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Abstract: The incidence of cancer in the world is growing steadily. Therefore, it is necessary to develop
new approaches for the early diagnosis of cancer. This work is devoted to the study of the potential of
RHAMM-target peptides for molecular diagnosis of cancer. The key amino acids of the RHAMM target
peptides were identified by the alanine scan method. The specificity of binding of peptides to RHAMM-
CT was assessed using competitive HA substitution by the ELISA method. RHAMM-CT was obtained
by genetic engineering and isolated by affinity chromatography. The interaction of RHAMM target
peptides with the surface receptor of tumor cells was evaluated by confocal microscopy. It has been
shown that fragment EEGEEZ in the peptides' composition is necessary for binding to the RHAMM-
CT. The results showed that the RHAMM-target peptides bind specifically to the RHAMM-CT and
competitively substituted HA at the RHAMM. It has been found that aggrecan is unable to displace
peptides from the HA binding site of RHAMM-CT. The results showed that the FITC peptide binds
specifically to RHAMM on the surface of prostate cancer cells. Therefore, RHAMM-target peptides
have the potential for early molecular diagnosis of cancer.
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1. Introduction

Currently, oncological diseases are in second place after cardiovascular diseases. The
incidence and mortality of cancer are steadily increasing. According to statistics, more than 11
million people fall ill with cancer every year [1]. Only early diagnosis of cancer can improve
the survival rate of cancer patients.

Although significant progress has been made in cancer treatment in recent years, most
modern cancer treatments include surgery or chemotherapy, radiation, and hormonal therapy,
which have changed little over the past decade and have several limitations. So surgical
intervention and radiotherapy are often used already at the last stages of cancer development.
These methods are not specific; they do not suppress the formation of metastases.
Chemotherapy methods also have several disadvantages. Currently used chemotherapy drugs
are based on the rapid division of tumor cells and do not consider other specific properties of
cancer cells [2, 3]. In addition, many anticancer drugs are highly toxic, exhibit side effects,
have poor solubility, poor permeability into the cell, and poor biocompatibility [4]. Therefore,
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at present, new peptide-based anticancer drugs have appeared. Peptides are low molecular
weight compounds and can be engineered from endogenous proteins. It should be noted that
peptides are easily modified, their synthesis is simple, cheap, and cost-effective.

Peptides are used to diagnose and treat cancer, providing specificity for tumor tissues,
reducing the likelihood of developing drug resistance, and low toxicity [5].

Each tumor has its own specific features (sometimes specific to the patient, the so-
called molecular signatures), which are expressed in the tumor in large quantities and/or located
in a different place than normal tissue [6]. This tumor-specific signature enables the
development of targeted agents for the early detection, diagnosis, and treatment of cancer.
Synthetic polypeptides are excellent candidates for cancer diagnostics. In particular, peptide
ligands are advantageous due to their small size, easy and affordable production, high
specificity, and remarkable flexibility in terms of their sequence and conjugation capabilities
[7]. When combined with imaging agents, chemotherapeutic drugs/or nanocarriers, they have
proven themselves well for targeted delivery, providing better tumor contouring during
imaging and increasing chemotherapy's effectiveness by reducing side effects. In modern
personal medicine, the treatment of patients is focused on using specific molecular and genetic
characteristics of the tumor and the physiology of a particular patient to select a specific
targeted therapy for each patient [8, 9]. Currently, innovative developments of targeted drugs
have appeared in biomedicine, with the help of delivering anticancer drugs to cancer cells.

Targeted peptides have several advantages. In particular, they are not immunogenic,
are rapidly cleared from the blood, diffuse better into the tumor due to their lower molecular
weight, and are extremely well tolerated by patients [10]. In addition, peptides are generally
easy and relatively inexpensive to synthesize and have many possibilities for conjugation with
imaging agents, drugs, and nanoparticles for targeted delivery. Thus, peptides provide
additional promising therapies for modern personalized/ targeted medicine.

The main component of the extracellular matrix is hyaluronic acid [11]. Hyaluronic
acid (hyaluronate, hyaluronan) is a non-sulfonated glycosaminoglycan, which is a part of
connective, epithelial, and nervous tissues and is found in many biological fluids (saliva,
synovial fluid, etc.) [12, 13]. Increased HA content is observed in various types of tumors,
including carcinomas of breast, prostate, lung, bladder, and ovarian cancer [14-16]. In a number
of scientific works, it was found that HA is able to bind with high affinity to the cell surface
selectively, and it was shown that HA stimulates cell motility and is responsible for their
migration [17, 18]. Various studies have shown that HA plays a key role in many cellular
processes, such as cell proliferation, the development of angiogenesis and invasiveness of
tumor cells, in the processes of inflammation and wound healing, as well as in the appearance
and development of malignant neoplasms [19, 20]. It is known that
HA is a physiological ligand for the RHAMM receptor (also known as CD168 or HMMR,
hyaluronan-mediated motility receptor), as well as a signaling molecule of this receptor that
transmits pro-cancer signals into the cell [22, 23]. Signals from low molecular weight HA
through RHAMM enter the cell and contribute to the development and progression of
malignant neoplasms.

