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Background: To improve the targeting ability of antitumor drugs, we identified the antigens 

with high expression on the surface of tumor cells associated with tumor escape, such as the 

complement regulatory protein CD55 molecule, which is also known as the decay accelerating 

factor. In this study, phage display technology was used to screen and identify CD55-specific 

ligand peptide (CD55sp) bound to CD55 molecule on the surface of cervical cancer HeLa cells. 

We then explored the role of this peptide in inhibiting the growth of cervical cancer cells in vitro. 

Our characterization of CD55sp will provide implication for tumor target therapy.

Methods: The phage bound to the surface of HeLa cells were isolated by phage display tech-

nology. Positive phage clones were identified by ELISA. Phage was then amplified and deter-

mined by agarose gel electrophoresis after monoclonal DNA extraction. DNA sequencing and 

bioinformatical analysis were conducted to obtain specific ligand peptides. Flow cytometry and 

immunofluorescence were used to measure the expression of CD55 molecule on the surface of 

tumor and normal cells. Subsequently, the effects of CD55sp on the proliferation and apoptosis 

of HeLa and SiHa cells were determined by Cell Counting Kit-8 (CCK-8), flow cytometry, 

and TUNEL assay, respectively. The morphology of apoptotic cells was examined by electron 

microscope. The distribution of Cleaved caspase-3 was detected by immunofluorescence. The 

expression of bcl-2 and Cleaved caspase-3 were determined by Western blot.

Results: The results showed that the peptide (QVNGLGERSQQM) can bind to the CD55 

molecule on the surface of cervical cancer HeLa and SiHa cells as a ligand peptide. It can also 

effectively inhibit the proliferation of cervical cancer cells and induce cell apoptosis.

Conclusion: This study demonstrates that CD55sp screened by phage display technology 

plays a strong antitumor role.

Keywords: phage display, cervical cancer, CD55sp, ligand peptide, apoptosis

Introduction
Great progress has been made in recent years in finding treatments for tumors. 

Chemotherapy has been widely used in tumor treatment.1,2 However, due to its 

limited ability to distinguish human tumor cells from normal ones, chemotherapy 

drugs also affect normal cells while killing tumor cells.3 To improve the therapeutic 

efficacy of antitumor drugs, it is essential to develop tumor-targeted drugs that can 

specifically accumulate in tumors and cause death of tumor cells without doing harm 

to normal ones.3–5 Previous studies have found that one or more complement regula-

tory proteins (CD46, CD55, CD59) are highly expressed on various surface of tumor 

cells such as uterine serous carcinomas.6 Studies showed that small interfering RNAs 

inhibiting CD55 and CD59 (but not CD46) expression in vitro could sensitize uterine 
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serous carcinomas to complement-dependent cytotoxicity 

and antibodies-dependent cytotoxicity. In addition, they 

can significantly increase antibody-mediated therapeutic 

effects in vivo when specifically targeted to tumor cells.7 

The newly identified sp22 peptide can, in a dose-dependent 

manner, inhibit CD59 expression. Meanwhile, sp22 can 

increase complement-mediated lysis and apoptosis signals.8 

Other studies have shown that HPV-E6 protein expression 

enriched the CD55 (+) population, which contributes to the 

tumorigenicity and radio resistance of cervical cancer cells 

and targeting CD55 through CRISPR/Cas9 could also be a 

potential strategy for the treatment of cervical cancer.9

Phage display technology has been proven to be a 

powerful tool to screen useful ligand that specifically bind 

biomarkers on the surface of tumor cells.10 Ligand peptide 

identified by this technique has been successfully applied to 

early cancer diagnosis and chemotherapy. For example, a 

novel non-small-cell lung cancer targeting peptide (sequence 

RCPLSHSLICY) was screened in vivo using the Ph.D.-C7C 

(TM) phage display library.11 In this study, we screened the 

CD55sp from random 12-peptide phage display library, 

characterized the targeted combination of CD55sp to CD55 

molecule on the surface of tumor cells, and performed mecha-

nistic studies of the antitumor effects of CD55sp.

