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Abstract

Background FZD?7 has a critical role as a surface receptor of Wnt/pB-catenin signaling in cancer cells. Suppressing Wnt
signaling through blocking FZD7 is shown to decrease cell viability, metastasis and invasion. Bioinformatic methods have
been a powerful tool in epitope designing studies. Small size, high affinity and human origin of scFv antibodies have provided
unique advantages for these recombinant antibodies.

Methods Two epitopes from extracellular domain of FZD7 were designed using bioinformatic methods. Specific anti-FZD7
scFvs were selected against these epitopes through panning process. The specificity of the scFvs was assessed by phage
ELISA and the ability to bind to FZD7 expressing cell line (MDA-MB-231) was determined by flowcytometry. Antiprolif-
erative and apoptotic effects of the scFvs were evaluated by MTT and Annexin V/PI assays. The effects of selected scFvs on
expression level of Surivin, c-Myc and Dvl genes were also evaluated by real-time PCR.

Results Results demonstrated selection of two specific scFvs (scFv-I and scFv-1I) with frequencies of 35 and 20%. Both
antibodies bound to the corresponding peptides and cell surface receptors as shown by phage ELISA and flowcytometry,
respectively. The scFvs inhibited cell growth of MDA-MB-231 cells significantly as compared to untreated cells. Growth
inhibition of 58.6 and 53.1% were detected for scFv-I and scFv-1I, respectively. No significant growth inhibition was detected
for SKBR-3 negative control cells. The scFvs induced apoptotic effects in the MDA-MB-231 treated cells after 48 h, which
were 81.6 and 74.9% for scFv-1 and scFv-II, respectively. Downregulation of Surivin, c-Myc and Dvl genes were also shown
after 48h treatment of cells with either of scFvs (59.3-93.8%). ScFv-I showed significant higher antiproliferative and apop-
totic effects than scFv-II.

Conclusions Bioinformatic methods could effectively select potential epitopes of FZD7 protein and suggest that epitope
designing by bioinformatic methods could contribute to the selection of key antigens for cancer immunotherapy. The selected
scFvs, especially scFv-1, with high antiproliferative and apoptotic effects could be considered as effective agents for immu-
notherapy of cancers expressing FZD7 receptor including triple negative breast cancer.
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Introduction

Frizzled receptor 7 (FZD7) belong to a 10-member fam-
ily, all having common structure including a cysteine-rich
domain (CRD) and a C-terminal PDZ domain, respec-
tively, exposed in the extracellular and intracellular parts,
a seven pass transmembrane domain, and an N-termi-
nal signal peptide [1-4]. Interaction of FZD7 with Wnt
ligand occurs through CRD which is then transferred to
disheveled (Dvl) in the cytoplasm to activate Wnt signal-
ing. Several studies have shown the critical role of FZD7
as a surface receptor of Wnt/p-catenin signaling in cancer
cells. Binding of Wnt ligands to FZD receptors and LRP
co-receptor initiate a cascade of signals involved in cell
fate and proliferation. It protects p-catenin from phos-
phorylation and stabilizes its translocation to the nucleus
and binding with T cell factor/lymphoid enhancer factor,
(TCF/LEF) transcription factors, to activate transcription
of tissue-specific oncogenes such as Survivin, c-Myc,
and cyclin D1 [2, 5]. Target genes of Wnt signaling are
known to be associated with proliferation, invasion and
angiogenesis of tumor cells, as well as their resistance to
apoptosis. FZD7 has limited expression in normal tissues
while is overexpressed on the surface of cancer cells [5,
6], resulting in the over-activation of Wnt target genes and,
therefore, initiation and growth of many cancers includ-
ing triple-negative breast cancer (TNBC) [2, 6—8]. Down
regulation of Wnt pathway by targeting FZD7 has led to
decrease in vitro cell viability, metastatic and invasion
activities [9, 10] and has been recommended as an effec-
tive strategy for cancer immunotherapy.

