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Abstract

To select specific binding peptides for imaging and detection of human ovarian cancer. The phage 12-mer peptide library
was used to select specific phage clones to ovarian cancer cells. After four rounds of biopanning, the binding specificity of
randomly selected phage clones to ovarian cancer cells was determined by enzyme-linked immunosorbent assay (ELISA).
DNA sequencing and homology analysis were performed on specifically bound phages. The binding ability of the selected
peptides to SKOV3 cells was confirmed by fluorescence microscopy and flow cytometry. After four rounds of optimized
biological panning, phage recovery was 34-fold higher than that of the first round, and the specific phage clones bound to
SKOV3 cells were significantly enriched. A total of 32 positive phage clones were preliminarily identified by ELISA from
54 randomly selected clones, and the positive rate was 59.3%. S36 was identified as the clone with best affinity to SKOV3
cells via fluorescence microscopy and flow cytometry. A representative clone of OSP2, S36 is expected to be an effective

probe for diagnosis and treatment of ovarian cancer.
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Introduction

The incidence and mortality of ovarian cancer rank first
among cancers of the female reproductive system, and the
trend of younger generation is obvious, posing a serious
threat to women’s health (Siegel et al. 2019). Survival rate
of ovarian cancer mainly depends on early detection, but
early symptoms of ovarian cancer are not obvious, most
patients are diagnosed at stage III or IV, of which the 5-year
cause-specific survival were 42% and 26%, respectively.
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However, for those patients diagnosed at stage I and II, the
S-year survival rate can be as high as 89% and 71% (Torre
et al. 2018). Serum carbohydrate antigen 125 and human
epididymal epithelium secreted protein 4, as well as ovarian
cancer risk prediction model which based on the levels of
these two serum biomarkers and the menopausal status of
patients, are of great significance for assessing the risk of
ovarian cancer (Chudecka-Glaz et al. 2016; Dayyani et al.
2016; Dochez et al. 2019; Romagnolo et al. 2016). However,
these indicators are not specific in the early diagnosis of
ovarian cancer. Thus, improved detection of ovarian cancer
is needed to enhance prognosis for patients.

Phage display technology is a unique gene recombination
expression method described by Smith (1985). Proteins or
peptides with high affinity and selectivity to target molecules
can be obtained through insertion of the gene encoding the
corresponding polypeptide into the phage genome (Parmley
and Smith 1988). Ligands can be identified with no prior
information concerning antibody specificity (Cwirla et al.
1990). Phage display technology has not only been success-
fully applied in various biomedical fields such as molecular
imaging (Haque et al. 2019), vaccine development (Toledo-
Machado et al. 2015), antibody engineering (Muchima et al.
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2018) and nanotechnology (Hofmeister et al. 2015), but also
shown its unique advantages in the detection of tumor-spe-
cific target molecules and targeted therapies. Studies have
shown that peptide probes with high specificity and affinity
have been identified for cervical cancer (Xiao et al. 2019),
breast cancer (Liu et al. 2019), pancreatic cancer (Asar et al.
2020), colon cancer (Kwak et al. 2020a) and esophageal
cancer (Ma et al. 2015).

In this study, we have tried to find out novel peptides tar-
geting SKOV3 cells from a liner 12-mer phage display pep-
tide library, indicating its potential as an useful molecule to
imaging detection and targeting therapy for ovarian cancer.

Materials and Methods
Cell lines and Cell Culture

SKOV3 (human ovarian cancer cell), Hela (human cervical
cancer), AN3CA (human endometrial cancer cell), HEK293
(human embryonic kidney cell) are all from Department
of Obstetrics and Gynecology Laboratory, MCF7 (human
breast cancer cell) and MHCC97-H (human highly meta-
static liver cancer cell) were donated from the Department
of Physiology and Diseases Laboratory. All cell lines were
maintained in RPMI-1640 medium supplemented with 10%
[v/v] heat-inactivated fetal bovine serum (FBS), 100 U peni-
cillin/ml and 100 mg streptomycin/ml at 37 °C in a humidi-
fied atmosphere with 5% CO,.