Cervical cancer is one of the common gynecological 

malignancies that threaten human health. According to epide-

miology studies, globally there are approximately 500,000 new 

cases of cervical cancer each year.12 Studies have shown that 

TMC120 displayed potent cytotoxic effect on human cervical 

carcinoma through enhancing the polymerization of microtu-

bules, thus can be used as a potential chemoprophylactic and 

therapeutic agent for cervical cancers in the similar manner 

as paclitaxel and TMC120 is also suitable for preventing 

HIV infection and cervical cancer in women.13 The sensitiv-

ity of primary tumor cell from patients with cervical cancer 

to eight chemotherapeutic combinations were as follows: 

gemcitabine , docetaxel , topotecan + cisplatin , cisplatin + 

cyclophosphamide + doxorubicin , gemcitabine + cisplatin , 

taxol , taxol + carboplatin , taxol + cisplatin.14 However, 

most existing anticancer drugs have strong side effects making 

them unable to reach tumor tissues effectively, which requires 

the development of effective anticancer drugs that can be 

specifically or selectively delivered to tumor tissues. These 

drugs can have specific distribution pattern across different 

physiological sites, which could reduce the side effects and 

toxicity of anticancer drugs. Studies reveal that an existing drug 

atovaquone can effectively inhibit cervical cancer cells through 

increased mitochondrial biogenesis, and atovaquone-targeting 

mitochondrial respiration can be used as a therapeutic strategy 

for cervical cancer.15 In addition, the Hippo/YAP pathway has 

been suggested to regulate cervical cancer progression through 

interaction with EGFR signaling and HPV oncoproteins, thus 

combined targeting of the Hippo and the ERBB signaling 

pathways represents a novel therapeutic strategy for prevention 

and treatment of cervical cancer.16

Our group has previously found that CD55 gene was 

highly expressed in a variety of solid tumors such as col-

orectal carcinoma, lung cancer, and cervical cancer but has 

a lower expression level in normal cells.17 CD55, also known 

as a decay factor, is a glycosylphosphatidylinositol-anchoring 

glycoprotein on the cell membrane.17 The main function of 

CD55 is to compete with C2 and C4b, inhibiting the forma-

tion of C3 convertase and promoting its decomposition.17 

In addition, it can inhibit deposition and activation of comple-

ment C3 and suppress of classical complement and alternative 

pathways.17 Thus, tumors can evade from immune system 

defenses due to the inhibition of the complement system 

which attacks tumor cells. It was suggested that the CD55 

molecule can be used as a novel target to study the escape 

of tumor cells from autoimmune surveillance and tumor 

immunotherapy. Therefore, it is important to find effective 

peptide that could specifically bind to CD55 molecule on the 

surface of tumor cells, which will help to achieve targeted 

therapy. In this study, flow cytometry was used to determine 

the expression of CD55 on the surface of cervical cancer 

HeLa cells, and the phage bound to HeLa cells was screened 

by phage display technology to obtain phage bound to CD55 

molecule, and further obtain sequence of CD55sp.18,19

In the following experiments, we treated SiHa and HeLa 

cells with CD55sp and checked the indicators to verify the 

occurrence of tumor cell apoptosis and the inhibition of 

tumor cell proliferation, thereby prove the antitumor effects 

of CD55sp.

Materials and methods
Materials
Human cervical cancer SiHa cell line, human cervical cancer 

HeLa cell line, and mouse osteogenic MC3T3-E1 cell line 

were preserved by our laboratory. Random 12-peptide phage 

display library, -96 gIII Sequencing Primer 5′-HOCCC TCA 

TAG TTA GCG TAA CG-3′, and Escherichia coli ER2738 

host strain were purchased from New England Biolabs 

(Ipswich, MA, USA). The short peptide (QVNGLGERSQQM) 

was purchased from Gill Biochem Co., Ltd., Shanghai, China. 

Anti-human CD55 monoclonal antibody was purchased from 

Santa Cruz Biotechnology Inc., Dallas, TX, USA. Flow 

cytometry kit was purchased from Ebioscience, Inc. (Thermo 

Fisher Scientific, Waltham, MA, USA). Cell Counting 
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Kit-8 (CCK-8) was purchased from Biosharp, Hefei, China. 

