cancer than PC3 cells due to their
androgen independence. Hence, we selected LNCaP cells for
MS2 phage interaction studies. Hence in the present study,
key findings relating to the interaction of the natural bacte-
riophage, MS2, with the PCa cell line, LNCaP, were reported.
Considering the importance of bacteriophages for natural
phage therapy and previous reports of the interaction of T4
and M13 bacteriophages with PCa cell lines (PC3 and LNCaP)
affecting cell migration and viability and modulating genes
for cancer progression (19-23), the present study is of great
importance to understand the direct effects of bacterial RNA
viruses on PCa cell progression. Their effects on cell viability
and genes that are involved in cancer cell proliferation [such
as AR, AKT, PI3K, MAPKI, MAPK3, heat shock protein 90
(HSP90), heat shock protein 27 (HSP27), and peroxisome
proliferator-activated receptor-y coactivator la (PGCIA)], and
adhesion, migration, and invasion [such as integrins; integrin
a5 (ITGAS), integrin aV (ITGAV), integrin 1 (ITGBI), inte-
grin B3 (ITGB3) and integrin B5 (ITGB5)] were investigated.
The results suggested that treatment affects cell metabolism
and renders LNCaP cells dependent on AR/SRC signaling and
AKT, and fibroblast growth factor (FGF)/MAPK signaling
pathways, which can be easily treated with drugs, suggesting
the possibility of using phages in combination therapies.

Materials and methods

LNCaP cell culture. LNCaP cells (ATCC CRL-1740) were
obtained from American Type Culture Collection. The cell
culture protocol was as described previously (23). Cells were
grown in a 25-cm? culture flask (Qiagen, Inc.) containing
RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), 50 pg/ml penicillin, 50 pg/ml streptomycin and 0.5 pg/ml
amphotericin B (Gibco; Thermo Fisher Scientific, Inc.), and

were incubated in 5% CO, in a CO, incubator at 37°C until
70% confluency. The cells were maintained in standard
culture conditions (37°C, 5% CO, and 95% relative humidity).
Cells were treated with 0.05% trypsin (Gibco; Thermo Fisher
Scientific, Inc.) for 5 min at 37°C to detach the cells from
the flask surface and transferred to a new 75-cm? culture
flask (Qiagen, Inc.). During the experiment, the medium was
changed every 2 days, and the cells were observed daily with
an inverted microscope (Zeiss AG). Once cells reached 90%
confluency, they were treated with 0.05% trypsin and trans-
ferred to new culture flasks or 24-well culture plates (Corning,
Inc.) for hematoxylin and eosin staining, MS2 phage treat-
ments, and cell viability experiments.

LNCaP cell exposure to bacteriophage MS2. Bacteriophage
MS2 (ZeptoMetrix®, LCC) was recovered at a concentration of
5.0x10'" plaque forming units (pfu)/ml in pre-made SM buffer
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. Phages were not grown in bacterial culture
due to possible contamination with nucleic acids, lipopolysac-
charides, or endotoxins. Phages were centrifuged at 10,000 x g
for 30 min at 4°C and then filtered through a 0.22-ym cellulose
acetate membrane filter (MilliporeSigma). The resulting phage
cells were further diluted in a cell culture medium to reach
1x107 pfu/ml (20-23) for LNCaP cancer cell treatment at 37°C
for 24-48 h. This dilution series reduced trace impurities
(including endotoxins) from the manufacturer-supplied stock
solution (20-23).

MTT reduction assay. The LNCaP cells (5x10%) were seeded
in 24-well plates. When the cells reached 70% confluence, they
were treated with bacteriophage MS2 (107 pfu/ml). After 4, 24,
and 48 h of exposure, cell viability was determined using the
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (MilliporeSigma) reduction method according to
the manufacturer's instructions (24,25). The resulting purple
formazan was dissolved in 200 ul of dimethyl sulfoxide. The
reaction was performed in a 96-well plate and read using a
spectrophotometer (Asys Hitech GmbH; Harvard Bioscience,
Inc.) at 550 nm to determine the percentage of cell viability
relative to control cells.

Hematoxylin and eosin staining. LNCaP cells were grown
in 12-well plates with coverslips, as previously described
in the LNCaP cell culture subsection. After reaching 30%
confluency, LNCaP cells were exposed to vehicle PBS or
bacteriophage MS2 treatment at 30°C at the highest concentra-
tion of 1x107 pfu/ml for 24 and 48 h, washed with PBS, and
fixed with 10% formaldehyde in PBS for 30 min at 30°C. The
cells were then washed with PBS and stained with 1% hema-
toxylin (3-5 min) and 1% eosin (10 min) at room temperature.
Coverslips were dried in ethanol, and the samples were
mounted on glass slides using Permount™ (Thermo Fisher
Scientific, Inc.) and observed using a Leica light DMLB
microscope (Leica Microsystems GmbH).

