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Breast cancer is one of the most common life-threatening 
malignancies and the top cause of cancer deaths in women. 
Although many conventional therapies exist for its treatment, 
breast cancer still has many handicaps to overcome. 
Cancer stem cells (CSCs) are a well-known cause of tumor 
recurrences due to the ability of CSCs for self-renewal and 
differentiation into cell subpopulations, similar to stem cells. 
To fully treat breast cancer, a strategy for the treatment of 
both cancer cells and CSCs is required. However, current 
strategies for the eradication of CSCs are non-specific and 
have low efficacy. Therefore, surface biomarkers to selectively 
treat CSCs need to be developed. Here, 34 out of 641 surface 
biomarkers on CSCs were identified by proteomic analysis 
between the human breast adenocarcinoma cell line MCF-
7 and MCF-7-derived CSCs. Among them, carcinoembryonic 
antigen-related cell adhesion molecules 6 (CEACAM6 or 
CD66c), a member of the CEA family, was selected as a 
novel biomarker on the CSC surface. This biomarker was 
then experimentally validated and evaluated for use as a 
CSC-specific marker. Its biological effects were assessed by 
treating breast cancer stem cells (BCSCs) with short hairpin 
(sh)-RNA under oxidative cellular conditions. This study is the 
first to evaluate the biological function of CD66c as a novel 
biomarker on the surface of CSCs. This marker is available as 
a moiety for use in the development of targeted therapeutic 

agents against CSCs.
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INTRODUCTION

Cancer is a difficult disease to treat and remains a top priority 

in terms of diseases for which treatments are still lacking. De-

spite the development of innovative therapeutic methods in 

recent decades, breast cancer still affects the lives of millions 

of women around the world. Breast cancer is one of the most 

common life-threatening malignancies and the leading cause 

of death by cancer in women. Although breast cancer can be 

cured after various anti-cancer treatments, it has a high rate 

of reoccurrence. Cancer stem cells (CSCs) are known to play 

an important role in the recurrence of cancer, wherein 65% 

of cancer is caused by CSCs (Rodini et al., 2017; Song and 

Giovannucci, 2015).

 Recurrence and metastasis are caused by CSCs that survive 

anti-cancer treatment (Baumann et al., 2008; Koch et al., 

2010). CSCs are defined as cells that are capable of self-re-

newal and differentiation, similar to stem cells (Lee et al., 

2011; Nassar and Blanpain, 2016; Zhu and Fan, 2018). A 
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small subpopulation of CSCs can initiate the formation of a 

tumor and is associated with resistance to various anti-tumor 

drugs (Maugeri-Sacca et al., 2011). CSCs activate various 

mechanisms via the regulation of cell signals and protein 

expression for the resistance to anti-cancer treatments, in-

cluding Wnt/β-catenin, Notch and Hedgehog signaling as 

reprogramming signals, high drug transporter expression, the 

activation of efficient DNA repair system, and the expression 

of anti-apoptotic protein and detoxifying enzymes (Colak and 

Medema, 2014; Krishnamurthy and Kurzrock, 2018).

 Unlike other cancer cells, CSCs are dormant during the cell 

cycle, a stage known as quiescence, which allows them to 

evade anti-cancer drugs. After anti-cancer treatment, that 

is when the environment is once again favorable, these cells 

become active and multiply rapidly (Nassar and Blanpain, 

2016; Zhu and Fan, 2018).

 CSCs are able to use their cellular environment intelligently 

and efficiently, known as the niche environment (Scadden, 

2006; Vinogradov and Wei, 2012; Zhu and Fan, 2018). They 

induce hypoxic stability to enhance tumorigenicity (Vino-

gradov and Wei, 2012; Scheel et al., 2011). These survival 

mechanisms allow CSCs to evade the effect of anti-cancer 

treatments. Due to these characteristics, it is important to 

know how many CSCs remain after anti-cancer treatment 

as the presence of CSCs after therapy can be used to assess 

the effectiveness of treatment. It is, therefore, important to 

identify reliable and unique CSC biomarkers for each type of 

tumor (Ahn et al., 2008; Jung, 2017; Luo et al., 2015).