TUNEL Apoptosis Detection Kit was purchased from YEA-

SEN, Shanghai, China. Enzyme label analyzer (9,602A) was 

purchased from Shanghai Chuangxin Science & Education 

Equipment Co., Ltd, Shanghai, China.

cell culture and bacterial culture
Cell lines were cultured in RPMI-1640 medium containing 

10% newborn calf serum and incubated in a humid incuba-

tor containing 5% CO
2
 at 37°C. The cell morphology was 

observed using an inverted microscope. E. coli ER2738 were 

plated on Luria-Bertani-tetracycline (LB-Tet) plates, were 

incubated at 37°C overnight, and then were inoculated into 

LB medium to achieve log-phase growth. The human cell 

lines provided in this experiment have been approved by the 

ethics review committee of Qingdao Uni versity and all appli-

cable institutional and governmental regulations concerning 

the ethical use of human cell lines were followed.

Phage display technology
A total of 10 µL of different dilutions of phage solution were 

mixed with E. coli ER2738 medium, added to the upper layer 

of agar containing IPTG/X-gal, and immediately poured into 

solid LB plates containing IPTG/X-gal to be coagulated. 

After incubation overnight at 37°C, blue plaques appeared 

and were counted to determine the titer. Adherent HeLa cells 

were washed with serum-free RPMI-1640 and blocked with 

16% culture medium containing 0.1% BSA for 1 hour, and 

then added to the stock solution of Ph.D.-12 phage peptide 

library (titer: 1 × 1011 pfu/mL) for 1 hour. After washing on 

ice with a pre-cooled 0.1% PBST at 4°C to remove non-

cell-bound phage, the phage bound to the cell surface was 

eluted on ice with a glycine buffer (pH 2.2) pre-cooled at 4°C 

immediately, and then added to a centrifuge tube pre-filled 

with 250 µL Tris buffer (pH 2.2). The second and third rounds 

of screening were performed using the amplification solution 

from the eluted phage in the previous round of screening 

and the recovery was calculated.

Selection, amplification, and confirmation 
of positive phage clones by elisa
Fifteen ER2738 monoclones were selected, added to a 20 mL 

LB liquid culture shaker tube, and ordered 1–15, respectively, 

which were incubated at 37°C for 4.5 hours with vigorous 

shaking. Fourteen blue plaques with well-developed color 

development and well-isolated plaques were randomly 

selected from the screening plate in the fourth round for 

HeLa surface eluent and added to the shaker tube, followed by 

vigorous shaking at 37°C for 4.5 hours, and stored at 20°C for 

use. The titers of the 15 amplified monoclonal phage samples 

(No 1, 2, 3, ...15) were determined, and 1 × 1010 pfu of each 

clone was detected by ELISA20 and stored at 4°C. In a 96-well 

plate, HeLa cells were serum-free, fixed in 4% paraformalde-

hyde, blocked with 5% PBS-BSA, added with a monoclonal 

phage titer of approximately 1 × 1010 pfu, and incubated at 

37°C for 1–2 hours with shaking. HRP/Anti-M13 (1:5,000 

dilution) was added and incubated at 37°C for 1 hour. Finally, 

the color was developed with TMB and the reaction was 

terminated with HCL. The OD value at 450 nm was detected 

by a microplate reader. The affinity was calculated by the fol-

lowing formula: (OD 450 nm of random clone - OD 450 nm 

of blank control) ÷ (OD 450 nm of negative control - OD 

450 nm of blank control). When the value of the affinity was 

higher than 2.1, the clone had high affinity.

extraction and detection of single-
stranded Dna for sequencing analysis
The high-affinity monoclonal phage amplification solution 

was sedimented with PEG/NaCl, resuspended in iodide 

buffer, and dissociated with ethanol. DNA was precipitated 

and finally resuspended in TE for detection by agarose gel 

electrophoresis. The -96 primers were provided by the kit and 

the DNA was submitted to Beijing Jinweizhi Biotechnology 

Co., Ltd, (Beijing, China) for sequencing.