A new approach in suppressing signaling cascades is
by applying small molecules to interfere with the inter-
action of ligand-receptor. Identifying functional epitopes
of a receptor, however, is a key step in the effectiveness
of receptor targeting. In this field, bioinformatics has
provided a powerful and reliable tool in current epitope-
designing studies by simulation of spatial structure and
molecular prediction of epitope-binding activity [11].
This method has been frequently used in recent vaccine-
development studies for scanning protein antigens to select
candidate epitopes and has considerably reduced the time
and cost of researches [12]. Production of recombinant
antibodies, which are of particular interest to both basic
and clinical biomedical researchers, are also integrated
with bioinformatics improvements. Single chain Frag-
ment variable (scFv) antibodies contain variable regions
of heavy (VH) and light (VL) chains connecting together
by a short peptide linker [13]. They form necessary parts
participating in the recognition of antigens. A variety of
advantages including human origin, small size, high affin-
ity and specificity of scFvs have made these antibodies
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ideal agents for targeted therapy. Several scFv antibodies
are currently in clinical trial stages [14], showing their
potential and effectiveness properties. Anti-FZD7 scFv
has been selected and their inhibitory effects on breast
and colorectal cancer cell lines has been shown [15, 16].
However, the role of epitope designing, its location on the
target cell and bioinformatics data in the effectiveness of
receptor targeting are not shown.

In the present study, two immunodominant epitopes
from the extracellular domain of FZD7 were selected using
bioinformatic methods. The epitopes were used for selec-
tion of human single chain fragment variable antibodies
from a naive phage library. Antitumor properties of the
selected scFvs were investigated on TNBC cell lines.

Materials and methods

Selection of antigenic peptides by bioinformatics
methods

Amino acids regarding CRD domain of FZD7 receptor were
retrieved from UniProt server [17]. Tertiary structure of
CRD domain was created by employing homology modeling
using modeler 9.11 software [18]. To select the antigenic
epitopes on CRD domain, EpiC, antigenicity and functional
prediction server [19] was used. Chimera software [20] was
applied for all visualizations.

Enrichment of anti-FZD7 scFv

A naive phage antibody library of scFvs was developed as
described previously [21, 22]. The library was phage-res-
cued using M13KO7 helper phage (New England Biolabs
Inc., USA) and four rounds of panning process were per-
formed on it to enrich for anti-FZD7 scFvs. Briefly, peptides
were coated on immunotubes (Nunc, Denmark) for 16 h at
4 °C. After blocking with skimmed milk 2%, the phage-
rescued supernatant (10'" pfu/mL) diluted with blocking
solution (1:1) was added and incubated for 1 h at RT. Elu-
tion was done using TG1 E. coli. Four rounds of panning
were followed and colony PCR and DNA fingerprinting with
Mva-I restriction enzyme were done to reveal the common
patterns. For each peptide antigen, an individual clone with
the most frequent pattern was selected for further evaluation.

Phage ELISA

10 pg/mL of peptide was coated on MaxiSorp ELISA plates
at 4 °C. Phage-antibodies, anti-FZD7 phages: scFv-I, scFV-1I
or scFv-1II, were added to the plate separately and incubated
for 2 h. In a parallel set of experiment, an unrelated peptide, no
peptide well, M13KO7 helper phages and an unrelated scFv
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were also used as negative controls. After washing, rabbit
anti-fd bacteriophage antibody (Sigma, UK) was added and
incubated for 1.5 h followed by 1 h incubation with HRP-
conjugated anti-rabbit antibody. Bound phages were detected
with TMB (3,3,5,5-tetramethylbenzidine) peroxidase. The test
was performed in triplicate and absorbance was detected at
405 nm after 10 min.

Cell culture

FZD7 high-expressing, MDA-MB-231, and low-expressing,
SKBR-3, breast cancer cell lines were purchased from IPI (Ira-
nian Pasteur Institute). The cell lines were grown in RPMI-
1640 medium (Gibco™, ThermoFisher Science) supple-
mented with 10% fetal bovine serum (Biosera, UK) containing
100 p/mL penicillin and 100 pg/mL streptomycin. Cells were
incubated in the humidified incubator with 5% CO, at 37 °C.