Phage Display Biopanning

Ph.D.-12 liner peptide library kit was purchased from
New England Biolabs (NEB, Beverly, USA). SKOV3 and
HEK?293 cells were used as positive target cells and nega-
tive absorber cells, respectively. Cells (5 x 10°/ml) were
seeded on polylysine coated plates, and cultured overnight
with RPMI-1640 medium containing 10% FBS to 80-90%
confluence. HEK293 and SKOV3 cells were cultured
with serum-free medium for 1 h, blocked with 3% bovine
serum albumin (BSA) for 2 h at 37 °C and washed three
times with TBST (TBS +0.1% Tween-20 [v/v]) buffer.
Approximately 1x 10'! pfu phages were incubated with
HEK?293 cells at 37 °C for 1 h. After incubation, the super-
natant containing unbound phages was incubated with the
blocked SKOV3 cells at 37 °C for 2 h. The cells were
washed four times with 0.1% TBST to remove unbound
and nonspecific phages, bound phages were eluted with
elution buffer (260 pl, 0.2 M Glycine-HCI (pH 2.2)) for
20 min and neutralized with 40 pl of 1 M Tris—HCI (pH
9.1). The eluted phages were titered and amplified as
described in the manufacturer’s protocol. These amplified
phages were subjected to the next round of biopanning. To
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minimize non-specific binding, HEK293 cells were cho-
sen for biopanning against peptide library before SKOV3
cells in each round.

Enzyme-Linked Imnmunosorbent Assay

After the fourth round of biopanning, 54 phage clones
were randomly picked out from titered phage plaques
for ELISA. SKOV3 and HEK293 cells were seeded into
96-well plates (4 x 10* cells/well) overnight and then fixed
with 4% paraformaldehyde for 20 min at room tempera-
ture. 3% H,0, (100 pl/well) was added, and the plates
were placed at room temperature for 30 min to inhibit
the activity of endogenous peroxidase. Then cells were
blocked with blocking buffer (TBST containing 3% BSA,
250 pl/well) at 37 °C for 2 h. The selected phages (1 x 10'°
pfu/well) were added to SKOV3 and HEK?293 cells and
incubated at 37 °C for 1.5 h. After that, the cells were
washed three times with TBST and cultured with HRP-
conjugated anti-M13 antibody (diluted at 1:10,000 in 3%
BSA, Sino Biological, Beijing, China) for 1 h. Tetrameth-
ylbenzidine (100 pl/well, Solarbio Technology Co., Ltd.)
were added to the cells and incubated at 37 °C in the dark
for 20 min. The incubation was stopped by adding 100 pl/
well stop solution. Finally, the 96-well plates were meas-
ured at 450 nm using an ELISA reader (Bio-Tek ELX800,
USA). Irrelevant phage clone (IRP, an amplified phage
randomly selected from the original phage peptide library)
and PBS were used as control groups. The relative binding
abilities were calculated by ODggy3/ODpgkags, the ratio
of absorbance over 2.1 was identified as positive clone.

DNA Sequencing of the Positive Phage Clones

The selected positive phage clones were extracted DNA for
the sequencing analysis. Firstly, Escherichia coli ER2738
were inoculated in 10 mL LB + Tet, shaken vigorously over-
night and diluted to 20 ml LB at the next day. Then, 10 pl
monoclonal phage was added to ER2738 and the mixture
was shaken at 37 °C for 4.5 h, and the supernatant was har-
vested at 12,000xg for 10 min. 200 pl of PEG/NaCl was
added to the supernatant to precipitate the phages. The pre-
cipitate was suspended in iodide buffer, and followed by
ethanol precipitation at room temperature for 10 min. The
ssDNA was recovered and dissolved in TE buffer. DNA
sequencing of the selected phages was carried out by Sangon
Biotech (ShangHai, China). The primer used for sequencing
was -96gII1 5"-HO CCC TCA TAG TTA GCG TAA CG-3".
The encoded peptide sequence was deduced from the DNA
sequence. Homologous analysis were performed according
to the BLAST (https://blast.ncbi.nlm.nih.gov/Blast.).
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Immunofluorescence Staining of Positive Phage
Clones