ccK-8 assay
In a 96-well plate, cells were treated with different con-

centrations of CD55sp (0 µg/mL, 100 µg/mL, 200 µg/mL, 

300 µg/mL) and placed in a 37°C, 5% CO
2
 incubator for 

36 hours. The medium was aspirated, and CCK-8 mixture 

was added and incubated for 2 hours. The absorbance at 

450 nm was measured with microplate reader.21

Flow cytometry
In a six-well plate, cells were treated with -CD55sp and 

+CD55sp, respectively. Then they are digested with pan-

creatin without EDTA, collected and centrifuged, and cells 

are washed repeatedly with PBS. After the cells were resus-

pended in 1× Binding Buffer, Annexin V/PE and 7-AAD were 

added, gently mixed and protected from light, and reacted at 

room temperature for 15 minutes. An appropriate amount of 

1× Binding Buffer was added, mixed, and placed on ice and 

the sample was detected by flow cytometry within 1 hour.

TUnel detection
In a 24-well plate, cells were treated with -CD55sp and 

+CD55sp, respectively. Subsequently, 4% paraformaldehyde 

was added for immobilization. Proteinase K solution 
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(20 µg/mL) was added and incubated for 5 minutes at room 

temperature. After washing with PBS, 1× Equilibration 

Buffer was added and incubated for 30 minutes at room 

temperature. After suctioning excess 1× Equilibration Buffer, 

TDT incubation buffer was added and incubated at 37°C for 

1 hour in the dark. After washing with PBS, DAPI solution 

was added for staining for 10 minutes. After washing with 

deionized water, PBS was added to keep wet, and the samples 

were immediately analyzed under a fluorescence microscope. 

Alexa Fluor 647 red fluorescence was detected at 620 nm 

and blue DAPI was observed at 460 nm.

electron microscopy
In a six-well plate, the cells were treated with -CD55sp 

and +CD55sp, respectively. Cells were then scraped off, 

centrifuged, and the supernatant was aspirated. The pre-

cipitate was fixed by glutaraldehyde and observed under the 

transmission electron microscopy.22,23

Immunofluorescence assay
In a 24-well plate, cells were treated with -CD55sp and 

+CD55sp, respectively. Subsequently, 4% paraformaldehyde 

was added for immobilization. The normal serum blocking 

solution was used to seal cells for 10 minutes. The excessive 

fluid was shaken off and appropriate primary antibody was 

added at 4°C for overnight. After cells were washed with 

PBS, biotin-labeled secondary antibody was added at 37°C 

for 30 minutes. SABC-Cy3 was diluted by 0.01 M PBS with 

1:100 dilution and treated at 37°C for 30 minutes. After 

washing with PBS, DAPI solution was added for staining 

for 10 minutes. After washing with PBS, the water-soluble 

encapsulated tablets were mounted and observed under the 

fluorescence microscopy.

Western blot analysis
In a six-well plate, cells were treated with -CD55sp 

and +CD55sp, respectively. The cells were collected after 

adding the lytic solution on ice. And after centrifugation, 

supernatants were collected, and the protein concentration 

was measured by BCA. The target protein was separated by 

SDS-PAGE and transferred to a PVDF membrane, which 

was immersed in 5% skimmed milk powder for 1 hour for 

blocking, and the target primary antibody was added to a 

well-diluted solution overnight at 4°C. Washed with PBST, 

PVDF membrane was treated with HRP-secondary antibody 

for 1 hour. Chemiluminescence visualization was performed, 

and the grayvalue analysis of the bands was performed using 

ImageJ.

statistical analysis
Statistical analysis was conducted with Prism 5.0 (GraphPad 

Software, Inc., La Jolla, CA, USA). Results were expressed 

as the mean ± SEM of three or more observations (as indi-

cated in each experiment). The mean values for biochemical 

data from two groups were compared by two-tailed Student’s 

t-test. The P-value was less than 0.05, which was considered 

statistically significant.

Results and discussion
Determination of phage titer and 
recovery
Before the first round of screening, phage stocks were plated 

to determine the titer, and a series of dilution concentration 

(10, 102, 103, ···1010 times) was set. When concentration was 

diluted to 109 fold, three replicate groups were cultured for 

phage blue spots in the plates (Figure 1). According to the 

calculation formula24: N = Y ÷ V × X (N: efficacy value is 

the required titer, Y: average plaque/dish, V: sample volume, 

X: dilution), the phage titer was 5.1 × 1012 pfu. To obtain 

CD55sp, we performed four rounds of affinity screening. 