Low molecular weight HA fragments (<100 kDa) are generated by reactive oxygen or
nitrogen species, as well as by hyaluronidases during tissue stress, repair, or cancer, and they
have pro-inflammatory and pro-tumor properties [24, 25]. It has been shown that low molecular
weight HA accelerates the proliferation and invasiveness of malignant pleural mesothelioma
and melanoma cells, and it can be a biomarker for the early diagnosis of these diseases [26,
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27]. Low molecular weight HA fragments activate signaling pathways that send several pro-
cancer signals that promote cell proliferation, invasion, adhesion, motility, epithelial-
mesenchymal transition, and stem cell renewal [28, 29]. Some studies have shown that in tumor
cells of the mammary and prostate gland, lungs, urinary bladder, ovaries, elevated levels of HA
and RHAMM are observed, which, together with HYAL-1 hyaluronidase, promote tumor
growth and are associated with a poor prognostic factor [30, 31]. RHAMM/HMMR (hyaluron-
mediated mobility receptor, Homo sapiens) is a 725 amino acid (M.w. 95 kDa) protein [32].
Thus, the interaction of HA with the RHAMM receptor and its role in developing and
progressing malignant neoplasms, HA targeting is a promising therapeutic approach to the
treatment of cancer [33]. There are many potential points of the HA metabolic pathway that
could be targeted, including HA synthesis, overexpression, formation of low molecular weight
HA, or interaction of HA with receptors. One such approach is the development of HA-binding
peptides that can specifically block HA-stimulated signaling. RHAMM plays a key role in
inflammatory and oncological diseases. RHAMM has been shown to be involved in diabetes,
arthritis, and many types of cancer, including solid tumors and leukemias [34, 35]. The
RHAMM receptor is overexpressed in various cancers, including ovarian, breast, prostate, and
pancreatic cancers, renal, bladder, multiple myeloma, leukemia, lymphoma, and colon cancers
[36-38]. Therefore, peptides have been developed that mimic either RHAMM itself or HA and
have been shown to affect wound healing, inflammatory and tumor processes. Several studies
have been carried out to develop peptides, HA mimetics that bind to RHAMM. Several studies
have used random phage libraries and rational designs to identify peptides that bind to
RHAMM and block RHAMM interactions with HA, as new approaches to specifically replace
this protein's HA-binding properties [39, 40].

This study aims to identify amino acids in RHAMM-target peptides that are necessary
for peptides binding to an RHAMM receptor. Based on the data obtained, synthesize truncated
versions of peptides. Investigate the specificity of peptides binding to the RHAMM receptor
and the ability to compete with hyaluron at the RHAMM receptor and investigate the specificity
of peptide binding to the surface RHAMM receptor of prostate cancer cells.

2. Materials and Methods

2.1. Cell lines and cell culture.

The following cancer cells were used in work: human prostate cancer cell line (PC3m-
LN4) and ovarian cancer cell line (SKVO3). The cell line was obtained from the American
Type Culture Collection (Manassas, Virginia, Merck, USA). All these tumor cells are
characterized by increased expression of RHAMM (Oncomine Research,
https://www.oncomine.org/resource/login.html). All cell lines were obtained from the human
body. Cells were grown in DMEM growth medium in the presence of 10% (v / v) FBS and 10
mM HEPES at pH 7.2. All cell cultures were grown in a 5% CO2 incubator at 37°C and in a
humid atmosphere.

2.2. Peptide synthesis.

RHAMM-target peptides (EEDFGEEAEEEA, VEGEGEEEGEEY,
FTEAESNMNDLV, GEGEEGEE, DFGEEAEE, RYQLHPYR) were obtained as previously
described [41, 42].
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2.3. Alanine scan.

The alanine scan method is the substitution of each amino acid residue with alanine
(Ala) in the peptide’s sequence sequentially [43]. Peptides were synthesized with a linker (Ahx-
aminohexanoic acid) and a fluorescein label attached to the N-terminus. For the peptides'
alanine screen, EEDFGEEAEEEA has synthesized the next peptides: FITC-Ahx-

AEDFGEEAEEEA-NH2, FITC-Ahx-EADFGEEAEEEA-NH2, FITC-Ahx-
EEAFGEEAEEEA-NH, FITC-Ahx-EEDAGEEAEEEA-NHz, FITC-Ahx-
EEDFAEEAEEEA-NHz, FITC-Ahx-EEDFGAEAEEEA-NHz, FITC-Ahx-
EEDFGEAAEEEA-NHz, FITC-Ahx-EEDFGEEAAEEA-NHz, FITC-Ahx-

EEDFGEEAEAEA-NH2, FITC-Ahx-EEDFGEEAEEAA-NH:.
For alanine screen of peptide, FTEAESNMNDLYV has synthesized the next peptides:
FITC-Ahx-FTEAESNMNDAV-NHz, FITC-Ahx- FTEAESNMNALV-NH2, FITC-Ahx-

FTEAESNMADLV-NHz, FITC-Ahx- FTEAESNANDLV-NHz, FITC-Ahx-
FTEAESAMNDLV-NH, FITC-Ahx- FTEAEANMNDLV-NHz, FITC-Ahx-
FTEAASNMNDLV-NHz, FITC-Ahx- FTEAESNMNDLV-NH2, FITC-Ahx-
FTAAESNMNDLV-NHz, FITC-Ahx-FAEAESNMNDLV-NHz, FITC-Ahx-

ATEAESNMNDLV-NH..

For alanine screen of peptide VEGEGEEEGEEY were synthesized the next peptides:
FITC-Ahx-AEGEGEEEGEEY-NH:2 , FITC-Ahx-VAGEGEEEGEEY- NH2, FITC-Ahx-
VEAEGEEEGEEY -NHz, FITC-Ahx-VEGAGEEEGEEY- NHz, FITC-Ahx-
VEGEAEEEGEEY- NH2, FITC-Ahx-VEGEGAEEGEEY- NH2, FITC-Ahx-
VEGEGEAEGEEY- NHz, FITC-Ahx-VEGEGEEAGEEY- NHz, FITC-Ahx-
VEGEGEEEAEEY- NHz, FITC-Ahx-VEGEGEEEGAEY- NHz, FITC-Ahx-
VEGEGEEEGEAY- NH2, FITC-Ahx-VEGEGEEEGEEA- NH:.

The purity of peptides was evaluated by ESI-mass-spectrometry (>90 %).

Then it was measured the binding of each alanine-modified FITC-peptide with
recombinant RHAMM-CT protein by ELISA. Briefly, recombinant RHAMM-CT (100 pl, 100
pg/ml in 0.05 M PBS, pH 7.6) immobilized on a 96-well plate and incubated at 4°C for 24
hours. Then the plate was washed three times with PBS-Tween-20 buffer (0.05%, 200 pl /
well), and blocking buffer (5% Tween-20 in PBS, 200 ul / well) was added, the plate was
incubated for 1 hour at RT. The plate was then washed three times again with buffer as
described above. After that, alanine-modified FITC-peptides were added to the wells (final
concentration of peptides 100 pg/ml), and the plate was incubated for 24 hours at 4°C. The
plate was then washed as described above, and the fluorescence intensity was measured at
485/535 nm. A negative control (no immobilized RHAMM-CT) that showed minimal
background fluorescence was subtracted for each measurement.