SKOV3, Hela, AN3CA, MCF7, MHCC97-H and HEK293
cells (4 x 10%well) were cultured on coverslips overnight
and then fixed with 4% paraformaldehyde for 30 min at
room temperature. Followed by washing with PBS three
times and blocking with 1% BSA for 30 min at 37 °C,
1 x 10" pfu representative clone of positive phage and
IRP were added and incubated with the cells at 37 °C
for 2 h. Cells were washed with PBS and incubated with
anti-M13 antibody (Abcam, USA) at a dilution of 1:200
at 4 °C overnight. Subsequently, cells were washed with
PBST and FITC Conjugated AffiniPure Goat Anti-rabbit
IgG (working dilution of 1:100, Boster Biological Tech-
nology Co., Ltd., China) were added and incubated at
37 °C for 2 h. After washing three times with PBS, DAPI-
Staining-solution (Boster Biological Technology Co.,
Ltd., China) was used to stain the nucleus. The cells were
finally observed using an inverted microscope (SP8 STED
3X, Leica, Germany). IRP and PBS were used as control
groups. The relative intensity of green fluorescence signal
was calculated using Image J.

Flow Cytometry

SKOV3 and HEK293 cells (1 x 10° cells/ml) were fixed with
4% polyformaldehyde at room temperature for 20 min and
blocked with 1% BSA for 30 min. 1 x 10'° pfu phages (S36
and IRP) were added and incubated at 37 °C for 1 h. After
washing three times with PBS, M 13 antibody (1:200, Santa
Cruz Biotechnology, Inc., USA) was added for incubation
at 37 °C for 40 min. Cells were washed with PBS and incu-
bated with second antibodies FITC Conjugated AffiniPure
Goat Anti-mouse IgG (1:100, Boster Biological Technol-
ogy Co., Ltd., China) at 37 °C for 40 min. After washing
three times with PBS, the ability of phages to bind with the
cells was detected by flow cytometry (EPICS XL/XL-MCL,
Beckman Coulter, USA).

Localization Analysis of S36 to Cancer Cells

AN3CA, Hela, MCF7, MHCC97-H, HEK293 and SKOV3
cells (4 x 10*/well) were incubated with the Dil membrane
probe (Beyotime, China) at 37 °C for 15 min, washed three
times with PBS, blocked with 1% BSA for 30 min. 1x 10
pfu phages were incubated with cancer cells for 1 h at
37 °C. After washing three times with PBS, the cells were
incubated with anti-M13 antibody (Abcam, USA) at 4 °C
overnight. The second antibodies FITC-Goat Anti-rabbit
IgG were added and incubated at 37 °C for 2 h. DAPI was

used to stain the nucleus, and the slides were observed using
laser confocal microscope (FV1000, Olympus, Japan).

Statistical Analysis

Each experiment was repeated at least 3 times. Statistical
analysis was performed using SPSS 20 (IBM, Armonk,
NY, USA). All data are expressed as the mean + S.D. Inde-
pendent-Samples t-test was used to analyze the differences
between the means. P < 0.05 was considered statistically
significant.

Results

Screening of SKOV3 Cells Specifically Binding Phage
Clones

To screen phages that bound specifically to human ovarian
cancer cells, four rounds of in vitro subtraction screening
were performed. As shown in Table 1, after four rounds of
biopanning, the recovery rate was 34 times higher than that
of the first round (from 3.7 X 107> t01.26 x 10~2). The results
revealed that phages specifically binding to SKOV3 cells
were significantly enriched.

Binding Activity of Phage Clones by ELISA

After the fourth round of screening, 54 phage clones were
randomly selected, and verified the specific binding ability
to SKOV3 cells by ELISA. As shown in Fig. 1, 32 phage
clones were identified as positive clones with high binding
ability to SKOV3 cells compared to other clones, IRP and
PBS controls. The positive rate was 59.3%.