Flow cytometry

Cell surface binding capacities of selected scFvs were deter-
mined by flow cytometry analysis in comparison with a com-
mercial anti-FZD7 antibody (Abcam, UK). Briefly, 2 x 10°
cells (MDA-MB-231 or SKBR-3) were treated with 200 pL.
of selected-scFv antibody (10! pfu/mL) and incubated for
60 min at 4 °C. Cells treated with M13KO7 helper phage
was used as isotype control. Cells were harvested with 25%
trypsin-0.02% EDTA and washed with ice-cold PBS. Rabbit
anti-fd bacteriophage antibody (Sigma-Aldrich, Germany) was
added and incubated for 30 min, followed by 30 min incuba-
tion with PE-conjugated anti-rabbit antibody. After washing,
the amount of bound phage was measured by a FACS Cali-
bur (BD Biosciences, USA) (excitation/emission setting for
PE-conjugated antibody was 488/575). The data analysis was
performed by FlowJo 7.6 software.

Cell proliferation assay

Breast cancer cells (MDA-MB-231 or SKBR-3) (10 x 10%)
were seeded per 96-well culture plate well (Nunc, Denmark)
and treated with different concentrations of selected phages
for 24, 48 and 72 h performed in triplicate. 100 pL of 0.5 mg/
mL MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) was added followed by 4 h incubation
at 37 °C. Subsequently, the supernatants were gently removed
and the purple crystal products were solubilized by incubat-
ing in DMSO. Colorimetric measurement was performed at
570 nm using ELISA reader (BP-800, Biohit, USA). The per-
centage of cell growth was calculated using the absorbance
values of treated and untreated cells as follows:

Percentage of cell growth = (OD570 treated/
OD570 untreated) x 100.

Annexin-V assay

Breast cancer cells (MDA-MB-231) (4 x 10°) were seeded
per 6-well culture plate well (Nunc, Denmark) and treated
with anti-FZD7-scFvs (2000 scFvs/cell) separately for
24 and 48 h. Harvested cells were stained with Annexin
V-FITC (Roche Applied Science, Germany) for 20 min.
Cells were then washed and stained with propidium iodide
(PI) for 10 min. The untreated cells were gated and analy-
sis was done by FACS Calibur (Becton, USA) (excitation/
emission setting for annexin-V-FITC and PI were 488/530
and 535/617, respectively). Data analysis were performed
by FlowJo 7.6 software.

Real-time PCR

Following 48 h treatment of MDA-MB-231 cells with
scFv-I and scFv-II separately, real time PCR was per-
formed. Total RNA was isolated using Biozol (Invitrogen)
and reverse-transcribed into single-stranded cDNA using
Revert Aid First Strand cDNA Synthesis Kit (Fermentas,
Lithuania). Quantitative real time PCR was performed in
triplicate on an Applied Biosystem 7500 Real-Time PCR
System using SYBR Green. GAPDH housekeeping gene
transcripts were used as reference for the expression lev-
els of all target genes. The expression level of Survivin,
c-Myc and disheveled (Dvl) genes were determined using
specific primers. The mean value for expression of each
gene was calculated using 2722¢ method. Quantitative
PCR parameters and the sequence of primers are presented
in supplementary information.

Statistical analysis

Data were analyzed using Mann—Whitney U test to com-
pare the means of percentages of cell growth between
antibody-treated and untreated cells and maximum effects
(antiproliferative and apoptotic) of both anti-FZD7 anti-
bodies. The reduction of gene expression in real time
PCR were also compared using Mann—Whitney U test.
All data are presented as the mean + standard deviation.
P value < 0.05 was considered statistically significant.

Results
Selection of antigenic peptides
The tertiary model for CRD domain of FZD7 receptor was

made (Fig. 1A) based on the available crystal structure of
FZD8-CRD domain (PDB code 11JY [23]) as template,
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which was retrieved from the protein data bank (RCSB) [24].
Totally, 121 amino acids related to CRD region were submit-
ted in EpiC server and based on the several properties such
as solvent accessibility, hydrophilicity, antigenicity, and flex-
ibility of epitopes, two 15 amino acid sequences (peptide I:
DAGLEVHQFYPLVKY and peptide II: PVCTVLDQAIP-
PCRS) were selected for the experimental studies.

Figure 1B shows the locations of peptides I and II on
FZD7 receptor versus Wnt ligand binding sites, which rep-
resents a close contact between the sites of peptides and
Wnt binding.