 Anti-cancer therapies focusing on CSCs are likely to form 

the core of future effective anticancer strategies. Many CSC 

surface markers have been identified and developed that spe-

cifically target CSCs. For example, CD24
–
/CD44+ has been re-

ported to be a representative surface biomarker of breast-de-

rived CSCs (BCSCs) (Crabtree and Miele, 2018; Honeth et al., 

2008; Lombardo et al., 2015; Zhu and Fan, 2018). Despite 

the progress made in these studies, for the identification, 

isolation, and characterization of CSCs, the research remains 

controversial and has been challenged by recent studies in 

terms of its heterogeneity and plasticity, such that targeting 

CSCs remains a challenge for the treatment of tumors (Jag-

gupilli and Elkord, 2012; Yang et al., 2017; Zhu and Fan, 

2018). The underlying technology for the development of 

CSC treatments currently focuses on identifying the charac-

teristics of CSCs rather than on targeting them, which is still 

found in the early stages of research. Moreover, the devel-

opment of CSC tracking techniques and cell-specific tracking 

markers is needed in order to maximize the therapeutic effect 

of the treatment on cancer cells and CSCs, in addition to the 

functional control of the treatments at the cellular level.

 In this study, a mass spectrometry analysis was performed 

to develop a surface biomarker of BCSCs (Fig. 1). The re-

sulting biomarker was validated and examined for use as a 

specific marker on the surface CSCs via various experiments. 

The biological effects of CD66c in BCSCs were also assessed 

by treating BCSCs with short hairpin (sh)RNA expressing a 

lentiviral vector against the CD66c gene.

MATERIALS AND METHODS

Cell culture
MCF-7 (ATCC [American Type Culture Collection], USA) hu-

man breast adenocarcinoma cell lines were cultured as ad-

herent cells using DMEM (Hyclone, USA) supplemented with 

10% fetal calf serum (Hyclone) and 1% penicillin G-strep-

tomycin solution (Gibco, USA). Cells were maintained in a 

humidified atmosphere (5% CO2) at 37°C.

Culture of breast cancer stem cells
A concentration of 20,000 cells/1.5 ml of culture medium 

was used to seed the CSCs derived from MCF-7 cells in 6-well 

ultra-low attachment plates (Corning, USA). Cells possess the 

capacity for growth and sphere formation in the presence of 

serum-free Dulbecco’s modified Eagle’s medium/F12 medium 

(DMEM/F12) (Gibco) and specific supplements including and 

10% fetal calf serum (Hyclone), 1% penicillin G-streptomy-

cin solution (Gibco), 5 μg/ml insulin, 20 ng/ml EGF (Gibco), 

20 ng/ml b-FGF (Gibco), and B27 (Invitrogen, USA). Every 

2-3 days, it was filled 1 ml of the fresh media containing the 

components in an each-well plate, as mentioned above. Cells 

grown in these conditions as non-adherent spherical of cells 

(usually named “mammospheres”) were collected every seven 

days by gentle centrifugation (Dontu et al., 2003). After cen-

trifugation, the harvested cells were gently suspended in 1 ml 

of trypsin and 1 ml of serum-free DMEM/F12 medium and 

then dissociated by pipetting with a 24 gauge needle (Fig. 2). 

A ZOE fluorescent microscope (Bio-Rad, USA) was used to 

capture the images.

Isolation of CD24–/CD44+ breast cancer stem cells
Breast cancer stem cells (BCSCs) after 7, 14, and 21 days 

were harvested in 2 ml of 1× plus buffer (R&D Systems, USA). 

A single-cell suspension of the BCSCs was isolated by human 

Fig. 1. Scheme 1. Experimental processing for the identification of novel biomarkers on the surface of breast cancer-derived CSCs.
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CD24
–
/CD44+ BCSCs isolation kit (R&D Systems) according 

to the manufacturer’s instructions. From whole cells, CD24
–
/

CD44+ cells were sorted using a biotinylated human antibody 

and streptavidin-conjugated magnetic beads. The CD24
–
/

CD44+ cells were selected as a positive BCSC model. To iden-

tify the characteristics of BCSCs, we were confirmed via flow 

cytometry analysis (FACS) analysis by staining obtained cells 

with fluorochrome-conjugated anti-human CD24
–
 and CD44+ 

antibodies. Flow cytometry was used to confirm whether or 

not the isolated cells are CSCs (Fig. 3).