Sequencing of the Positive Phages

A total of 32 positive phage clones were sequenced and
homologous analysis was performed. As shown in Table 2,
phages with same sequence were classified, and twelve
peptide sequences were obtained and named OSP1 to
OSP12. The OSP1, OSP2, OSP3, OSP4, OSP5, and OSP6
emerged six, five, five, four, three, three times respectively,

Table 1 Enrichment of phage clones by subtraction biopanning

Round Input phages (pfu)  Output phages (pfu)  Recovery rate?
1 1.0x 10" 3.7%x10° 3.7%x1073
2 1.0x 10" 8.4x10° 8.4x1073
3 1.0x 10" 3.4x%107 34x107*
4 1.0x 10" 1.26x10% 1.26x 1073

#Recovery rate =Output phages/Input phages

@ Springer



1744 International Journal of Peptide Research and Therapeutics (2021) 27:1741-1749
Fig. 1 Identification of the a
phages that bound specifically 55-
to the human ovarian cancer g
cells. Phage clones binding to -
SKOV3 were detected by incu- ) 4.5+
bation with HRP-conjugated ___‘:: 4
anti-M 13 phage antibody. a = 354
ELISA results of phage clones 3 3
S1-S28. b ELISA results of E ]
phage clones S29-S54, IRP and e 2.54
PBS. The relative binding abil- é 24
ity were analyzed by the ratio :Z 1.5
of absorbance of SKOV3 cells 14
and absorbance of HEK293 _
cells. IRP and PBS were used 0.5
as negative controls. Error bars 0+
represent the standard deviation AR FL R RSN I E N ER2Saaaadaaaa
fthreereplicates v v o oo onnwm
© Phage clone
454
£ 41
E 3.54
g
£ 3
8
= 2.5 1
)
< 15
14
0.54
04
AR EARINERERSTSL2ILRL R TEEA
Phage clone
Tab!gZ Peptide sequences of Peptide name Phage clones Peptide sequences Frequency
positive phage clones
OSP1 S8, 89, S13, 523, 524, S32 SNTALPSKFYGY 6
oSsp2 S1, S12, S30, S36, S52 METRPVAPHEFR 5
OSP3 $6,522,527,835,547 QMGFMTSPKHSV 5
OSP4 $10,528,S31,S34 GVYTGYARGQSL 4
OSP5 $2,511,S40 DGRRVLGNQSRG 3
OSP6 $3,57,S33 ISLENFAQRLRD 3
OSP7 S21 DDRSQQMNPGLR 1
OSP8 S46 EAMPTHPMQSRP 1
OSP9 S37 LTHTTNNNTERE 1
OSP10 S25 NMPKVPTSTVMS 1
OSPI11 S45 SGPVEAQLGPRL 1
OSP12 S4 SLFTSEDEKSNW 1

and the rest of the sequences all emerged once. At the
same time, the corresponding phage clones S8, S36, S35,
S10, S2, S3 of OSP1 to OSP6 have been further studied
because of high binding ratio. Homologous analysis was
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identified by BLAST between the peptides and the known
proteins. However, no complete homologous protein was
found, and the peptide with the lowest E value was OSP2
(Table 3).



International Journal of Peptide Research and Therapeutics (2021) 27:1741-1749 1745

Table 3 H°,m°1°g¥ analysis of Peptide name Homologous protein® E value® Ident (%)

twelve peptides using BLAST
OSP1 Homeobox protein Hox-D8 isoform 1 8.6 6/7(86%)
OSP2 Immunoglobulin heavy chain junction region 0.098 8/9(89%)
OSP3 Immunoglobulin heavy chain junction region 5.8 6/6(100%)
OSP4 Immunoglobulin heavy chain junction region 2.3 7/7(100%)
OSP5 mitochondrial mRNA pseudouridine synthase RPUSD3 isoform 1 8.6 7/7(100%)
OSP6 Activated tyrosine kinase PDGFRB 1.5 7/10(70%)
OSP7 Immunoglobulin heavy chain junction region 0.68 7/8(88%)
OSP8 hCG2041445 8.6 9/14(64%)
OSP9 hCG1787830 2.1 9/15(60%)
OSP10 AT-rich interactive domain-containing protein 1B isoform 3 35 7/9(78%)
OSP11 hCG1986016 6.1 7/8(88%)
OSP12 Dapper homolog 1 isoform 1 1.5 10/17(59%)

“Peptides were analyzed for homology with homo sapiens proteins

°E value is the fitting coefficient for database. The lower E-value leads to better fitting degree