2.4. RHAMM-CT protein purification.

Recombinant protein RHAMM-CT (aa. 706-766, sequence: RDSYAQLLGH
QNLKQKIKHV VKLKDENSQL KSEVSKLRSQ LVKRKQNELR LQGELDKALGI, M.W.
7.1 kDa, pl = 10.1) was isolated from E. coli BL21 (D3) strain carrying the recombinant
plasmid pPAL7-RHAMM. Bacteria were grown overnight in LB medium at 37°C containing
ampicillin (100 ug/ml) and 0.5% glucose; cells were grown to the middle of the logarithmic
phase, first in the absence of the lac promoter inductor isopropylthio-p-D-galactopyranoside
(IPTG). Upon reaching turbidity of the medium ODsoo of 0.4-0.6, IPTG was added to a
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concentration of 2 mM, and the expression of the recombinant RHAMM was continued under
the control of the induced lac promoter for 4 hours at 37°C. Then bacterial cells were pelleted
by centrifugation at 10,000 g for 20 min. After that, bacterial cells were resuspended in lysis
buffer (0.2 M sodium phosphate, 0.2 M potassium acetate, 1% Triton X-100 and 0.1% protease
inhibitors, pH 7.0), treated with ultrasound (60 s, 10 s/pulse), and centrifuged at 12000 g, 4°C
for 20 min. The resulting supernatant was transferred to a clean tube and filtered (using a 0.45
um filter). According to the manufacturer's protocol, the recombinant RHAMM-CT bound to
eXact was purified using an affinity sorbent (Profinity eXact, Bio-Rad, USA) according to the
manufacturer's protocol [44]. For this, the resulting lysate was applied to a gravity column
packed with an affinity sorbent (4 ml of Profinity eXact sorbent, column 15x1.5 cm) and
equilibrated with a washing buffer (0.2 M sodium phosphate, pH 7.0). The column was washed
with decontamination buffer, and the recombinant RHAMM-CT was eluted with elution buffer
(0.2 M sodium phosphate, 0.1 M sodium fluoride, pH 7.0). The protein was then dialyzed and
concentrated using a filter (EMD Muillipore, Temecula, CA, USA) in a buffer consisting of 0.2
M sodium phosphate and 0.2 M potassium acetate (pH 7.0).

2.5. Protein detection.

Protein has been measured by Quickstart Bradford protein assay using standard
procedure [45].

2.6. SDS-polyacrylamide gel electrophoresis.

The purity of the resulting recombinant RHAMM-CT protein was determined by 10%
one-dimensional SDS-PAGE electrophoresis, according to the protocol described in the article
[46]. An aliquot of protein solution (0.01 ml, 6 ug protein, and 0.005 ml, 3 ug protein) was
added to 0.01 ml SDS buffer. SDS buffer contained 130 mM Tris (pH 6.8), 4.2% (w / v) SDS,
20% (v / v) glycerol, 0.003% (wt / vol) bromophenol blue, and 10% (v / v) 2 -mercaptoethanol
(fresh added). The tubes with the samples were incubated at 30°C for 1 min and then boiled for
1 min. Thereafter, the samples were loaded onto a 10% SDS-polyacrylamide gel, and
electrophoresis was performed.

2.7. Western blot analysis.

RHAMM-CT was identified using anti-RHAMM antibodies by Western blot analysis.
Western blotting was performed according to the protocol described in the article [47]. Briefly:
RHAMM-CT protein was used for Western blotting. SDS buffer (0.5 M Tris, pH 6.8, 50%
glycerol, 10% SDS, B-mercaptoethanol, bromophenol blue) was added to the RHAMM-CT
protein (0.005 ml, 3 pug), the sample was heated for 5 minutes at 95°C. The sample was then
centrifuged, loaded onto a 10% Bis-Tris denaturing gel, and 10% SDS-PAGE was performed.
The separated proteins were transferred onto an Amersham Hypond-P-PVDF membrane
(Sigma-Aldrich, USA). Blotting was performed for 1-2 hours, voltage 45, current 350 mA.
Nonspecific binding sites were blocked by immersing the membrane in Tris buffer (TBS-T:
TBS/0.1% Tween-20, 5% skimmed milk powder) and incubated for 1 hour at RT on an orbital
shaker. Next, the membrane was washed twice with wash buffer (TBS / 0.1% Tween-20). Then
the membrane was incubated with primary antibodies. Antibodies were used in work: primary
monoclonal mouse anti-RHAMM 6B7D8 ab (Santa Cruz, CA, USA), secondary mouse
antibodies conjugated with horseradish peroxidase (Santa Cruz, CA, USA). Primary antibodies
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were diluted 1: 1000 in TBS-T solution and the membrane was incubated in diluted primary
antibodies for 1 hour at room temperature on an orbital shaker. Thereafter, the membrane was
rinsed twice with washing buffer and then washed again in 50 ml of washing buffer for 15 min
at RT. Thereafter, the membrane was again washed three times for 5 min with washing buffer
at RT. After washing, the membrane was incubated with secondary antibodies conjugated with
horseradish peroxidase, diluted in a ratio of 1: 10,000 in TBS-T solution for 1 hour at RT on
an orbital shaker. Then the membrane was rinsed twice with washing buffer and washed in 50
ml of washing buffer for 15 min at RT. Thereafter, the membrane was washed three times for
5 min with fresh changes of wash buffer at room temperature. Then the membrane was dried,
secondary antibodies conjugated with horseradish peroxidase were detected using Enhanced
chemiluminescence plus (Perkin Elmer Life science, Boston, MA, USA) and photographed
using the Ultra-Lum imaging system (Ultra-Lum Inc., Claremont, CA, USA).

2.8. Assay of binding of FITC peptides to RHAMM-CT.

The ability of FITC peptides (EEDFGEEAEEEA, FTEAESNMNDLYV, GEGEEGEE,
DFGEEAEE, RYQLHPYR) to bind to recombinant RHAMM-CT was investigated.
Recombinant RHAMM-CT (100 pl, 10 pg/ml in 0.05 M PBS, pH 7.6) was immobilized on a
96-well plate (final protein concentration 1 p /well) and incubated at 4°C for 24 hours. Then
the plate was washed three times with PBS-Tween-20 buffer (0.05%, 200 pl/well), and
blocking buffer (5% Tween-20 in PBS, 200 ul / well) was added, the plate was incubated for 1
hour at RT. The plate was then rewashed three times with buffer as described above. After that,
FITC-peptides were added to the wells (final concentration of peptides 40 uM), and the plate
was incubated for 24 hours at 4°C. The plate was then washed as described above, and the
fluorescence intensity was measured at 485/535 nm. A negative control (no immobilized
RHAMM-CT) that showed minimal background fluorescence was subtracted for each
measurement.