RNA extraction and cDNA synthesis for reverse transcrip-
tion-quantitative PCR (RT-gPCR). LNCaP cells were treated
with the bacteriophage MS2 at a concentration of 1x107 cells
at 37°C for 24 h. For total RNA extraction, the culture medium
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Table I. Primers used for reverse transcription-quantitative PCR.

Genes Forward primers (5'-3") Reverse primers (5'-3')
ACTB GATTCCTATGTGGGCGACGA TGTAGAAGGTGTGGTGCCAG
AKT CATCGCTTCTTTGCCGGTATC ACTCCATGCTGTCATCTTGGTC
AR GACATGCGTTTGGAGACTGC CAATCATTTCTGCTGGCGCA
GAPDH GAATGGGCAGCCGTTAGGAA ATCACCCGGAGGAGAAATCG
HSP90 AGGGGGAAAGGGGAGTATCT ATGTCAACCCTTGGAGCAGC
HSP27 CGCGGAAATACACGCTGCC GACTCGAAGGTGACTGGGATG
ITGAS GGGTGGTGCTGTCTACCTC GTGGAGCGCATGCCAAGATG
ITGAV AGGCACCCTCCTTCTGATCC CTTGGCATAATCTCTATTGCCTGT
ITGBI1 GCCAAATGGGACACGCAAGA GTGTTGTGGGATTTGCACGG
ITGB3 CTGCCGTGACGAGATTGAGT CCTTGGGACACTCTGGCTCT
ITGBS GGGCTCTACTCAGTGGTTTCG GGCTTCCGAAGTCCTCTTTG'
MAPK]1 TCAGCTAACGTTCTGCACCG ACTTGGTGTAGCCCTTGGA'
MAPK3 ATCTTCCAGGAGACAGCACG TTCTAACAGTCTGGCGGGAG'
PGCIA GAAGGGTACTTTTCTGCCCCT CTTCTTCCAGCCTTGGGGAG'
PI3K AGAGCCCCGAGCGTTT TCGTGGAGGCATTGTTCTGA
STAT3 GCTTCCTGCAAGAGTCGAATG TGTAGAAGGCGTGATTCTTCCC

ACTB, actin f; AR, androgen receptor; HSP27, heat shock protein 27; HSP90, heat shock protein 90; ITGAS, integrin a5; ITGAV, integrin a.V;
ITGBI, integrin 1; ITGB3, integrin 33; ITGBS, integrin 35; PGCIA, peroxisome proliferator-activated receptor-y coactivator la.

was aspirated, and the cells were washed with PBS. Total RNA
was extracted using an AllPrep DNA/RNA/protein extraction
kit (Qiagen, Inc.) according to the manufacturer's instructions.
Extracted total RNA was quantified using a NanoVue™ instru-
ment (GE Healthcare). Finally, 2 ug total RNA was reverse
transcribed using the High-Capacity RNA-to-cDNA™ kit
(Thermo Fisher Scientific, Inc) in a 20 ul reaction according to
the manufacturer's instructions.

Power SYBR™ Green/ROX qPCR 2X Master Mix
(Applied Biosystems; Thermo Fisher Scientific, Inc.) was used
for qPCR. The total reaction volume per sample was 10 ul
[5.0 ul Power SYBR Green, 0.8 pl (800 nM) of each forward
and reverse oligonucleotide (Table I), 3.2 ul nuclease-free water,
1 ul cDNA] and was performed in triplicate in 384-well plates.
The reaction was performed in a QuantStudio™ 12K Flex
thermal cycler (Applied Biosystems; Thermo Fisher Scientific,
Inc.) and the results were analyzed using the QuantStudio™
12K Flex Real-Time PCR System v1.1 (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The reaction consisted of the
following cycles: Step 1, 50°C for 2 min and 95°C for 2 min;
step 2, 95°C for 1 sec and step 3, 60°C for 30 sec; steps 2 and 3
were repeated 40 times; dissociation curve with incubation at
95°C for 15 sec and 60°C for 1 min followed by a temperature
gradient from 60 to 95°C at a rate of 0.15°C per sec.

The 222% method was used to calculate gene expres-
sion (26). This is based on the exponential PCR reaction,
according to the formula QR=24%_ where QR represents the
level of gene expression, Cq represents the amplification cycle
in which each sample undergoes exponential amplification,
ACq refers to the difference between the Cq of the amplified
sample for the target gene and the Cq of the same amplified
sample for the reference gene, and AACq represents the differ-
ence between the ACq of the sample of interest at a given time

point and the ACq of the reference sample. Fold change was
calculated using 244, and the log, fold change (log,FC) was
calculated. The results are presented as the log,FC.