Affinity Analysis of Positive Phage Clones

Based on the results of ELISA and DNA sequencing, the
positive clones S2, S3, S8, S10, S35, and S36 were used
for further identification. Cell immunofluorescence assay
was performed to detect the specific binding of the six
phage clones to SKOV3 cells. As shown in Fig. 2a, the six
phage clones all bound SKOV3 cells, whereas only back-
ground staining was observed in IRP and PBS groups and
the phage S36 bound preferably to SKOV3 cells than other
phage clones. Relative intensity of green fluorescence sig-
nal was calculated by Image J software. The binding abil-
ity of the six phage clones was significantly different to
SKOV3 cells, and phage S36 showed strongest binding to
SKOV3 cells. (Fig. 2b). S36 was analyzed by flow cytom-
etry as shown in Fig. 2c. S36 has specific binding activity
to SKOV3 cells than IRP, and the mean binding rate of S36
and IRP showed no difference to HEK293 cells.

To further evaluate the specificity, S36 was selected to
bind to other cancer cells, such as cervical (Hela), endome-
trial (AN3CA), breast (MCF7) and highly metastatic liver
(MHCC97-H) cancers. Figure 3 shows that S36 specifically
bound to SKOV3 cells, but showed low affinity to Hela,
AN3CA, MCF7 and MHCC97-H cells. These results sug-
gested that S36 was the best clone with specific affinity to
SKOV3 cells.

Localization Analysis of S36 Clone to Cancer Cells

Localization of S36 clone was further analyzed on a range
of cancer cell lines by specific membrane staining using Dil.
As shown in Fig. 4, FITC-labeled S36 clone showed spe-
cific fluorescence on the cell membrane of SKOV3, there
was no significant green fluorescence in other cancer cells
including AN3CA, Hela, MCF7, MHCC97-H and HEK?293

cells. At the same time, the FITC-labeled IRP bound with
low affinity to SKOV3 cells (Control). The results revealed
that S36 showed specific staining on SKOV3 cells, but not
on other cell lines.

Discussion

The prognosis of patients with ovarian cancer is closely
related to the stage of the disease, it is necessary to find
new biomarkers to improve diagnosis, treatment and
prognosis of ovarian cancer. Phage display technology is
a simple and effective tool for screening peptides. The
premade libraries include linear heptapeptide (Ph.D.-7)
and dodecapeptide (Ph.D.-12) libraries, as well as a loop-
constrained heptapeptide library (Dmitrieva et al. 2020).
M13 phage is the most widely used vector which consists
of a circular single-stranded DNA (ssDNA) genome cov-
ered by the major coat protein pVIII and minor coat pro-
teins plIl, pVI, pVII and pIX. These five coat proteins are
all used to display foreign peptides on the surface of M13
phage, but the minor protein pllI is the most commonly
used (Tonelli et al. 2012). The inserted exogenous peptides
or proteins do not affect the phage’s structure and infectiv-
ity, and can maintain relatively independent spatial struc-
ture and biological activity (Devlin et al. 1990). In this
study, we identified a peptide, which could be effectively
recognized ovarian cancer SKOV3 cells through a liner
Ph.D.-12 peptide library.Phage display peptide screening
methods mainly include in vivo (Pasqualini and Ruoslahti
1996) and in vitro (Zhang et al. 2007) screening. In vivo
phage screening refers to peptide library screening in live
animals. The peptide library is injected intravenously into
the animal, and the phages can selectively target different
tissues to obtain tissue-specific peptides (Pasqualini and
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Fig. 2 Affinity analysis of posi- S3
tive phage clones. a Immuno-
fluorescence staining of SKOV3
cells with phage clones S2, S3,
S8, S10, S35, S36. The cell
nucleus were shown in blue
(DAPI) and the phages were
shown in green (FITC). Scale
bar=25 pm. b Fluorescence
signal intensity analysis. The six
phage clones had a significantly
higher affinity for SKOV3 than
IRP and PBS controls. IOD/
Area were calculated as the
average green fluorescence
intensity. Values were shown as
the mean + standard deviation.
“*P <0.001. ¢ Flow cytom-
etry analysis of S36 binding

to SKOV3 cells (Color figure
online)
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SKOV3 AN3CA Hela MCF7 MHCC97-H HEK293

Melg‘e.......
DAPI.......
- ......