Isolation of anti-FZD7 scFv antibodies

Fingerprinting patterns of individual library clones and
clones obtained after four rounds of panning against FZD7
peptides are shown in Fig. 2. Different fingerprinting pat-
terns of the library represented its diversity while one com-
mon pattern with 35% frequency and two common patterns
each with 20% frequency were obtained against peptides I
and II, respectively.

Determination of specific binding capacity of scFv
to FZD7 peptide by phage ELISA

The reactivity of isolated scFv clones (scFv-I, -II and -III)
to the corresponding peptides (peptides I and II) were deter-
mined by phage ELISA. The OD detected for reaction of
scFv-1, -II and -III with related peptides were 1.7, 1.8 and
1.8, respectively; while the reactivity of scFv-1, -II and -III.
In the no peptide wells were 0.5, 0.7 and 1.0, respectively
(Fig. 3).

Fig. 1 Surface style of FZD7- A
CRD domain with elements

of secondary structure. Two
selected antigenic peptides,
peptide I and II, are shown in
red (A). Surface representation
of Wnt in complex with FZD-
CRD. The extended palmitoleic
acid (PAM) group and index
finger are shown in blue and
yellow colors, respectively (B).
Modeller 9.11 comparative
modeling software was used to
create tertiary structure

Peptide I

Peptide IT
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Flow cytometry analysis for cell binding property
of anti-FZD7 scFvs

Flow cytometry assay revealed the cell surface binding
of both anti-FZD7-commercial Ab and selected scFvs on
MDA-MB-231 and SKBR-3 breast cancer cell line. No
significant shift in fluorescent intensity was detected for
SKBR-3 cells. The commercial Ab, scFv-I and -II bound to
43.7, 54.4 and 57% of MDA-MB-231 cells and 9.2, 6.4 and
8.3% of SKBR-3 cells, respectively (Fig. 4).

Anti-proliferative effects of anti-FZD7 scFvs

The MDA-MB-231 cell growth was decreased dose-depend-
ently after treatment with both scFv-1 and scFv-II. The
growth inhibition of 31.8, 45.5 and 58.6% for cells treated
with scFv-I (4000 phages/cell) and 33, 44.2 and 53.1% for
cells treated with scFv-II (4000 phages/cell) were observed
after 24, 48 and 72 h, respectively. ScFv-I inhibited the cell
growth of MDA-MB-231 cells significantly higher than
scFv-1I (P < 0.05). No significant inhibitory effect of either
of scFvs were observed for SKBR-3 cells (P < 0.05) after
24, 48 and 72 h treatments compared to untreated cells;
19.2, 22.4 and 25.3% for scFv-I and 17.3, 21.7 and 24.1%
for scFv-1I (Fig. 5).

Apoptotic effect of anti-FZD7 scFvs

After 24 h treatment with scFv-I and scFv-1I, MDA-MB-231
cells showed 48.7 and 37.3% apoptotic cell death which
increased to 81.6 and 74.9%, respectively, after 48 h (Fig. 6).
Apoptotic effects detected for scFv-I was significantly higher
than scFv-II (P < 0.05).
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Fig.2 Mva-1 DNA fingerprinting of scFv clones. Fingerprinting patterns of un-panned library (a). Common patterns against peptide I (lanes 1,
4,7, 8,12, 15, 18) (b). Peptide II (lanes 3, 6, 9, 12) and (lanes 4, 5, 7, 19) (¢). The common patterns are shown by asterisk or superscript 0
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Fig.3 Phage ELISA results of selected scFvs against FZD7 peptides.
ScFv-1 and -II bound to the corresponding peptides higher than no
peptide, unrelated peptide, unrelated scFv and M13KO7 wells. There

Real-time PCR

Significant decrease in the mRNA expression levels of
Survivin, c-Myc and Dvl genes in MDA-MB-231 cell
line treated with anti-FZD7-scFvs compared to untreated
cells were detected (P < 0.05). After 48 h treatment of
MDA-MB-231 cells with scFv-I and scFv-II, the level

is not a great (twofold) difference between the reactivity of scFv-III
with related peptide and no peptide wells

of Survivin gene expression showed 93.8 and 92.5%
decrease, respectively (Fig. 7). In addition, 84.7 and 81.8%
reduction in c-Myc gene expression level and 75.4 and
59.3% reduction in Dvl gene expression level were found
after 48 h treatment with scFv-I and scFv-II, respectively.
No significant difference in the gene expressions induced
by scFv-I and -1I was detected (P > 0.05).
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Fig.4 Flow cytometry binding analysis of selected scFvs on the
breast cancer cell line. A shift in fluorescence value for the MDA-
MB-231 cells treated with commercial anti-FZD7 Ab, scFv-I and