Mass spectrometry analysis
BCSCs and MCF-7 cells were lysed 30 μl of lysis buffer (20 

mM Tris-Cl [pH 8.0], 150 mM NaCl, 2 mM EDTA, 10% glyc-

erol, 1% NP-40 and 1× protease phosphatase inhibitor), 

and maintain constant agitation for 30 min at 4°C. The lysed 

samples were centrifuged at 12,000 rpm for 15 min and the 

supernatant was transferred to another vial for further tryptic 

digestion. To check protein concentration, the samples quan-

tified using the Coomassie Plus (Bradford, UK) Assay Reagent 

(Thermo Fisher Scientific).

 Lysate protein (100 μg) were washed in 10 mM DTT solu-

tion and incubated for 1 h at 37°C. The samples were added 

50 mM IAA solution and incubated for 1 h at room tempera-

ture in the dark. We added 50 mM ABC (ammonium bicar-

bonate) to reducing the DTT concentration to the final 1 mM. 

The protein that lysed BCSCs and MCF-7 cells were digested 

by trypsin solution (proteins:trypsin = 40:1) incubation at 37°

C overnight. Finally, we added up to 1% TFA (trifluoroacetic 

acid) to stop the trypsin digestion.

 Also, to clean up the sample using MCX cartridge, the fol-

lowing process was carried out. We equilibrated the column 

by adding 1 ml of methanol and washed by 1 ml of 0.1% 

TFA. The column was added 500 to 1,000 μl of the acidified 

sample (< pH 2.0) and washed with 1 ml of 0.1% TFA and 

then with 1 ml of methanol. It added 500 μl of elution buffer 

which contains 50% ACN (acetonitrile) and 5% ammoni-

um hydroxide. After passing the elution buffer through the 

column, the elute was dried in a speed vacuum to complete 

dryness. The peptides were extracted with 0.1% formic acid 

for LC injection, or store at –20°C before the analysis.

 Samples are subsequently separated by online re-

versed-phase chromatography for each run using a Thermo 

Scientific Easy nano LC II autosampler with a reversed-phase 

peptide trap EASY-Column (100 μm inner diameter, 2 cm 

length) and a reversed-phase analytical EASY-Column (75 μm 

inner diameter, 10 cm length, 3 μm particle size; both Ther-

mo Scientific, USA), and electrospray ionization was subse-

quently performed using a 30 μm (inner diameter) nano-bore 

stainless steel online emitter (Thermo Scientific) and a voltage 

set at 2.6 kV, at a flow rate of 300 nl/min. The chromatog-

raphy system was coupled on-line with an LTQ VelosOrbitrap 

mass spectrometer equipped with an ETD source. To improve 

peptide fragmentation of phosphopeptides, we applied a da-

Fig. 2. Scheme 2. Manufacturing process of BCSCs derived from MCF-7 cells. MCF-7 was seeded in 6-well ultra-low attachment plates. 

To expand the CSC populations, the seeded cells were grown on several 6-well plates until mammospheres were formed.

The cells are 
incubated for 7 days.

Harvest for cells
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(1,200g for 4 min)

Trypsin 1 ml
+

Free media 1 ml
↓

Pull the piston 10-15 times.
Aggregated cells >> Single cells

↓
Add to 10% media 2 ml

then centrifuge 1,200g for 3 min

Seeding at 2 × 104 cells 
per well in six-well ultra-low 

adherence plates.
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from 70 to 80% confluency.

The cells is isolated
CD24-/CD44+ cells 

by MACS

Seeding at 2 × 104 cells per well
in six-well ultra-low
adherence plates.

BCSC
(Breast cancer stem cell)

at 7, 14, 21 days
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ta-dependent switching mode to select for collision-induced 

dissociation. Protein identification was accomplished utilizing 

the Sorcerer 2 and searches were performed against the 

2014 UniProt human DB. A fragment mass tolerance of 1.0 

Da, peptide mass tolerance of 25 ppm, and maximum missed 

cleavage of 2 was set. Result filters were performed with 

peptides number per protein (minimal number of peptides: 

1). The carbamidomethylation (+57 Da) of cysteine (C) is set 

as a static modification, and the following variable modifica-

tion were allowed: Glu→pyro-Glu of the n-terminus (–18 Da), 

ammonia-loss of the n-terminus (–17 Da), Gln→pyro-Glu of 

the n-terminus (–17 Da), and oxidation of methionine (+16 

Da). Each processed data was subsequently transformed to 

.sf file with Scaffold 3 program (Lee et al., 2014). We techni-

cally performed triplicates.