Reactions were performed using GAPDH as an endog-
enous control in triplicate for 14 target genes: ACTB, AKT,
AR, HSP27, HSP90, ITGAS, ITGAV, ITGBI, ITGB3, ITGBS,
MAPKI, MAPK3, PGCIA, and PI3K, using an ABI 7900
Real-Time PCR System (Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
Values for all samples were normalized to the ratio between
the target gene and mean Cq obtained for the reference gene
GAPDH. The forward and reverse primers used are listed in
Table I.

Bioinformatic analysis. The Enrichr (https://maayanlab.
cloud/Enrichr/) gene set knowledge discovery server was
used to predict gene ontology-based predictions for GO
biological processes and GO cellular component predic-
tion (27), to support evaluation of the association between
gene expression and cancer cell progression. The STRING
functional protein association server (https://string-db.org/)
was used to assess protein-protein interaction through gene
expression associated with cancer cell signaling protein
pathways (28). The network of protein-protein interac-
tions in Homo sapiens was constructed using the string
protein-protein interaction network v11.5, using upregulated
genes in LNCaP cells (based on gene expression results) for
studying their protein-protein interactions with highest confi-
dence level setting. Interactions of proteins were mapped
using the highest confidence cut-off (0.7-0.9). In the resulting
protein association network, proteins were presented as nodes
connected by lines with varying thicknesses representing the
highest confidence level (0.7-0.9).
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Statistical analysis. Results are presented as mean + standard
deviation or percent survival in graphs with at least three
replicates. The Shapiro-Wilk normality test was used to test
for normal data distribution. For results that passed the test,
the Mann-Whitney test was used whereas for those which
did not pass the normality test, Dunn's multiple comparison
test was used. The unpaired t-test was performed to deter-
mine the significance of the results obtained. All statistical
analyses were performed using GraphPad Prism (version 5.00;
GraphPad Software, Inc.). P<0.05 was considered to indicate a
statistically significant difference.

Results

Cell morphology. LNCaP cells exposed to bacteriophage MS2
at 1x107 pfu/ml showed no marked morphological changes
at 24 h compared with untreated cells. In particular, no
spindle-shaped nucleus formation was observed following the
staining of LNCaP cells treated with MS2 phages. Similarly,
no marked morphological changes were observed after 48 h of
exposure to the bacteriophage MS2 (Fig. 1).

MTT reduction assay to measure cell viability. Exposure to
MS?2 transiently reduced PCa cell viability. The MS2 bacte-
riophage exposure initially affected the viability of prostate
cancer cells as compared with the cells treated with MS2 phages
for 4, 24, and 48 h, they temporarily reduced the viability of
LNCaP cells by 25% after 4 h of treatment. The cell viability
was measured at 4, 24, and 48 h for control and phage-treated
cells. Data are presented as percentages relative to untreated
control cells at each time point. The bacteriophage MS2 didn't
affect the viability at 24 and 48 h of exposure. After 24 and 48
treatments, no significant difference in the viability of LNCaP
cells was noted (Fig. 2).

Gene expression profiles after exposure to bacteriophage
MS?2. Gene expression analysis of LNCaP cells after exposure
to the bacteriophage MS2 revealed that some integrin genes
were upregulated. After 24 h of exposure to bacteriophage
MS2, the ITGAS5 and ITGBI genes showed significantly
increased gene expression compared with untreated cells.
Similarly, MS2 treatment significantly increased the expres-
sion levels of AKT, AR, MAPKI, MAPK3, PGCIA, and STAT3.
Furthermore, important cancer progression-related genes, such
as HSP27, HSP90, ITGAV, ITGB3, ITGBS, and PI3K, were
not significantly affected by bacteriophage MS2 treatment of
LNCaP cells (Fig. 3).

Bioinformatic analysis. The bioinformatics analysis based
on upregulated genes was performed by using Enrichr
(https://maayanlab.cloud/Enrichr/) gene set knowledge
discovery server to predict gene ontology-based predictions for
GO biological processes and GO cellular component predic-
tion (27). The STRING functional protein association server
was also used to understand the association and co-regulation
of proteins expressed by these overexpressed genes
through protein-protein interactions studies. We predicted
‘caveolin-mediated endocytosis’ (P-value: 0.000001399;
Fig. S1) as a potential MS2 bacteriophage entry pathway
from upregulated genes in LNCaP cells (27). Similarly for