2.9. HA labeling with a fluorescent dye (Cy5.5).

HA labeling with a fluorescent dye (Cy5.5) was performed according to the protocol
described in the article [48]. Briefly: NHS-Cy5.5 activated ester (1 mg) was dissolved in 1 ml
of DMF. Then, 200 ug of EDTA and 1 mg of HA (M. w. 220 kDa) were added to 0.2 ml of
NHS-Cy5.5 solution and brought to a final volume of 2 ml with 0.1 M phosphate buffer (pH
8.3). The resulting solution was mixed well on a vortex. The solution was then incubated at RT
for 4 hours. The HA-Cy5.5 conjugate was purified by gel filtration on Sephadex G-25.

2.10. Analysis of competitive replacement of HA- Cy5.5 with unlabeled peptides on the
RHAMM-CT HA-binding site.

To investigate the ability of unlabeled peptides (EEDFGEEAEEEA, GEGEEGEE,
RYQLHPYR) to compete with HA for the binding site on RHAMM-CT, we used HA-Cy5.5
(100 pl, 10 pg/ml in 0.05 M PBS, pH 9). RHAMM-CT was immobilized on a 96-well plate
(final amount of protein 1 pg/well) and incubated for 24 hours at 4°C. The plate was washed
three times with PBS-Tween-20 buffer (0.05%, 200 ul/well), then blocking buffer (5% Tween-
20 in PBS, 200 pl/well) was added and incubated for 1 hour at RT. Thereafter, the plate was
washed three times with buffer as described above. Then peptides (10 pug/ml) and HA- Cy5.5
(M.w. 220 kDa, 100 pl/well, 10 pg / ml in PBS) were added to the wells, the plate was incubated
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for 24 hours at 4°C. One day later, the plate was washed as described above, and the
fluorescence was measured at 650 nm. Unlabeled HA and anti-RHAMM antibodies were used
as a positive control.

2.11. Analysis of competitive substitution of FITC peptides for glycosaminoglycans at the
RHAMM-CT HA-binding site.

The ability of FITC peptides (EEDFGEEAEEEA, GEGEEGEE, RYQLHPYR) to
compete with glycosaminoglycan aggrecan for the HA-binding site on RHAMM-CT was
investigated. Recombinant RHAMM-CT (100 pl, 10 ug/ml in 0.05 M PBS, pH 7.6) was
immobilized on a 96-well plate (final protein concentration 1 pg/well) and incubated at 4°C for
24 hours. Then the plate was washed three times with PBS-Tween-20 buffer (0.05%, 200 pl /
well), and blocking buffer (5% Tween-20 in PBS, 200 ul / well) was added, the plate was
incubated for 1 hour at RT. The plate was then rewashed three times with buffer as described
above. After that, FITC peptides (final concentration 1 ug / ml) and aggrecan were added to
the wells (10 ug/ml). For positive control, wells were used to which HA was added (M.w. 220
kDa, 10 pg/ml), and the plate was incubated for 24 hours at 4°C. The plate was then washed as
described above, and the fluorescence intensity was measured at 485/535 nm.

2.12. Analysis of peptide binding by tumor cells.

Cells (line PC3M-LN4) were cultured in DMEM + 10% FBS to 90% density. Cells
were detached from the surface with trypsin (0.25%, Stem Cell Technologies, Corning, USA)
and seeded on coverslips (12 x 12 mm, precoated with fibronectin, 50 pg / ml), placed in 24-
well culture plates (density 20,000 cells / well). The "starvation™ stage was carried out with
DMEM + 0.1% FBS overnight at 37°C. Thereafter, cells were stimulated with DMEM + 10%
FBS and incubated overnight at 37°C. Then the culture medium was removed, and the cells
were washed with DMEM + 0.1% FBS. Thereafter, 3% BSA in DMEM + 0.1% FBS was added
to the cells to block nonspecific binding and incubated for 1 hour at RT. Then, antibodies were
added to the cells (1: 100 dilution, mouse 1gG Ab, goat anti-RHAMM mAb, or mouse anti-
CD44 mAb in DMEM + 0.1% FBS) and incubated at 37°C for 1 hour. After 1 hour, the culture
medium was removed, and the cells were washed with DMEM + 0.1% FBS at RT. Then FITC-
peptides (10 pg/ml, VEGEGEEEGEEY, EEDFGEEAEEEA, FTEAESNMNDLYV) were added
to the cells and incubated at 37°C for 30 min. The cells were then washed with DMEM + 0.1%
FBS, then with PBS (pH 7.6). The coverslips were removed from the wells, and Fluoro-gel 11
containing DAPI (Electron Microscopy Sciences, USA) was added to the cell surface. Then
the coverslips were placed on the slides (cells down), and the resulting slides were stored in
the dark at 4°C. Slides were analyzed on an Olympus FluoView FV1000 confocal microscope
(Olympus Corporation, Tokyo, Japan). Cells were photographed using Olympus FluoView
FV1000 software (FV10-ASW version 01.07: Olympus) connected to an inverted microscope
system (1X81). TIFF images were analyzed using Image J software (NIH, USA). Each image
was converted to 8-bit format and analyzed in the range of threshold values of 20 and 255.
Using the ImageJ software, images (ROI, Region of Interest) of the analyzed cells were
selected. The average fluorescence value of each ROI was obtained using 8-bit images and
presented as a histogram. The results were analyzed by statistical analysis using One-Way
ANOVA. Differences were considered statistically significant at (*- p <0.05). An asterisk
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indicates statistically significant differences between cells treated with antibodies against
RHAMM and all other treatments.

2.13. Statistical analysis.

Statistical analysis was performed using Prism 4 software (GraphPad Software, Inc.) to
assess statistically significant differences. All experiments were performed three times. For
comparative analysis of the results, one-way analysis of variance (ANOVA) was used, where
* p <0.05 was considered significant.