The recovery rate was calculated for each round (Table 1). 

The phages with high affinity gradually enriched after 

several rounds of selection and became relatively stable in 

rounds 3 and 4. After being stabilized, the phage enriched 

Figure 1 Plaque of the culture plate.
Note: The numbers of plaques A, B, and C are 49, 51, and 53, respectively.

A B C
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on the cells can be considered saturated. On this basis, we 

continue to positively identify by ELISA to screen high-

affinity phage.

Specific binding of monoclonal phage to 
hela cells with cD55 high expression
The CD55-specific binding ability of the amplified 15 phage 

clones was evaluated by ELISA assay. Optical density 

was determined (Figure 2). According to the value of the 

affinity .2.1, it suggests that the clone had high affinity with 

HeLa cells. Among the 15 phage clones, the clones numbered 

1, 2, 4, 5, 6, 9, 10, 11, 13, 14, and 15 had high affinity to the 

HeLa cells. Since we determined that the expression of CD55 

on the surface of HeLa cells was extremely high in the pre-

experiment, we need to obtain highly repetitive sequences 

of the selected high-affinity phage by sequencing.

Detection and sequencing of monoclonal 
phage ssDna
The ssDNA of 11 phage clones were extracted and analyzed 

by agarose gel electrophoresis. The extracted ssDNA bands 

show the expected size of 7,249 bp (Figure 3). The concen-

tration of ssDNA was relatively high and accorded with the 

sequencing requirements. The 11 ssDNA samples were then 

sequenced (Figure 4). According to the sequencing results, 

the DNA sequence of the inserted 12-mer peptide was ana-

lyzed by combining the N-terminal sequence of the random 

dodecapeptide-gIII fusion protein. The amino acid sequence 

of the short peptide was read using the condensed genetic 

code table and three short peptides were obtained based on 

the analysis result (Table 2). The highly repetitive sequence 

QVNGLGERSQQM was submitted to the PIR International 

Protein Database41–43 (http://pir.georgetown.edu/) as a ligand 

peptide that specifically binds to the CD55 molecule on 

HeLa cells. No matching sequence was found. The peptide 

was synthesized by GL Biochem, with FITC fluorescence 

attached to the N-terminus for cellular experiments.

Detection of the expression of cD55 on 
the cell surface
Cervical cancer HeLa cells, cervical cancer SiHa cells, and 

normal osteoblast MC3T3-E1 cells suspension were added 

1:100 dilution of CD55 monoclonal antibody labeled by 

Table 1 screening of cD55sp in cD55 highly expressed hela 
cells

Round Input (pfu) Output (pfu) Recovery (%)

1 1 × 1011 1.54 × 106 1.54 × 10-5

2 1 × 1011 1.09 × 108 1.09 × 10-3

3 1 × 1011 2.1 × 109 2.1 × 10-2

4 1 × 1011 1.57 × 109 1.57 × 10-2

Note: in each round of screening, the titer of the input and output phage was 
determined to calculate the recovery.
Abbreviation: CD55sp, CD55-specific ligand peptide.

Figure 2 The binding capacity of phage clones to hela cells.
Notes: Different absorbance was displayed by elisa in hela cells which were cultured with different phage clones, respectively. numbers 1–15 were phage clones; M13 
phage from peptide library was used as negative control; and PBs was used as blank control.
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FITC, respectively, incubated for 1 hour at room temperature 

in the dark. The negative cell control was set by replacing 

CD55 monoclonal antibody with PBS, and the expression 

of CD55 proteins was detected by flow cytometry.18 Flow 

cytometry is a powerful tool for detailed analysis of com-

plex populations in a short period of time, and its working 

depends on the light scattering features of the cells under 

investigation, which can be derived from dyes or monoclonal 

1 2 4 5 6 9 10 11 13 14 15

7,249 bp10,000 bp
5,000 bp
3,000 bp
2,000 bp
1,500 bp

1,000 bp

Figure 3 Dna agarose gel electrophoresis.
Notes: The single-stranded DNA samples of 11 phage clones with high affinity for CD55 molecules (No 1, 2, 4, 5, 6, 9, 10, 11, 13, 14, 15) were selected and added into each 
sample hole and the molecular weight of the sequences was determined by agarose gel electrophoresis. The molecular weight of the extracted ssDna bands matched the 
expected size of 7,249 bp, as indicated with an arrow.