Figure 1. Representative images of LNCaP cells stained with hematox-
ylin-eosin. (A) Control (untreated LNCaP cells). (B) LNCaP cells after
exposure to 1x107 pfu/ml of bacteriophage MS2 for 24 h. (C) LNCaP cells
after exposure to 1x107 pfu/ml bacteriophage MS2 for 48 h. No marked
morphological differences were observed between the treated and untreated
cells even after 48 h of exposure to bacteriophage MS2. Scale bars, 100 pm.
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Figure 2. Viability of the LNCaP prostate cancer cells after 4, 24, and 48 h
of exposure to 107 pfu/ml of MS2 bacteriophage. A significant reduction was
observed after 4 h of incubation with MS2. Data are presented as percentages
relative to untreated control cells at each time point. "P<0.05 compared with
the control group within the same observation period by unpaired t-test.
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Figure 3. Gene expression of the LNCaP prostate cancer cells after 24 h of treatment with bacteriophage MS2. The effect on the gene expression of LNCaP
cells after interaction with bacteriophage MS2 was compared with that of untreated CT cells. (A) AR, (B) AKT, (C) HSP90, (D) HSP27,(E) ITGAS, (F) ITGAYV,
(G) ITGBI, (H) ITGB3, (1) ITGB5, (J) MAPK1, (K) MAPK3, (L) PGCIA, (M) PI3K, and (N) STAT3. Relative values of gene expression (median) are shown as
Log,Fold-Change. "P<0.05 and “P<0.01 vs. control group within the same observation period, as determined using the non-parametric Kruskal-Wallis test.
AR, androgen receptor; CT, control; HSP27, heat shock protein 27; HSP90, heat shock protein 90; ITGAS, integrin 0.5; ITGAV, integrin aV; ITGBI, integrin
Bl; ITGB3, integrin B3; ITGBS, integrin pS; PGCIA, peroxisome proliferator-activated receptor-y coactivator la.

bacteriophages T4 and M13, ‘integrin-mediated signaling
pathway’ (P-value: 0.000007588) and ‘caveolin-mediated
endocytosis’ (P-value: 0.000001799; Fig. S1) were predicted.
Also, through GO cellular component prediction focal adhe-
sion, cell-substrate junction, caveloa, plasma membrane raft,
early and late endosomes were predicted for MS2, T4, as well
as M13 phages validating the caveolin-mediated endocytosis
for these phages.

Discussion

Cellular receptors, including ARs, integrins, f-arrestins, and
GPCRs, are key players in tumor growth, angiogenesis, and
metastasis, and are indirectly regulated by phage-cancer
cell interactions, which are involved in regulating numerous
cellular functions, including proliferation, survival, and
mortality (19-23). Furthermore, since numerous GPCRs
(e.g., VPACI and VPAC?2) serve as valuable biomarkers for
cancer screening, inhibition of GPCRs may offer opportuni-
ties to develop novel mechanism-based strategies for cancer
prevention and treatment (29). As different adhesion GPCRs

are differentially regulated during cancer progression, their
role in different types of cancer is yet to be defined, and thus,
requires further research (29,30). G protein-coupled receptor
kinases (GRKSs) and arrestins are involved in the regulation
of intracellular signal transductions associated with different
GPCRs and control various cellular processes (29,30). For
example, GRKs 1-7 serves a role in regulating various stages
of cancer progression and physiological processes, such as
insulin resistance and inflammation (29,30).

Molecular dynamic simulations have enabled the develop-
ment of rational anticancer peptides (ACPs), which improved
the understanding of their interaction with different targets
through protein-protein binding (31). The US Food and
Drug Association and the European Medicines Agency have
approved several ACPs for clinical use; however, for ACPs to
be effective, they should overcome limitations associated with
short plasma half-lives, degradation by proteinases, stability
and immunogenicity (8-17,31,32). Expression of anticancer
peptides/tumor targeting peptides/tumor-specific internalizing
peptides are possible by presenting them on bacteriophage
surfaces through the modification of coat protein genes (32).
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It can increase the stability of the bound peptides and further
enhance the interactions of engineered phages with GPCR
receptor/integrins and other surface proteins/receptors to
facilitate the understanding of their interaction between
the different signaling pathways of the transmembrane
receptor/proteins (32,33).

In the present study, it was observed that the interaction
of LNCaP cells with bacteriophage MS2 did not markedly
affect cell morphology or spindle formation. Similar observa-
tions were made after bacteriophages T4 and M13 interacted
with LNCaP cells at different time intervals and phage
concentrations as they altered the cancer progression-related
gene expression, viability and cell migration (21,23).
Regardless of whether phages affect the cytoskeleton of
cancer cells, phages can be internalized and affect cancer
cell signaling through various pathways (34,35). Similarly,
in the present study, the interaction of bacteriophage
MS2 with LNCaP cells affected cancer cell viability at
different time intervals; however, viability was significantly
affected only up to 4 h, and viability was restored after 24
and 48 h. These observations also fit well with those for
bacteriophages T4 and M13 (23). Therefore, phage size and
structure may have differential effects on the proliferation,
migration, and viability of LNCaP cancer cells as reported
previously (20-23). Also, bacteriophage MS2 impairs cell
viability for 4 h as demonstrated during the present study. In
addition, cell-penetrating peptides displayed on the bacte-
riophage M13, such as HIV-1 transactivator protein-derived
TAT peptide, can enter live mammalian breast cancer cells
and are destroyed within 2 h, which is also consistent with a
previous viability study (35).