3. Results and Discussion

3.1. Preparation and purification of recombinant RHAMM-CT protein.

To identify peptides with high affinity for the RHAMM HA-binding domain, we used
various assay methods, such as ELISA analysis of peptide binding to a recombinant RHAMM
protein and in vitro analysis of peptide binding to the surface of tumor cells. For this purpose,
a recombinant RHAMM-CT protein was obtained. The content of the RHAMM protein in
biological material is extremely low, therefore, the development of preparative methods for
obtaining the native RHAMM protein is impractical. In this regard, we obtained the RHAMM
protein using genetic engineering methods. The RHAMM protein contains an HA-binding
domain, which is located near the carboxyl terminus (CT) and is composed of basic amino
acids such as lysine (Lys), arginine (Arg), or leucine (Leu). The RHAMM-CT HA-binding
domain is the main "Leu-zipper" domain, which consists of basic amino acid residues and does
not contain acidic residues ("**LKQKIKHVVKLKDENSQL KSEVSKLRSQ LVKRK™), It
has been established that the interaction of HA with RHAMM is based on ionic contacts
between positively charged residues in the protein and negatively charged carboxyl groups on
HA, as well as on hydrophobic interactions between lipophilic regions of the RHAMM protein
[49-51].

To analyze peptide binding specificity, we isolated the recombinant protein RHAMM-
CT (aa. 706-767, M.w. 7, 2 kDa, pl = 10.1) from E. coli carrying the recombinant plasmid
pPAL7-RHAMM-CT. For this, the E. coli BL21 (DE3) strain was chosen as an expression
system. The Mus. musculus (house mice) gene library was used as the source of the RHAMM-
CT gene. A fragment of the RHAMM gene corresponding to the RHAMM-CT coding
sequence ("RDSYAQLLGH QONLKQKIKHVVKLKDENSQL KSEVSKLRSQ
LVKRKQNELR LQGELDKLQI™) and bearing the HA-binding domain was isolated by
amplification. Then RHAMM-CT was cloned into the pPAL7 vector and expressed in the E.
coli strain BL21 (DE3). This E. coli BL21 (DE3) strain provided a high and stable level of
expression of the target protein. Expression of the RHAMM-CT gene was carried out in the E.
coli strain transfected with the recombinant plasmid pPAL?7, in the culture medium, first in the
absence of the inducer of the lac promoter isopropylthio-p-D-galactopyranoside (IPTG). Upon
reaching turbidity of the medium ODsoo of 0.4-0.6, IPTG was added to a concentration of 2
mM, and expression was continued under the induced lac promoter's control. Lysates were
obtained from bacterial cells in accordance with the protocol described in Methods, and then
the recombinant RHAMM-CT protein was purified by affinity chromatography using a Fusion-
Tag Profinity eXact ™ purification system (BioRad, USA). This purification system uses an
immobilized, specially engineered subtilisin protease that recognizes and specifically binds
(KD <100 pM) to a small N-terminal co-expressed affinity tag (tag-EEDKLFKAL) in the
https://biointerfaceresearch.com/ 9
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fusion-RHAMM-CT protein. Mutant subtilisin protease S189, a functional ligand immobilized
on a matrix, was specially developed for affinity chromatography [44, 52]. The S189 subtilisin
protease is extremely stable and can be effectively reduced in vitro. A lysate prepared from E.
coli BL21 (DE3) was loaded onto a column packed with Superflow ™ agarose. The subtilisin
protease recognized and binding the affinity-labeled tag-RHAMM-CT protein from the protein
mixture in the lysate. The column was then washed with buffer to remove nonspecifically
unbound proteins. Thereafter, a fluoride buffer (100 mM potassium fluoride) was passed
through the column for elution. Potassium fluoride-induced a subtilisin protease that rapidly
and specifically cleaved a nine amino acid sequence (EEDKLFKAL) from the RHAMM-CT
protein. Thus, the subtilisin protease specifically cleaved and removed the label from the
fusion-RHAMM-CT protein directly on the column, resulting in the release of a highly purified
recombinant RHAMM-CT protein with a native amino acid sequence.

RHAMM-CT production level in the E. coli strain transfected with the pPAL7 vector
was about 50 mg/L culture. Figure 1 shows the data of the analysis of the recombinant protein
RHAMM-CT (aa. 706-767, molecular weight 7, 2 kDa, pl = 10.1) purified from E. coli. The
purity of the isolated protein was checked by one-dimensional electrophoresis (10% SDS-
PAGE). As can be seen from the presented data, RHAMM-CT is an almost homogeneous
protein (purity over 90%) with an M. w. of ~ 7.2 kDa, corresponding to the mass of RHAMM-
CT (Figure 1A). RHAMM identification was performed using monoclonal anti-RHAMM
antibodies by Western blot analysis (Figure 1B).

M.w., kDa A B
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Figure 1. Analysis of the recombinant protein RHAMM-CT by 10% SDS-PAGE electrophoresis (A) and
Western blot analysis (B). 1 - molecular weight standards; 2 - RHAMM-CT (6 pg); 3 - RHAMM-CT (3 ng); 4 -
identification of RHAMM-CT (3 pg) with anti-RHAMM antibodies.

3.2. Analysis binding of alanine-modified peptides to RHAMM-CT.

To determine amino acid residues, which are critical for peptide- RHAMM receptor
interaction, we performed an alanine scan of peptides EEDFGEEAEEEA,
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FTEAESNMNDLYV, and VEGEGEEEGEEY. Table 1 shows the sequence of the eleven
synthesized alanine-modified peptides EEDFGEEAEEEA and their calculated and observed
masses.

Table 1. Mass spectrometric analysis of synthesized alanine-modified peptides.