Discussion

Targeting Wnt pathway through interruption of ligand-
receptor is an efficient therapeutic strategy in cancers over-
expressing FZD7. The development of recombinant single
chain antibodies along with the progresses in bioinformatic
techniques broadens the spectrum of challenging strategies
toward targeted therapy of cancers. In this study, two immu-
nodominant epitopes of FZD7 were selected using bioinfor-
matic methods. Homology modeling is commonly used to
interpret protein structure and function and to highlight the
correlation between the 3D conformation of an antibody and
its binding activity [25-27]. There are two domains in FZD
cysteine-rich domain which have critical roles in the inter-
action with Wnt molecules, a palmitoleic acid lipid (PAM)
group projecting and ‘index finger’ region. Conservation
analysis of these interactions revealed that the majority of
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scFv-II compared to treatment with M13KO7 helper phage, isotype
control, was detected. No shift in fluorescent intensity was observed
in SKBR-3 treated cells. Flow Jo 7.6 was used for data analysis

side-chain specific interactions are conserved in all frizzled-
CRD molecules [28]. As shown in Fig. 1B, two selected
epitopes (peptide I and peptide II) are located very close
to the areas where Wnt interacts with FZD-CRD. There-
fore, by causing steric hindrance, our scFvs can inhibit the
interaction of ligand-receptor and prevent triggering of the
tumorigenesis signal cascades into the cells.

Following four rounds of panning, fingerprinting results
showed a common pattern with 35% frequency for scFv-
I, and two common patterns for scFv-II, each with 20%
frequency. Isolating specific scFv antibodies by panning
technique has been applied for different proteins including
MUCI18, P185 and Nogo receptor-1 [22, 25, 29]. Existence
of common patterns confirm the enrichment of these spe-
cific clones against peptides [30, 31]. As examined by phage
ELISA, two of the isolated scFvs against selected epitopes,
scFv-I and scFv-II, specifically bound to the corresponding
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peptides compared to the control peptide. When the average
of OD values is at least two-fold greater than wells without
peptide the phage ELISA is regarded as a positive reaction
[32]. Low reactivity was observed in negative control wells,
while scFv-I and scFv-II showed strong reactions against
the corresponding peptides. The reactivity of scFv-III with
related peptide in comparison with no peptide as well as
unrelated peptide did not show a twofold difference. Thus,
scFv-III was not considered in further experiments.
Specificity of binding of selected clones to the FZD7
receptor expressed on the surface of breast cancer cell lines
were evaluated by flow cytometry. Yang et al. reported that
FZD7 is overexpressed on the surface of MDA-MB-231
cells while it has a low expression level in SKBR-3 cells
[6]. As these two cell lines were used for further in vitro
analysis, the presence of FZD7 was primarily confirmed
by flow cytometry using a commercial anti-FZD7 anti-
body. Obtained results showed 43.7 and 9.2% binding of
commercial anti-FZD7 antibody with MDA-MB-231 and
SKBR-3 cell lines, respectively. Selected scFv-I and -II
bound to 54.4 and 57% of MDA-MB-231 cancer cells while
their bindings to SKBR-3 were only 6.4 and 8.3%. We also
evaluated the antiproliferative potential of the obtained
anti-FZD7 scFvs as a therapeutic target for breast cancer
treatment. The anti-FZD7 phage-antibodies decreased cell
growth in MDA-MB-231 cells, dose-dependently com-
pared to untreated cells, while no significant effects were
observed on cell growth of SKBR-3 negative cell line. This
is in accordance with the expression level of FZD7 recep-
tor on these two cell lines which was demonstrated in flow
cytometry analysis. Moreover, comparison of the antiprolif-
erative results of scFv-I and scFv-1I on MDA-MB-231 cells
demonstrated a significant higher effect of scFv-I (P < 0.05).
Apoptotic analysis also indicated that 48 h after exposure
to selected antibodies the majority of MDA-MB-231 cells
enter the early apoptotic phase. Utilization of FZD7 shRNA
to suppress Wnt signaling cascade resulted in a similar sig-
nificant inhibitory effects in cell proliferation and tumor
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growth in TNBC cells [6]. When Wnt signaling is activated
in cancer cells, through the interaction of ligand-receptor,
B-catenin accumulates in the cytoplasm and translocate into
the nucleus. Cooperation of B-catenin with transcription
factors in the nucleus activates proto-oncogenes such as
Survivin and c-Myc [33]. Overexpression of Survivin has
been shown in several studies [34—36]. Survivin is related
to apoptosis inhibition and chemoresistance of hepatocel-
lular carcinoma (HCC) [36-38]. It induces proliferation of
cancer cells by initiating cell cycle, a decrease in the GO/
G1 phase and an increase in the S phase [35]. Furthermore,
overexpression of c-Myc, a common oncoprotein involved
in the pathogenesis of HCC, results in tumor growth [34]
and transcription of c-Myc gene is under the control of Wnt
signaling [39]. Therefore, it is not surprising that inhibition
of Wnt signaling in cancer cells is associated with downreg-
ulation of c-Myc. When translated, c-Myc protein binds to
enhancer sequence of some target genes, including cyclins,
that involves in cell cycle control [3].