Figure 4 (Continued)
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antibodies targeting either extracellular molecules located 

on the surface or intracellular molecules inside the cell.25 

Compared with osteoblast MC3T3-E1 cells (13.5% ± 1.5%), 

the detected positive rate of SiHa (93.3%±1.5%) and HeLa 

cells (93.4% ± 0.8%) with high expression of CD55 pro-

teins was significantly higher (**P , 0.01, ***P , 0.001) 

(Figure 5).

Identification of CD55sp
Based on the detection of the expression of CD55 on the 

cell surface, we demonstrated the specificity of CD55sp 

by fluorescence experiments. Immunofluorescence assay is 

one of the commonly used methods for the identification of 

ligand peptides.19,20 After being fixed in 4% paraformalde-

hyde, three types of cells were incubated in the CD55sp for 

2 hours. The levels of CD55sp bound to the cell surface of 

cervical cancer SiHa and HeLa cells were higher than that in 

osteoblast MC3T3-E1 cells, which was in accordance with 

the CD55 levels presented in the cell surface, as measured by 

the fluorescence intensity.19,20 The results suggested that cells 

with high CD55 expression could specifically bind to more 

CD55sp identified in our screen. Compared with normal cells, 

CD55sp can specifically bind more to the surface of cervical 

cancer SiHa and HeLa cells and then be ingested by tumor 

cells (Figure 6A). Three types of cells were incubated in the 

medium containing the CD55 ligand peptide for 36 hours. 

The level of CD55sp ingested into cervical cancer SiHa and 

HeLa cells was higher than that in osteoblast MC3T3-E1 

cells, as measured by the fluorescence intensity. CD55sp 

entered tumor cells to achieve the effect of inhibiting pro-

liferation (Figure 6B).

inhibitory effects of cD55sp on cell 
proliferation
Cell viability is defined as the number of healthy cells in 

a sample, and proliferation of cells is a vital indicator for 

understanding the mechanisms of action of certain genes, 

proteins, and pathways involved in cell survival or death 

after exposing to toxic agents.26 Generally, methods used to 

determine viability are also common for the detection of cell 

proliferation.26 Cell proliferation assays are generally used 

for drug screening to detect whether the test molecules have 

effects on cell proliferation.26 After CD55sp treatment, we 

found that with increased CD55sp concentration, the activity 

of SiHa , HeLa, and Mc3T3-E1 cells gradually declined. The 

results showed that the growth status of SiHa, HeLa, and 

Mc3T3-E1 cells depend on the concentration of CD55sp. The 

results also revealed that CD55sp could strongly inhibit the 

proliferation of tumor cells with high expression of CD55 

and could weakly inhibit the proliferation of normal cells 

with low expression of CD55. The half-maximal inhibitory 

concentration (IC50) of the CD55sp on SiHa and HeLa cells 

was 208.4 ± 13.5 µg/mL and 230.3 ± 20.1 µg/mL, respec-

tively. The IC50 values were used as the drug dose in the 

Table 2 amino acid sequences deduced from Dna sequences

Number Amino acid sequences Quantity

1 QVnglgersQQM 9

2 glrTMQsPnsFY 1

3 VWDsglrQsrPa 1

Note: in 11 single-stranded Dnas sequenced, three amino acid sequences were 
deduced by translation.