AR upregulation has been linked to the upregulation
of estrogen receptor 3, and AR is responsible for the activa-
tion of the Raf1-MEK signaling pathway, leading to MAPK
activation (36). Similarly, the activation of AR can promote
the activation of AKT metabolism, leading to the activation
of mTOR (37,38), since overexpression of AR was associated
with upregulation of AKT as observed in the present study
demonstrated by the elevated gene expression of AR and AKT
following MS2 phage exposure. Membrane-bound GPCRs
also respond to androgen, which may increase apoptosis
and phosphorylation of ERK and decrease cell migration
and metastasis (20-23,39). In addition, AR regulates SRC
expression via microRNA (miR)-203, prostate epithelial
cell proliferation via miR-221, proliferation and viability via
miR-96, migration, metastasis, and invasion via miR-541 and
apoptosis via miR-125b by controlling the expression of genes,
such as kallikrein-related peptidase 3 and prostate-specific
membrane antigen, two important markers of prostate differ-
entiation (39-42). Zhang et al (42) demonstrated the delivery
of microRNA-21-sponge and pre-microRNA-122 by MS2
virus-like particles to target hepatocellular carcinoma cells. In
a previous study, the semi-adherent relative upsurge method, a
simple gap-filling method to study the migration of adherent
and semi-adherent cancer cells, was used to investigate the
effects of bacteriophages T4 and M13 on androgen-dependent
(LNCaP) and androgen-independent (PC3) cancer cell
lines (20-23). The migration of these cancer cells was strongly
influenced by the type of phage involved in the interaction
experiments (21,22).

In the present study, AR, AKT, MAPKI and MAPK3, and
other crucial genes, such as ITGAS, ITGBI, PGCIA, and STAT3,
were significantly upregulated compared with the levels in the
untreated control groups after 24 h of treatment with bacterio-
phage MS2 in LNCaP cells. Based on the upregulated gene
profile in LNCaP cells, mechanisms by which LNCaP cells can
activate survival mechanisms can be predicted. Considering
the difference in gene expression patterns in LNCaP and PC3
cells concerning integrins, ARs, AKT, HSPs, MAPKs, PGCIA
and PI3K, following the interaction between bacteriophages T4
and M13, it is clear that not only phage size, phage concentra-
tion and/or the exposure time, but also natural peptide display
and genomic makeup affect the migration, viability and gene
expression of cancer cells in cancer progression (20-23). In
addition, since phage internalization is now a well-established
concept (38), it was hypothesized that the effect of the phage
genetic nature is also an important factor in altering cancer
progression genes in both LNCaP and PC3 cells, as reported
previously (Tables IT and IIT) (19,21,22).

Viral entry is mediated by different modes depending on
the virus type (34,35), and VLPs are used to deliver various
drug molecules for therapeutic applications (43). Similarly,
MS2 VLPs enter mammalian cells via caveolin-1-mediated
ITGBI endocytosis and alter gene expression (44). Caveolin-1
mRNA and protein are upregulated in metastatic murine and
human PCa cells, and caveolin-1 internalization mediates
integrin-dependent signaling pathways (44,45). MS2 is also
taken up by mammalian cells using such pathways (44-46).
Therefore, the present study is beneficial for understanding
the impact of bacterial viruses, which make up the majority
of the human microbiome, on cancer progression as well as
bacteriophage therapies in humans.

Considering these variations, the protein-protein interac-
tion map shown in Fig. 4 can be proposed for the co-regulation
of cancer progression genes in LNCaP cells after interaction
with bacteriophage MS2 (47). Similarly, the protein-protein
interaction map for the co-regulation of cancer genes in LNCaP
cells after interaction with bacteriophages T4 and M13, which
were reported previously, is shown in Fig. S2 (20,22,23,47).
From these interactions, it appears that the genetic nature of
these phages (DNA or RNA), which is independent of the
natural phage presentation by T4, M13, and MS2, also influ-
ences LNCaP cancer cell signaling. SRC, a proto-oncogenic
tyrosine-protein kinase (or non-receptor protein tyrosine
kinase), interacts with most of these proteins, and its activa-
tion involves various cellular receptors, including immune
receptors, integrin bound to the extracellular matrix, adhesion
receptors, platelet-derived growth factor receptor, GPCRs and
cytokine receptors (39). The initial interaction of phages with
various cellular transmembrane proteins facilitates internal-
ization and modification of cancer progression gene expression
by the phage genome, as reported previously (Fig. 5) (35,39).