# Peptides Calculated Observed Purity
[M+2H]%* [M+2H]%
1 | Fitc-Ahx-EEDFGEEAEEEA-NH: 942.8 943.6 >95%
2 | Fitc-Ahx-AEDFGEEAEEEA-NH: 913.8 914.4 >95%
3 | Fitc-Ahx-EADFGEEAEEEA-NH: 913.8 914.5 >95%
4 | Fitc-Ahx-EEAFGEEAEEEA-NH: 920.8 921.4 >95%
5 | Fitc-Ahx-EEDAGEEAEEEA-NH: 904.8 905.4 >95%
6 | Fitc-Ahx-EEDFAEEAEEEA-NH: 949.9 950.6 >90%
7 | Fitc-Ahx-EEDFGAEAEEEA-NH: 913.8 914.5 >95%
8 | Fitc-Ahx-EEDFGEAAEEEA-NH: 913.8 914.5 >95%
9 | Fitc-Ahx-EEDFGEEAAEEA-NH: 913.8 914.4 >90%
10 | Fitc-Ahx-EEDFGEEAEAEA-NH? 913.8 914.4 >95%
11 | Fitc-Ahx-EEDFGEEAEEAA-NH: 913.8 914.4 >90%

The results of the alanine scan for peptide EEDFGEEAEEEA has shown in Figure 2.
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Figure 2. Alanine scan for peptide EEDFGEEAEEEA: 1- EEDFGEEAEEEA (positive control), 2-
AEDFGEEAEEEA, 3- EADFGEEAEEEA, 4- EEAFGEEAEEEA, 5- EEDAGEEAEEEA, 6-
EEDFAEEAEEEA, 7- EEDFGAEAEEEA, 8- EEDFGEAAEEEA, 9- EEDFGEEAAEEA, 10-
EEDFGEEAEAEA, 11- EEDFGEEAEEAA. The stars represent the sequences where Ala has replaced a key
amino acid. * p < 0.05 in relation to positive control.

The alanine scan results demonstrated that amino acids E (glutamic acid) in peptide
EEDFGEEAEEEA are essential for binding with RHAMM-CT.
Then we performed an alanine scan of peptide VEGEGEEEGEEY (Figure 3).
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Figure 3. Alanine scan for peptide VEGEGEEEGEEY:: 1- VEGEGEEEGEEY (positive control), 2-
AEGEGEEEGEEY , 3- VAGEGEEEGEEY, 4- VEAEGEEEGEEY, 5- VEGAGEEEGEEY, 6-
VEGEAEEEGEEY, 7- VEGEGAEEGEEY, 8- VEGEGEAEGEEY, 9- VEGEGEEAGEEY, 10-

VEGEGEEEAEEY, 11- VEGEGEEEGAEY, 12- VEGEGEEEGEAY, 13- VEGEGEEEGEEA. The stars
represent the sequences where Ala has replaced a key amino acid. * p < 0.05 in relation to positive control.

The results showed that amino acids E (glutamic acid), G (glycine), Y (tyrosine) in the
composition of the peptide VEGEGEEEGEEY are necessary for binding to the RHAMM-CT,
since their replacement with the amino acid Ala (alanine) leads to a significant decrease in the
affinity for the protein. It should be noted that these amino acids are part of the fragment
EEGEE, which confirms its importance for binding at the HA center of the RHAMM.

Analysis of alanine scan of peptide FTEAESNMNDLYV has shown that the amino acids
D (aspartic acid), N (asparagine), S (serine), E (glutamic acid), and T(threonine) are key amino
acids for binding with RHAMM-CT (Figure 4).
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Types of peptides
Figure 4. Alanine scan for peptide FTEAESNMNDLYV: 1- FTEAESNMNDLV (positive control), 2-
FTEAESNMNDAYV, 3- FTEAESNMNALYV, 4- FTEAESNMADLYV, 5- FTEAESNANDLYV, 6-
FTEAESAMNDLYV , 7- FTEAEANMNDLYV, 8- FTEAASNMNDLYV, 9- FTEAESNMNDLYV, 10-
FTAAESNMNDLYV, 11-FAEAESNMNDLYV, 12- ATEAESNMNDLYV. The stars represent the sequences
where Ala has replaced a key amino acid. * p <0.05 in relation to positive control.
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Based on the alanine scan data, truncated versions of the peptides (EEDFGEEAEEEA
and VEGEGEEEGEEY) were developed, containing the key amino acids shown in Figures 2,
3, and 4. These truncated peptides (DFGEEAEE and GEGEEGEE) were also used in
subsequent experiments to study their RHAMM receptor binding specificity.

3.3. Analysis of the specificity of binding of peptides to RHAMM-CT.

The specificity of the binding of peptide-ligands to the receptor is a prerequisite for
using these peptides in the treatment and diagnosis of cancer. Therefore, at the next stage of
our work, we investigated the binding specificity of the obtained peptides to RHAMM-CT. All
peptides (EEDFGEEAEEEA, FTEAESNMNDLYV, GEGEEGEE, DFGEEAEE, RYQLHPYR)
were found to bind with high affinity to the RHAMM-CT protein. However, the results showed
that peptides (GEGEEGEE and RYQLHPYR) bind most efficiently to RHAMM-CT (Figure
5).

2.5 5
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Fluorescence intensity, rel.units
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1 ) 2 ) 3 ) 4 ) 5
FITC-peptides
Figure 5. Assay binding FITC-labeled peptides (1- EEDFGEEAEEEA, 2- FTEAESNMNDLYV, 3-GEGEEGEE,
4- DFGEEAEE, 5- RYQLHPYR) with RHAMM-CT. The study of the binding of FITC-peptides to RHAMM-
CT was carried out at a peptide concentration 10 pg/ml. * p < 0.05 in relation to RHAMM-CT. A negative
control (no immobilized RHAMM) that showed minimal background fluorescence was subtracted for each
measurement.
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Figure 6. Competitive replacement of peptides with hyaluronic acid (labeled with Cy5.5): 1- HACy5.5, 2-
HACy5.5+ EEDFGEEAEEEA,; 3- HACy5.5+ GEGEEGEE; 4- HACy5.5+ RYQLHPYR ; 5- HACy5.5+HA,; 6-
HACy5.5+RHAMM Ab. The used concentration of peptides (10 ug/ml) and HA (10 pg / ml). * p <0.05 in
relation to RHAMM-CT + HACy5.5.
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At the next stage, we continued studying the competitive binding of peptides on the
RHAMM-CT HA-binding site. However, in this experiment, we used unlabeled peptides, and
HA was labeled with Cy5.5 fluorescent dye (Figure 6). The results showed that HA
competitively replaced peptides on the HA-binding site of RHAMM-CT. At the same time,
HA most effectively competed with peptide GEGEEGEE.