Figure 4 sequencing chromatograms.
Note: Sequence analysis of 11 ssDNAs yielded three DNA base sequences (A–C).
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Figure 5 Detection of cD55 molecules on the cell surface.
Notes: Flow cytometry was used to detect the expression of CD55 on different cell surfaces. Different fluorescent intensities were identified in different cell types by flow 
cytometry when the cells were treated with CD55 monoclonal antibody labeled by FITC. The horizontal axis represents the fluorescence intensity and the vertical axis 
represents the amount of the cells. The detected positive rate of SiHa (93.3% ± 1.5%) and HeLa cells (93.4% ± 0.8%) with high expression of CD55 proteins was significantly 
higher than that in osteoblast MC3T3-E1 cells (**P , 0.01, ***P , 0.001).
Abbreviation: FITC, fluorescein isothiocyanate.
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A

B

+CD55sp

Si
H

a
H

eL
a

M
C

3T
3-

E1

DAPI Merge

SiHa HeLa MC3T3-E1

Figure 6 Identification of CD55sp.
Notes: (A) Fluorescence microscopy was used to detect FITC fluorescence intensity on the cell surface. Different green fluorescence intensities were detected from 
different cells treated with synthetic peptide labeled by FITC using fluorescence microscope. Scale bars, 5 µm. (B) Fluorescence microscopy was used to detect FITC 
fluorescence intensity on the cell surface. Scale bars, 40 µm.
Abbreviations: CD55sp, CD55-specific ligand peptide; FITC, fluorescein isothiocyanate.

following groups: -CD55sp groups (0 µg/mL) as control 

groups, and +CD55sp groups (IC50 values) as drug treat-

ment groups (Figure 7).

cD55sp induces apoptosis of tumor cells
After cervical cancer SiHa and HeLa cells were treated with 

CD55sp, the numbers of apoptotic SiHa and HeLa cells 

increased (Figure 8A). When the cells are apoptotic, they 

activate some DNase, which cleaves the genomic DNA 

between the nucleosomes.27 TUNEL can be used to detect 

cell nuclear DNA during the late stage of apoptosis to dem-

onstrate cell apoptosis. After cervical cancer SiHa and HeLa 

cells were treated with CD55sp, the apoptosis rate of both 

SiHa and HeLa cells increased (Figure 8B). In normal living 

cells, phosphatidylserine is located inside the cell, but in early 

apoptosis, phosphatidylserine is flipped from inside of the 

cell membrane to the surface and exposed to the extracel-

lular environment.28,29 By flow cytometry, the dye can bind 

to the membrane of the early apoptotic cells by binding to 
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Figure 7 cD55sp inhibits tumor growth.
Notes: ccK-8 assay detects the tumor cell viability treated with different 
concentrations of cD55sp. siha, hela, and Mc3T3-e1 cells were treated with 
different concentrations of CD55sp (0 µg/ml, 100 µg/ml, 200 µg/ml, 300 µg/mL) 
and show different cell viability. The x-axis labels cD55sp concentration, and 
the y-axis labels cell activity. results were expressed as the mean ± SEM (n = 3). 
*P , 0.05, **P , 0.01, ***P , 0.001 vs control groups.
Abbreviations: CD55sp, CD55-specific ligand peptide; FITC, fluorescein isothi-
ocyanate.
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Figure 8 cD55sp induces apoptosis of tumor cells.
Notes: (A) TUNEL assay. The +cD55sp groups showed increased numbers of apoptotic cells compared with the -CD55sp groups. Blue fluorescence labels nucleus. 
According to TUNEL Apoptosis Detection Kit, red fluorescence labels apoptotic cells. The percentage of apoptotic cells (%) is equal to the ratio of the number of stained cells 
to the total number of cells. Significantly increasing numbers of apoptotic cells were detected in +cD55sp groups compared with -CD55sp groups (*P , 0.05, **P , 0.01). 
scale bars, 20 µm. (B) Flow cytometry. The apoptosis rate was examined by Annexin V-PE/7-AAD Apoptosis Detection Kit and was shown in the right quadrant of each 
coordinate system. The apoptotic rate of cells included the early and advance apoptosis is shown in the column chart. The apoptotic rate of cells for three experiments by 
flow cytometry is displayed in the column chart. The +cD55sp groups showed higher apoptosis rates than the -CD55sp groups (*P , 0.05, **P , 0.01).
Abbreviations: CD55sp, CD55-specific ligand peptide; TUNEL, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling.

the phosphatidylserine exposed on the outside of the cell and 

can also penetrate and bind to the DNA of the late apoptotic 

cells or necrotic cells. This result proved that CD55sp can 

promote apoptosis of tumor cells.