Additionally, ITGAS and ITGBI are considered fibronectin
receptors and potential targets for solid tumor treatment, as
their upregulation is associated with poor prognosis in colon,
breast, ovarian, lung, and brain tumors (47). Since a5p1
recognizes and adheres to extracellular ligands containing the
tripeptide arginine-glycine-aspartate motif, it can interact with
numerous extracellular matrix molecules, such as VEGFR-1,
fibrinogen, fibronectin, and fibrillin (48,49). In addition,
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Table II. Effect of bacteriophages T4, M13 and MS2 separately on the expression of cancer progression genes in LNCaP and

PC3 cells.
Cancer

Interacting  progression
First author/s, year bacteriophage gene LNCaP PC3 (Refs.)
Sanmukh er al, 2018; Sanmukh et al, 2021 T4 phage AKT Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 AR Downregulated Downregulated (21,22)
Sanmukh ef al, 2017; Sanmukh et al, 2018; HSP90 No alteration Downregulated (19,21,22)
Sanmukh et al, 2021
Sanmukh et al, 2018; Sanmukh et al, 2021 HSP27 No alteration Downregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGAS Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGAV No alteration Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGBI Upregulated No alteration (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGB3 Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGBS Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 MAPKI Upregulated Data not available  (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 MAPK3 Upregulated Data not available  (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 PGCIA Downregulated Data not available  (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 PI3K Upregulated Data not available  (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 STAT3 Upregulated Data not available  (21,22)
Sanmukh er al, 2018; Sanmukh et al, 2021 M13 phage AKT Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 AR Downregulated Downregulated (21,22)
Sanmukh et al, 2017; Sanmukh et al, 2018,; HSP90 No alteration Downregulated (19,21,22)
Sanmukh et al, 2021
Sanmukh et al, 2018; Sanmukh et al, 2021 HSP27 No alteration Downregulated (21,22)
Sanmukh ez al, 2018; Sanmukh et al, 2021 ITGAS Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGAV No alteration Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGBI Upregulated No alteration (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGB3 Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 ITGBS Upregulated Upregulated (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 MAPK1 Upregulated Data not available (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 MAPK3 Upregulated Data not available  (21,22)
Sanmukh ez al, 2018; Sanmukh et al, 2021 PGCIA Downregulated Data not available (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 PI3K Upregulated Data not available (21,22)
Sanmukh et al, 2018; Sanmukh et al, 2021 STAT3 Upregulated Data not available  (21,22)
Present study MS2 phage AKT Upregulated Data not available -
Present study AR Upregulated Data not available -
Present study HSP90 No alteration Data not available -
Present study HSP27 No alteration Data not available -
Present study ITGAS Upregulated Data not available -
Present study ITGAV No alteration Data not available -
Present study ITGBI Upregulated Data not available -
Present study ITGB3 No alteration Data not available -
Present study ITGB5 No alteration Data not available -
Present study MAPKI Upregulated Data not available -
Present study MAPK3  Upregulated Data not available -
Present study PGCIA Upregulated Data not available -
Present study PI3K No alteration Data not available -
Present study STAT3 Upregulated Data not available -

AR, androgen receptor; HSP27, heat shock protein 27; HSP90, heat shock protein 90; ITGAS, integrin a.5; ITGAV, integrin aV; ITGBI, integrin
B1; ITGB3, integrin $3; ITGBS, integrin $5; PGCIA, peroxisome proliferator-activated receptor-y coactivator la.
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Table III. Effect of interaction between bacteriophages and prostate cancer cell lines.

Interacting Effect on cancer
First author/s, year bacteriophage cell lines LNCaP cells PC3 cells (Refs.)
Kantoch and Mordarski, 1958; T4 phage Phage binding Yes Yes (20,72-75)
Hart et al, 1994,
Tobia et al, 2012;
Dabrowska et al, 2014;
Sanmukh et al, 2017
Sanmukh et al, 2021; Morphology No significant Marked alteration (22,23)
Sanmukh ez al, 2021 alteration (spindle shaped
cell formation)
Kantoch, 1958; Cell Reduced Reduced (20,76-78)
Lehti et al, 2017; proliferation
Porayath et al, 2018;
Sanmukh et al, 2017
Bloch, 1940; Migration/ Restricted Restricted (20,22,79-82)
Szczaurska-Nowak et al, invasion
2009; Dabrowska et al, 2009;
Kurzepa-Skaradzinska et al,
2013; Sanmukh et al, 2017;
Sanmukh et al, 2021
Merril et al, 1972; Cell Decreased Data not (23,83.,84)
Eriksson et al, 2009; viability during available
Sanmukh et al, 2021 initial 4 h
Kantoch and Mordarski, 1958; M13 phage Phage Yes Yes (20,72-75)
Dabrowska et al, 2014; binding
Sanmukh et al, 2017
Sanmukh ef al, 2021; Morphology No Marked alteration (22,23)
Sanmukh er al, 2021 significant (spindle shaped
alteration cell formation)
Kantoch, 1958; Cell Reduced Reduced (20,76-78)
Lehti et al, 2017, proliferation
Porayath et al, 2018;
Sanmukh et al, 2017
Bloch, 1940; Migration/ Restricted Restricted (20,22,79-82)
Szczaurska-Nowak et al, 2009; invasion
Dabrowska et al, 2009;
Kurzepa-Skaradzinska et al, 2013;
Sanmukh et al, 2017;
Sanmukh et al, 2021
Merril et al, 1972; Cell viability Decreased Data not (23,83.84)
Eriksson et al, 2009; during available
Sanmukh et al, 2021 initial 24 h

transmembrane proteins, such as CD97, CD87, and CD154,
contain these tripeptides, thus a5p1 interacts with them and
contributes to adhesion, intracellular signaling, angiogenesis,
chemotherapy, and radiation resistance (48).