3.4. Analysis of the binding of aggrecan on the RHAMM-CT HA-binding site.

To confirm peptide binding to the RHAMM-CT HA-binding site, we also examined
peptide binding in the presence of other glycosaminoglycans such as aggrecan (Figure 7). As
shown in Figure 7, aggrecan cannot displace peptides from the HA binding site. Figure 6 also
shows that aggrecan does not compete with peptides for binding to the HA-binding site on
RHAMM-CT. Only the addition of HA leads to the substitution of peptides at the HA-binding
site of RHAMM-CT. Thus, the results showed that the obtained peptides bind specifically to
the RHAMM-CT HA-binding site.

600 -

T - - R

.
=
=1

Iluorescence intensity, rel.units
8 2 :
[=} [=}

100 4 *
0 T T T T T T ﬂ T T T T T ﬂ T
1 2 3 4 5 6 7 8 9

Processing types

Figure7. Analysis of peptide binding on the RHAMM-CT HA-binding site in the presence of aggrecan and HA:
1- RHAMM-CT+ FITC-EEDFGEEAEEEA, 2-FITC-EEDFGEEAEEEA+HA,; 3-FITC-
EEDFGEEAEEEA+aggrecan; 4- RHAMM-CT+FITC-GEGEEGEE; 5- FITC-GEGEEGEE+HA,; 6-FITC-
GEGEEGEE+aggrecan; 7- RHAMM-CT+RYQLHPYR; 8-FITC-RYQLHPYR+HA,; 9-FITC-
RYQLHPYR+aggrecan. * p < 0.05 relative to RHAMM-CT + FITC peptides.

3.5. Binding of FITC-peptides to the surface of prostate cancer cells.

For the use of peptides as theranostics, it is necessary to show the specificity of the
interaction of peptides with tumor cells. Therefore, at the next stage, we investigated the
binding of peptides to cancer cells' surfaces.

To determine whether peptides are able to interact with RHAMM and CD44 receptors
located on the surface of intact cells, we investigated the binding of FITC peptides to human
tumor cells using confocal fluorescence microscopy. We used prostate cancer cells (PC3m-
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LN4) for experiments, which are known to overexpress RHAMM, CD44, and HA [53-55]. It
was previously shown that these cells also bind fluorescently labeled HA [56, 57].

For this study, we selected FITC-peptide (FTEAESNMNDLYV), which has previously
demonstrated high binding affinity and specificity for RHAMM. Figure 8 shows confocal
images demonstrating the binding of FTEAESNMNDLYV peptide to cells (PC3m-LN4). Before
the addition of FITC-peptide, cells were preincubated with anti-IgG, anti-CD44, or anti-
RHAMM antibodies. Cells that were not treated with antibodies showed intense fluorescence,
indicating that the FITC-peptide binds to the cell surface (Figure 8, row 1, top).

DAPI FITC MERGE MERGE

no blocking

IgG Ab
blocked

CD44 mAb
blocked

RHAMM mAb
blocked

FTEAESNMNDLV

Figure 8. Visualization of FITC-peptide (FTEAESNMNDLYV) binding by prostate cancer cells using confocal
microscopy. DAPI (blue) was used to stain the cell nuclei, and the FITC peptide was colored green (FITC).
Cells were incubated with anti-1gG, anti-CD44, or anti-RHAMM antibodies before the FITC peptide addition.
Cells that were not treated with antibodies or cells treated with 1gG antibodies served as positive controls.

Pre-incubation of cells with anti-1gG antibodies that interact with the FcR receptor and
do not bind to RHAMM did not lead to a noticeable change in fluorescence. This indicates that
blocking the FcR receptor does not affect the binding of FITC-peptide to the cell surface
(Figure 8, 2nd row from the top). It should be noted that cells treated with anti-CD44 antibodies
(Figure 8, row 3) also showed fairly intense fluorescence. This indicates that blocking CD44
does not affect the binding of FITC- peptide to cells. As seen in Figure 8 (row 4), a significant
decrease in fluorescence was observed only when cells were treated with anti-RHAMM
antibodies that blocked the binding of FITC-peptide to RHAMM. Thus, the results showed that
FITC-peptide binds specifically to RHAMM on the surface of breast cancer cells.

Thus, the results showed that the FITC peptide binds specifically to RHAMM on the
surface of prostate cancer cells.

We also investigated the binding of peptides to ovarian cancer cells (Figure 9). The
results showed that the FITC-peptide EEDFGEEAEEEA binds specifically to the RHAMM

https://biointerfaceresearch.com/ 15


https://doi.org/10.33263/BRIAC121.002024
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC121.002024

receptor on the surface of ovarian cancer cells since the treatment of cells with anti-RHAMM
antibodies led to complete blocking of peptide binding on the cell surface. This indicates that
FITC-EEDFGEEAEEEA peptide binding is RHAMM mediated.

A B

Figure 9. Visualization of FITC-peptide (EEDFGEEAEEEA) binding by ovarian cancer cells using confocal
microscopy. DAPI (blue) was used to stain the cell nuclei, and the FITC peptide was colored green (FITC).
Cells (A, incubated with FITC-peptide) and cells after incubation with anti-RHAMM antibodies (B) prior to the
addition of the FITC peptide. Cells that were not treated with antibodies served as positive controls.

Natural peptide ligands play a key role in the functioning of cells and in intercellular
interactions, while they consist of a set of amino acids linked by amide bonds and usually
contain less than one hundred monomers. Their low molecular weight allows them to be rapidly
cleared from the blood, and their high binding specificity leads to the fact that their active
concentration in the tumor is reached at nanomolar amounts. Interestingly, peptide ligands are
very flexible regarding their chemical composition. It has been shown that such modifications
of peptides as cyclization, the use of unnatural D-amino acids, or their combinations associated
with chemical linkers can be easily developed [58, 59]. The use of peptide ligands is usually
determined by overexpression of tumor-specific receptors. The accumulation of the ligand
peptide in the tumor correlates with the receptor's expression, making it possible to distinguish
tumor tissue from normal tissue. Therefore, peptides conjugated to such diverse compounds as
fluorescent dyes, radionuclides, or iron oxide particles are used for optical, positron emission
tomography, or single-photon emission computed tomography, as well as for magnetic
resonance imaging [60-62].