Ultrastructural analysis of apoptotic cells 
using electron microscopy
Ultrastructural analysis of untreated SiHa and HeLa cells 

revealed normal morphology of the organelles within cells 

in -CD55sp groups, such as nucleus and mitochondria. 

However, cells treated with CD55sp showed the apoptotic 

morphology, including condensed nucleus and the appear-

ance of apoptotic bodies (Figure 9).30 Dynamic changes in 

the compaction of nuclear chromatin are one of the charac-

teristic phenomena of apoptotic execution.31 During apop-

totic execution, chromatin undergoes a phase change from a 

heterogeneous, genetically active network to an inert highly 

condensed form that is fragmented and packaged into apop-

totic bodies.22,23 These observations suggested that apoptosis 

of tumor cells appeared after CD55sp treatment.
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Figure 9 Transmission electron micrographs of tumor cells.
Notes: The cells treated with CD55sp showed different morphology, respectively, by transmission electron micrographs. (A) Normal SiHa cells, scale bars, 2 µm. (B) SiHa 
apoptotic cells, scale bars, 1 µm. (C) Normal HeLa cells, scale bars, 3 µm. (D) HeLa apoptotic cells, scale bars, 1.3 µm. arrows pointed to apoptotic bodies.
Abbreviation: CD55sp, CD55-specific ligand peptide.

cD55sp treatment increases cleaved 
caspase-3 levels in tumor cells
After cervical cancer SiHa and HeLa cells were treated with 

CD55sp, Cleaved caspase-3 levels of both SiHa and HeLa 

cells increased (Figure 10). Apoptosis-related proteins can 

be localized and quantified by immunofluorescence.32,33 

Cleaved caspase-3 has been used as a marker for cell 

apoptosis. Increased expression of the proapoptotic protein 

Cleaved caspase-3 means apoptosis of tumor cells.32 The 

results suggested that CD55sp could promote the expression 

apoptosis-related proteins in tumor cells to induce tumor 

cell apoptosis.

reduced levels of bcl-2 proteins and 
increased levels of cleaved caspase-3 
proteins detected in tumor cells with 
cD55sp treatment
After cervical cancer, SiHa and HeLa cells were treated 

with CD55sp, bcl-2 protein levels of both SiHa and HeLa 

cells reduced, and Cleaved caspase-3 proteins increased 

(Figure 11). Tumorigenesis is due to the disruption of 

the balance between cell proliferation and apoptosis, and 

apoptosis signal transduction is the key to cell apoptosis.34 

Among them, apoptosis-related proteins such as the caspase 3 

protease family35,36 and the anti-apoptotic protein bcl-237,38 

play a key role in apoptosis. By Western blot,39,40 we detected 

the expression of Cleaved caspase-3 and bcl-2 to verify 

the apoptosis in tumor cells. These results illuminated that 

CD55sp could induce apoptosis of tumor cells by altering 

the expression of apoptosis-related proteins.

Conclusion
The peptides specifically bind to CD55 on the cell surface 

were successfully identified from the screen using phage dis-

play technology. The antitumor effects of this ligand peptide 

were further characterized in vitro. In the future, in view of 

CD55sp specifically binding to CD55, our research will focus 

on the construction of the targeted drug delivery system to 

improve clinical efficacy in cervical cancer.
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Figure 10 cD55sp induces the expression of cleaved caspase-3 in tumor cells.
Notes: The +cD55sp groups showed higher levels of cleaved caspase-3 compared with -CD55sp groups, as examined by immunofluorescence. Blue fluorescence labels 
all nucleus, and red fluorescence labels Cleaved caspase-3 protein. Fluorescence intensity represents the expression quantities of Cleaved caspase-3 protein. The higher the 
fluorescence intensity the more the protein expression. More protein expression was detected in +cD55sp groups compared with -cD55sp groups. scale bars, 10 µm.
Abbreviation: CD55sp, CD55-specific ligand peptide.

Figure 11 (Continued)
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