The a5 integrin has also been associated with bone
metastasis in breast cancer due to its upregulation, which is
considered an important factor contributing to mortality and
morbidity in patients with breast cancer (49). Similarly, gene
knockout studies of ] integrins in MDA-MB-231 breast

cancer cells have shown that they increase EGFR phosphoryla-
tion and decrease AKT phosphorylation, suggesting that they
are involved in AKT signaling (50,51). Furthermore, a5f1
integrin maintains pro-survival signaling through continuous
AKT activation and upregulates proliferation through EGFR
activation in squamous cell carcinomas (47-52).

Upregulation of MAPKI and MAPK3 after bacteriophage
MS2 interaction shows that autophagy and compensatory
signaling pathways, such as the Ras/Raf/MEK/ERK signaling
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Figure 4. Network of protein-protein interactions in LNCaP cells after their interaction with MS2 bacteriophages. SRC kinases seem to be strongly co-associ-
ated with integrins and other associated proteins with the highest level of confidence (0.7-0.9) based on known interactions.

pathway, are activated in LNCaP cancer cells (52,53).
Mammalian DNA and RNA viruses have previously been
reported to markedly influence the MAPK-ERK cascade
through various cellular receptors, which are also regulated by
G proteins (53,54). Therefore, targeting the PI3K/AKT/mTOR
and Ras/MEK/ERK/FGF signaling pathways together is
recommended in prostate cancer and other types of cancer,
such as breast cancer (52-55). Direct effects of DNA and RNA
viruses on cellular signaling cascades were previously reported,;
therefore, the effects of bacteriophages T4, M13, and MS2 on
gene expression changes in PC3 and LNCaP cell lines cannot
be ignored (22,23). In addition, since MAPK upregulation is
associated with castration-resistant PCa, it is recommended to
target the FGF/MAPK signaling pathways in AR-independent
PCa to effectively combat PCa metastasis (36-38,52-55).
Upregulation of PGCIA is associated with PCa growth and
metastasis, regulating estrogen receptor o. (ERRa)-dependent
transcripts, and is responsible for suppressing metastasis (56).
Since PGC1A-ERRa contributes to disease stratification (56)

and treatment, these findings are critical for the development
of phage-based treatment therapies. The bacteriophages T4,
M13 and MS2, when separately used for the treatment of PC3
and LNCaP cells, affected cell viability and PGC1A gene
expression, which demonstrates the direct effect on mitochon-
drial function/biogenesis and requires further investigation
for the development of phage-based therapies against prostate
cancer (56).

Finally, the upregulation of STAT3 is directly related to the
progression of metastasis (57), while its inhibition promotes
apoptosis in PCa (58). The expression of STAT3 and basic FGF
(which is a potent angiogenic regulator) are also coregulated,
which has been confirmed by gene knockout studies and
further validates the FGF/MAPK signaling pathway as a
target in AR-independent PCa (59-62).

In addition, the Enrichr server (https://maayanlab.
cloud/Enrichr/), whichisused for large-scale enrichment anal-
ysis of gene sets, was used to predict potential bacteriophage
entry pathways from upregulated genes in LNCaP cells (27).
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In this prediction, ‘caveolin-mediated endocytosis’ was the
entry pathway for bacteriophage MS2 (P=0.000001399;
Fig. S1) based on upregulation of AKT, AR, ITGAS, ITGBI,
MAPKI, MAPK3, PGCIA, and STAT3 genes (27,44-46).
This prediction also fits well with the bacteriophage MS2
size scale (23-28 nm) as the caveolin-mediated endocytic
process involves 50-60 nm tuberous invaginations of the
plasma membrane, named ‘caveolae’ (small cavities), which
are the best possible mode as far as the size is concerned
for bacteriophage MS2 internalization (27,44-46). The
mechanisms underlying these effects require further experi-
mental validation. Similarly, bacteriophage M13 is reported
to get internalized through clathrin-dependent endocytosis,
which has a larger dimension (880 nm in length and 6 nm in
diameter) (34). But, through GO biological processes Enrichr
web server-based gene set enrichment analysis for upregu-
lated cancer progression genes in LNCaP cells treated with
bacteriophages T4 and M13, ‘integrin-mediated signaling
pathway’ (P=0.000007588) and ‘caveolin-mediated endo-
cytosis’ (P=0.000001799) were predicted for both these
bacteriophages based on the upregulated gene sets of AKT,
ITGAS, ITGBI, ITGB3, ITGB5, MAPK1, MAPK3, PI3K, and