Flow cytometry analysis
After the appropriate preparation of samples, 100 μl of 

cell suspensions were incubated with appropriate amounts 

of each CEACAM6 monoclonal antibody (CD66c, 5 μg/

ml final concentration; Thermo Scientific) for 90 min at 4°

C. The cells were then washed once with 500 μl Dulbecco’s 

phosphate-buffered saline (DPBS), incubated in 100 μl DPBS 

with secondary antibodies: Alexa Fluor 488-conjugated goat 

anti-mouse antibody (4 μg/ml final concentration; Thermo 

scientific) at 4°C for 30 min. Cells were analyzed using flow 

cytometry (NovoCyte; ACEA Biosciences, USA) after antibody 

staining for the analysis.

Reverse transcription-polymerase chain reaction
MCF-7 and BCSCs during 7, 14, 21 days were harvested, 

and total RNA was prepared using TRIzol (Invitrogen) fol-

lowing the manufacturer’s manual. Then RNA samples were 

converted into cDNA by DiaStar 2× RT Pre-Mix (Solgent, 

Korea). Synthesized cDNA was subjected to conventional 

polymerase chain reaction (PCR) using a Solg 2× Taq PCR 

Pre-Mix (Solgent) according to the manufacturer’s protocols 

and performed on T100 (Bio-Rad). Fold changes in relative 

gene expression were calculated by the expression of GAP-

DH as an internal control. The primers are used in this study 

are as follows: CD66c-F, 5’-GATCTTGTGAATGAAGA AG-

CAAC-3’, CD66c-R, 5’-GTCAT GTTGCCATTGGACAG-3’ and 

GAPDH-F, 5’-AGGGCTGCTTTTAACTCTGGT-3’, GAPDH-R, 

5’-CCCCACTTGATTTTGGAGGGA-3’.

Western blot analyses
For the western blot analysis, cells were lysed using a RIPA 

buffer (ATTO, Japan). Protein concentration was measured 

using a BCA kit (Thermo Scientific). Equal amounts of protein 

(20 μg) were resolved with 10% SDS-PAGE and transferred 

to nitrocellulose (NC) membranes (Bio-Rad). Membranes 

were probed with primary antibodies for 16-18 h at 4˚C and 

then incubated with horseradish peroxidase (HRP)-conjugat-

ed secondary antibody (1:5,000, 31430; Invitrogen) for 1 h at 

room temperature. CEACAM6 (1:1,250, MA5-24164; Ther-

mo Scientific) antibodies were used as a target marker, and 

β-actin (1:5,000, SC-47778; Santa Cruz Biotechnology, USA) 

antibody was used as an internal control. Electrochemilumi-

nescence was performed with a Fusion SL (Vilber Lourmat, 

France).

Fig. 3. Scheme 3. Isolation of BCSCs formed from mammospheres by magnetic activated cell sorting (MACS).
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On-cell binding assays
LICOR Odyssey Imaging system (LI-COR Biosciences, USA) 

allows for the quantitative determination of extracellular 

protein expression levels of cells growing in 96 well culture 

plates. For the on-cell binding assays, this plate was incu-

bated with a blocking buffer for 30 min on ice, and then 

this was incubated overnight at 4˚C with CEACAM6 (mouse 

monoclonal, 1:500; Thermo Scientific) and β-actin (mouse 

monoclonal, 1:1,200; Santa Cruz Biotechnology) antibodies 

in blocking buffer. After being washed in blocking buffer 

Tween-20 (TBST; 3×, 5 min each time), this was treated 

with IRDye 800CW goat anti-mouse secondary antibody 

(1:15,000, 926-32210; LI-COR Biosciences). Densitometric 

analysis of IRDye signals was carried out using Odyssey Image 

system at 800 nm (green intensity). The protein levels were 

normalized to β-actin.