Fig. 3 Immunofluorescence staining of phage S36 binding to a in blue (DAPI) and the phages were shown in green (FITC). Scale
range of cancer cell lines.. The cell lines include Hela, AN3CA, bar=30 pm (Color figure online)
MCF7, MHCC97-H and HEK?293. The cell nucleus were shown

AN3CA MHCC97-H HEK?293 Control

Fig.4 Localization analysis of S36 to cancer cells. The FITC-labeled Dil (red) and nuclei were counterstained with DAPI (blue). Scale
clone S36 was incubated with AN3CA, Hela, MCF7, MHCC97- bar=10 pm (Color figure online)
H and HEK?293 cells (green). Cell membranes were visualized with

Ruoslahti 1996). In vivo screening also has some limita-  animal models using this method may not be transformed
tions. Because of different species, peptides isolated from  into humans (Wu et al. 2016). In vitro biopanning (also
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often called whole-cell panning) is used to isolate pep-
tides linked to specific cell targets. Usually, a given cell
type has hundreds or thousands of different receptors,
each could theoretically acquire a specific ligand from the
library, leading to a higher non-specific binding between
phages and cells, which makes the unsatisfactory screen-
ing effect of tumor cells. Obtained peptides that specifi-
cally bind to cells depend both on the strength and strin-
gency of the panning procedure. In this study, to minimize
non-specific binding, HEK293 cells were firstly chosen for
biopanning against peptide library before SKOV3 cells in
each round. In addition, phages with high affinity for their
targets were isolated by changing the washing conditions
(increasing washing times and Tween-20 concentration).
Recently, a few peptides targeting to ovarian cancer cells
have been successfully screened. Zhang et al. also used
phage display technology to obtain short peptides that spe-
cifically bound to ovarian cancer SKOV3 cells from a ran-
dom 12 peptide library. Through 5 rounds of biopanning, 10
sequences were obtained from 20 randomly selected clones.
7.1 had the highest specificity for binding to ovarian cancer
SKOV3 cells (Zhang et al. 2011). According to the protocol
of phage peptide library kit, 3—4 rounds of biopanning are
recommended. Increasing the panning rounds will enrich
non-specifically bound phages. In our study, after 4 rounds
of screening, phage recovery rate increased 34 times. A total
of 32 positive phages were confirmed by ELISA and 12
sequencing results were obtained. Immunofluorescence and
flow cytometry observed S36 was the best clone with highest
binding ability to ovarian cancer SKOV3 cells. The peptide
sequences are different from the results of Zhang et al. that
may be related to stringency of the screening procedures.
Due to the presence of specific epitopes or antigens
on the surface of ovarian cancer cells, phage S36 specifi-
cally binds to ovarian cancer SKOV3 cells. Through DNA
sequencing and homology analysis, we found that S36
(METRPVAPHEFR) is highest homology with antibody
heavy chain junction region. Immunoglobulin is a Y-shaped
structural protein consisting of two identical light chains and
two identical heavy chains. Specificity and affinity of anti-
bodies are determined by an antigen-binding fragment (Fab)
(Nagano and Tsutsumi 2021). Cell surface epitope or antigen
specifically bound to the phage clone S36 also bind to the
heavy chain of immunoglobulin, which may be of great help
for further research on the binding sites of ovarian cancer-
specific antibodies. High molecular weight and poor tissue
penetration of antibodies reduce its aggregation in the tumor
site, which may be the reason for the unsatisfactory effect of
tumor treatment. Compared with antibodies, peptides have
some advantages of small molecular weight, low immuno-
genicity, high affinity, strong tissue penetration and easy syn-
thesis. Phage clone S36 is expected to be an effective probe
combined with appropriate fluorescent markers, liposomes
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or anti-tumor drugs for early tumor imaging diagnosis and
targeted therapy (Li et al. 2020; Yeh et al. 2016), which has
important practical significance for solving the problems
faced by the prevention and treatment of ovarian cancer.

Further studies needed to synthesize peptides according
to the OSP2 sequence, and verified the specificity and sen-
sitivity in ovarian cancer cells, clinical tissue samples and
animal models.
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