STAT3 genes. The gene set analysis was performed based
on overexpressed genes in LNCaP cells from our studies
to predict GO biological processes. Similarly, through GO
cellular component prediction focal adhesion, cell-substrate
junction, caveloa, plasma membrane raft, early and late endo-
somes were predicted for MS2, T4, as well as M13 phages
validating the caveolin-mediated endocytosis for these
phages. Bacteriophage MS2 internalization in cancer cells
through caveolin-mediated endocytosis was predicted based
on the results of the present study, as shown in Fig. 6, which
also confirmed previous reports (11,27,44-46).

Phage display library screening has attracted attention
as an inexpensive method for drug discovery (63). Several
short peptides presented on the surface of phages against,
for example, a membrane receptor, offer a much larger scale
analysis compared with synthetic peptide libraries (63-65).
This number can be further increased when considering
non-peptide mimetics designed based on these short peptides.
This is particularly important in oncology drug development,
where large-scale drug screening is required due to a variety of
different drug targets and signaling pathways that may simulta-
neously be involved in tumor growth and progression (63-65).
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Based on the early report of bacteriophage lambda-holin
protein reducing tumor growth rates in mammary cancer
cell xenograft models (64), it appears that phages and phage
proteins may be useful for cancer gene therapy.

Similarly, GPCR drug targets involved in cancer
include lysophosphatidic acid receptors (LPA1-6; involved
in Rho-dependent signaling pathways) (31,65-67),
protease-activated receptors (involved in Hippo/yes-asso-
ciated protein 1 signaling pathways and angiogenesis) (68),
frizzled receptors, parathyroid hormone 1 receptor (involved
in the Wnt signaling pathway), chemokine receptors (69),
endothelin receptors (involved in crosstalk with EGFR and
B-catenin stabilization), prostaglandin receptors (involved
in the cyclooxygenase pathway), bradykinin receptors
(involved in crosstalk with EGFR, Ras, Raf, and ERK),
sphingosine receptor 1 phosphate (involved in crosstalk
with Ras-ERK, PI3K/Akt/Rac, Rho and STAT3), angio-
tensin II receptor type 1 (involved in crosstalk with TNF-a,
ERK1/2, NF-xB, STAT) and gastrin-releasing peptide
receptor (involved in crosstalk with NF-«B, p38-MAPK
and PI3K/AKT), which are among the most commonly
targeted in cases of PCa (63,70-72). Adhesion GPCRs, which
until recently had not been extensively studied in terms of
structure and ligand determination, serve an important

role in regulating cell adhesion, migration, proliferation,
and tumor survival (31,66,67). Peptide libraries containing
phage display peptides have been used to target LPA1
receptors (65), protease-activated (69), chemokine (69),
frizzled (70,71) and sphingosine 1-phosphate receptor 1 (72).

The importance of phage-displayed peptides in phage
engineering, the natural peptide display effect of bacterio-
phage MS2 observed in the present study, and previous studies
of bacteriophages T4 and M13 (20-23) suggest that along
with other adjuvant therapies, targeting adhesion GPCRs,
integrins and other receptors appear to be effective against
multiple types of cancer, including ovarian, breast and prostate
cancer (31,66,67). Phages can be engineered to express surface
peptides and transport cargo, making them prime candidates
for fighting cancer, due to their ubiquity (10,63,73,74).

In conclusion, the natural bacteriophage MS2 interacts
directly with LNCaP cells and their surface receptors to
induce marked changes in gene expression in LNCaP cancer
cells. This, in turn, affects the viability of LNCaP cells. As
such interactions have been demonstrated to affect cancer
cell metabolism and direct gene expression, upregulation
of the AR, AKT and MAPK genes suggests that these genes
affected the AR, AKT, and MAPK signaling pathways (23).
Such effects may be beneficial in light of existing therapies
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that target the inhibitors of the AKT/MAPK/FGF signaling
pathway. To demonstrate that bacteriophage MS2 is effec-
tive in fighting PCa, further studies are needed to analyze
and display modified phage surface peptides against cancer
cell receptors and proteins, such as G-proteins, GPCRs, and
integrins. Based on previous reports that analyzed the inter-
actions between DNA phages (T4 and M13) (20-23) and the
present study which demonstrated the interaction between
RNA (MS2) phages with LNCaP cells, it can be concluded
that phages, specifically MS2, utilize caveolin-mediated
endocytosis and alter PCa cell signaling pathways. The wide
range of applications against antibiotic-resistant bacterial
pathogens makes phage engineering an ideal technique for
simultaneously targeting cancer cells and antibiotic-resistant
bacterial pathogens.
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