Immunocytochemistry
Cultures were grown in 4-well removable-chamber slides 

(Thermo Scientific). This slide was fixed directly using 4% 

paraformaldehyde for 5 min at 37°C and 100% methanol for 

10 min at –20°C and then blocked by phosphate-buffered 

saline (PBS) with bovine serum albumin. It was incubated 

overnight at 4˚C with the primary antibody for CEACAM6 

(1:500; Thermo Scientific). It was followed by an Alexa Fluor 

488-conjugated goat anti-mouse antibody (4 μg/ml final con-

centration, A32723; Invitrogen) and PE-conjugated mouse 

anti-human CD44 antibody (7:100, 860217; R&D Systems) at 

4°C for 30 min. After rinsing, the slides were mounted with 

a mounting solution (Fluoroshield Mounting Medium with 

DAPI; Abcam, UK) and observed using a digital fluorescence 

microscope (Nikon, USA).

Knockdown of CD66c in BCSCs by shRNA
A total of 1 × 105 BCSCs sorted by the isolation kit were 

transfected with shRNA-CD66c in lentiviral GFP vector (Ori-

gene, USA) or shRNA-scrambled (SC) in lentiviral GFP vector 

(Origene) using TransIT-X2 (Mirus Bio, USA), following the 

manufacturer’s instructions. The same plasmid without any 

insert, as well as a plasmid with a scrambled vector, was used 

as negative controls. GFP expressing BCSCs were observed 

after 48 h of incubation. Cell viability was assessed by crystal 

violet staining and MTT assay.

Crystal violet assay for assessing the viability of cultured 
cells
After transfection, this plate was stained with 0.5% crystal vi-

olet (Sigma, USA). After 4 h of incubation, the excess crystal 

violet was washed out with PBS, and the stained cells were 

dissolved methanol for 30 min (Shi et al., 2015). The absor-

bance from each sample was measured in duplicate using a 

spectropho-tometric microplate reader at a wavelength of 

450 nm (Versamax Microplate Reader; Molecular Devices, 

USA).

MTT assay
BCSCs transfected with lentivirus shRNA-CD66c, lentivirus 

shRNA-scrambled, and negative control was treated with 

5 mM H2O2 for 4 h, and then recovered for 1 day. A cell 

viability assay was analyzed by MTT (3-(4,5-dimethylthi-

azol2-yl)-2,5-diphenyltetrazolium bromide) (Sigma). MTT 

(2.5 mg/ml in PBS) was added to each well and incubated 

for an additional 3 h at 37˚C. The formazan crystals were dis-

solved in DMSO, and the absorbance was read at 570 nm by 

a microplate reader (Versamax Microplate Reader). Triplecate 

wells were measured in each treatment group.

Apoptosis induction analysis of BCSCs treated with H2O2 
under oxidative stress condition
For an apoptosis assay, the supernatant was aspirated, and 

cells were resuspended in 150 μl binding buffer, before stain-

ing with 5 μl Annexin V-FITC and 5 μl PI at room temperature 

for 15 min in the dark. After incubation, cells were processed 

as directed by the kit instructions (Annexin V-FITC Apoptosis 

Detection Kit I; BD Biosciences, USA) and analyzed using No-

voCyte Flow Cytometer (ACEA Biosciences).

Fig. 4. Characterization of isolated BCSCs. (A) BCSCs in formed 

mammospheres were observed using an optical microscope 

on days 7, 14, and 21. The size of the cells increased in a time-

dependent manner. (B) Flow cytometric analysis of cells for 

CD24–/CD44+. To identify the characteristics of BCSCs, the cell 

population expressing CD44+ and CD24– were analyzed by flow 

cytometry. After 3 weeks, the highest level of CD24–/CD44+ CSC 

marker expression was observed after 14 days. (C) Quantitative 

data of BCSCs expressing CD24–/CD44+ in a time-dependent 

manner. Data are expressed as the mean ± SEM. ***P < 0.01.
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Statistical analysis
Statistical significance of data was determined by applying 

the paired t-test and one-way ANOVA. Significance of anal-

ysis of variance is indicated in the figures; *P < 0.05, **P < 

0.02, and ***P < 0.01. Statistical analyses were performed 

with the Prism software for the Windows (ver. 5.01; Graph-

Pad Software, USA).

RESULTS

Isolation and identification of BCSCs
MCF-7 breast cancer cells were cultivated as parental cells 

for the proteomic analysis of BCSCs. The cells grew as ad-

herent epithelial-like monolayer cells with a polygonal shape 

and clear, sharp boundaries between them. Under mam-

mosphere culture conditions, MCF-7 cells were cultured for 

7, 14, and 21 days in the non-adherent surface compared 

to their parental counterparts. These cells formed mammo-

sphere starting from the third day of cell culture. It appeared 

that the size of the BCSCs increased in a time-dependent 

manner, in contrast to MCF-7 cells (Fig. 4A).