Expression level of Surivin and c-Myc mRNA decreased
significantly after 48 h treatment with each of the selected
scFv antibodies. These results indicated that the antiprolif-
erative and apoptotic effects were transduced through Wnt
pathway and are consistent with a previous studies showing
that treatment of tumor tissues with anti-Wnt-1 antibody
reduced Survivin, cyclin D1 and c-Myc expressions, sup-
porting that over-activation of Wnt signaling occurs through
interaction of receptor-ligand [34]. Dvl expression was also
downregulated following treatment with selected anti-FZD7
scFvs. Inhibition of Wnt signaling using a monoclonal anti-
body against Wnt-1 also leads to decrease of Dvl mRNA
[40]. Although Dvl gene is not directly controlled by Wnt
pathway, it is possible that transcription factors regulating
Dvl expression are under the control of Wnt pathway [40].

The antiproliferative and apoptotic effects of scFv-1 was
significantly higher than scFv-II. However, no significant
difference between gene expression reductions induced by
these two antibodies was detected. As shown in Fig. 1B,
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scFv-1 was selected against a peptide designed from an
extracellular domain near PAM group, an important domain
participating in the interaction of Wnt ligands and FZD
receptors. This is confirmed by conservation analysis show-
ing that almost all parts of this sequence is conserved [28].
It is reported that Wnt signaling pathway is deactivated by
eliminating PAM moiety [41]. Therefore, scFv-I which is
selected against a sequence near this group might interfere
with interaction of FZD-Wnt more efficiently than scFv-II.

Modern immunotherapy of cancer relies on direct sup-
pressing of over-activated signaling pathways, most specifi-
cally those that are tightly related to uncontrolled prolifera-
tion of cells. Bioinformatic techniques has greatly advanced
the process of targeting specific sites of signaling molecules
through providing a comprehensive insight into the structure
of targets [42]. In this study, specific anti-FZD7 scFvs were
selected by applying immunodominant epitopes of FZD7
designed by molecular modeling. The results suggest that
inhibition of Wnt signaling is an effective strategy to inhibit
proliferation and induce apoptosis of cancer cells. Among
different approaches that can be used for this purpose, sin-
gle chain antibodies have many advantages. No HAMA
(human antimouse antibody) reaction, deeply penetration
in tumor cells and ability for genetic manipulation provides
additional effector functions that make these recombinant
antibodies attractive for clinical use. The inhibitory effects of
the selected antibodies confirm that bioinformatic approach
was able to effectively screen potential epitopes of FZD7
protein and suggest that epitope designing by bioinformatic
methods could contribute to the selection of key antigens
for cancer immunotherapy. The anti-FZD7 scFv-1 with high
antiproliferative and apoptotic effects offer a new promising
treatment strategy for cancers overexpressing FZD7 receptor
including triple negative breast cancer.
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