The ideal target ligand peptide should accumulate in the target, not in normal tissues,
and when used for cancer imaging, it should be rapidly removed from circulation in order to
minimize background and enhance the specific signal in relation to noise [63]. In the case of
drug delivery, the accumulation of the peptide-drug conjugate in the target will increase the
drug's effectiveness and reduce side effects.
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New theranostic agents have recently appeared, suitable for use in both imaging and
cancer therapy [64-66]. Such naturally occurring ligand peptides are useful for peripheral
imaging cancers such as breast, prostate, and melanoma. The amino acid sequences of the target
peptide ligands can be determined using various methods. These methods include the
development of derived sequences of natural proteins, such as, for example, endothelial
vascular growth factor (VEGF) and somatostatin (SST), or the screening of peptide libraries
consisting of billions of short random amino acid sequences located on viral particles [67-70].
Recently published research results suggest that the gastrin-releasing peptide receptor (GRPR)
is associated with prostate cancer progression and is also overexpressed in 62-96% of cases in
primary breast tumors [71]. Naturally occurring gastrin-releasing peptide (GRP) has a high
affinity for the GRPR receptor. Bombesin (YQRLGNQ-WAVGHLM) and its derivatives,
which are analogs of gastrin-releasing peptide (GRP), have been studied in detail on many
human tumor cell lines and xenograft tumors, including breast cancer [72-74]. These studies
have shown that bombesin analogs may be useful for detecting GRPR-expressing human breast
tumors by PET. Similar to the SSTR system, these peptides, consisting of the C-terminal
modification of bombesin, have been successfully used to visualize prostate tumors using PET
and CT in mice and humans [75-79].

Another example of peptide ligands is the natural a-melanocyte stimulant hormone (a-
MSH) ligand, which specifically binds to the melanocortin-1 receptor (MC1R). The
melanocortin-1 receptor is expressed by melanocytes in normal tissue and plays a key role in
the synthesis of epidermal melanin pigments and photoprotective response through the
activation of DNA repair pathways antioxidant defense. Since MC1R is highly overexpressed
in primary melanomas and their metastases, imaging techniques have been developed using
several peptide fragments obtained from a-melanocyte-stimulant-hormone (a-MSH) [80]. Over
the past decade, MCI1R ligand mimetics, radio-fluorinated metallopeptides, have been
developed for PET tumor imaging. For SPECT imaging, lactam-cyclic analogs of a-MSH have
been developed, which can also be used in PET, when this cyclic a-MSH is bound to DOTA
residues [81]. All synthetic peptides showed better tumor uptake compared to radioactively
labeled endogenous ligands in preclinical studies.

The first attempts in this direction led to the creation of the PEP-1 peptide, which was
identified by the method of sequential binding of a 12-dimensional phage display to
immobilized HA [82]. It was shown that PEP-1 decreased gastric stem cell proliferation and
decreased H. pylori-induced gastric epithelial proliferation in vivo [83]. In addition, PEP-1,
combined with selective activation of the adenosine A2 receptor, inhibited inflammation
associated with arthritis [84, 85]. The PEP-1 peptide also reduced tumor metastasis and
increased survival in mice [86]. Although PEP-1 was effective in these studies, it has not been
shown to inhibit HA interactions with a specific receptor. A unique peptide RHAMM mimetic
(P-15) was developed more recently using a 15-dimensional phage display approach [87]. This
P-15 peptide, which binds to HA, is unique in several respects. In contrast to PEP-1, the P-15
peptide contains the BX7B HA binding motif found in RHAMM. This peptide can bind low
molecular weight HA fragments with high affinity and inhibit the binding of HA to RHAMM,
but does not block the binding of HA to CD44. It was shown that peptide P-15 inhibits HA-
stimulated migration of RHAMM fibroblasts*"*), but does not affect migration of knockout
RHAMM fibroblasts™). In addition, P-15 was found to reduce inflammation, angiogenesis,
and fibroplasia of RHAMM®™) cells, but not RHAMM )[87]. It should be noted that the
development of HA-binding peptides continues, and recently a new 42-amino acid BH-P
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peptide was developed, which contains three HA-BX7B motifs and exhibits antitumor effects,
in particular, inhibits the proliferation of tumor cells and tumor growth melanoma in xenograft
mice [88].

One of these methods used a phage library that contained high levels of negatively
charged L- and D-amino acids, and initially, the screen included those peptides that bind to the
recombinant HA-binding fragment of RHAMM [89, 90]. Positive candidates were tested for
their ability to compete with HA for binding to recombinant RHAMM by ELISA. It has been
shown that these peptides (for example, B2-A) bind specifically to basic amino acids in the
RHAMM protein, which are known to be involved in its interaction with HA. However, the
biological effects of these peptides have not been investigated.

In this work, we investigated peptides' interaction with recombinant RHAMM-CT and
showed that the synthesized peptides bind with high affinity to the RHAMM-CT protein and
compete with hyaluronic acid for the binding site. We have demonstrated that peptides contain
key amino acids (EEXEEZ, N, G, D, Y, S) required for binding to the RHAMM receptor. We
have shown that truncated versions of peptides containing key amino acids can also bind with
RHAMM with high affinity and specificity.

The results of our studies showed that the binding of peptides to RHAM-CT is specific,
and aggrecan is unable to compete with these peptides for the binding site. We have shown that
peptides specifically interact with the RHAMM receptor on the surface of prostate cancer cells.
Based on the above, we can conclude that these peptides can be used as molecular non-invasive
probes for the early diagnosis of oncological diseases. However, further studies in animal
models are needed. Currently, the development of peptides, HA mimetics, as therapeutic agents
for treating oncological diseases continues [91-93].

4. Conclusions

Based on our results, we can conclude that RHAMM — target peptides can be used for
the early detection, diagnosis, and progression of cancer. RHAMM target peptides are excellent
candidates for molecular cancer diagnostics because they have the advantages of their small
size, low molecular weight, simplicity, ease and low cost of synthesis, high selectivity, and
remarkable ability to modify conjugate. In the new era of personalized / precision medicine,
diagnostic and therapeutic treatments aim to use the genetic and molecular characteristics of a
tumor to select a specific targeted therapy for each patient. In this aspect, RHAMM - target
peptides can be considered as promising diagnostic agents.
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