 At each culture time, CD24
–
/CD44+ markers were used to 

determine whether the characteristics of the cultured cells 

represented those of BCSCs. MCF-7 cells and MCF-7-derived 

CSCs were analyzed by flow cytometry at 7, 14, and 21 days 

post-culture (Fig. 4B). The population of cells expressing 

CD24
–
/CD44+ after 7, 14, and 21 day of culturing increased 

on was average by 4.35%, 43.80%, and 2.69%, respective-

ly, compared to MCF-7 cells (1.11%). The expression of the 

CD24
–
/CD44+ marker was highest after 14 days of culture 

and was found to best represent the characteristics of BCSCs 

(Figs. 4B and 4C). Therefore, the cells at 14 days post-culture 

were used as BCSCs for future experiments.

Identification of novel biomarkers on the surface of BCSCs 
via proteomic analysis
To compare the expression of surface proteins between 

BCSCs and MCF-7 cells, liquid chromatography-mass spec-

trometry (LC-MS) was performed, and the results were ana-

lyzed. After comparative proteomics, a total of 617 proteins 

were analyzed using a Venn diagram (Fig. 5A, Supplementa-

ry Files S1 and S2). Among the 617 proteins, 31 candidates 

were identified in BCSCs. The proteins expressed in the 

Fig. 5. Comparative proteome analysis of isolated BCSCs and 

MCF-7 cells. (A) Venn diagram of isolated proteins of BCSCs by 

mass spectrometry (MS). The 31 proteins indicated on the right 

were upregulated in BCSCs compared to MCF-7 cells. (B) The 

classification according to molecular function of the 31 proteins 

represented and (C) GO analysis of in various biological processes 

in the plasma membrane of BCSCs.
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BCSCs were re-analyzed for statistical over-representation of 

the Gene Ontology (GO) category. Using charts divided by 

category, the 31 candidates in the BCSCs were found to over-

lap in each category (Figs. 5B and 5C). Four candidate groups 

were identified within the plasma protein category, namely 

carcinoembryonic antigen-related cell adhesion molecule 6 

(CEACAM6 or CD66c), ATP synthase subunit gamma, mi-

tochondrial (ATP5C1), guanylate-binding protein 1 (GBP1), 

and serine/threonine-protein kinase (PAK4). Among these, 

CD66c was ultimately selected as the novel surface biomark-

er of BCSCs. Anchored cell surface glycoproteins are known 

to be responsible for cellular adhesion and typically exert 

anti-apoptosis functions (Cameron et al., 2012; Hong et al., 

2015; Johnson and Mahadevan, 2015; Rizeq et al., 2018).

CD66c as a novel biomarker on the surface of BCSCs at 
the transcriptomic and proteomic level
The changes in the expression of CD66c, a surface biomarker 

of BCSCs, at the transcriptomic level between breast cancer 

cells and CSCs were investigated. RNA extraction and cDNA 

synthesis by reverse transcription-polymerase chain reaction 

(RT-PCR) were used to confirm the existence of the CD66c 

gene in the BCSCs. The isolated total RNA from these cells 

was normalized to GAPDH. As shown Fig. 6, the expression 

of CD66c was significantly higher in BCSCs cultured for 14 

days compared to MCF-7 cells. CD66c expression was found 

to gradually decrease after 14 days. This result indicates that 

CD66c expression tended to increase when cells were char-

acterized as CSCs, leading to the induction of their expression 

in BCSCs.

 Next, in order to confirm whether CD66c expression at the 

genome occurs at the protein level, breast cancer cells and 

BCSCs were cultured and checked for CD66c protein expres-

sion using western blotting and flow cytometry. As shown 

in Fig. 7A, CD66c protein expression increased up to day 14, 

before subsequently decreasing. As such, CD66c expression 

was highest on day 14. The quantitative data of the CD66c 

band showed a similar tendency (Fig. 7B).

 FACS was performed to assess whether CD66c is ex-

pressed on the surface of the cell (Fig. 7C). As shown in the 

FACS result, the expression peak of CD66c in each group was 

found to shift to the right. Its expression increased in BCSCs 

cultured for 7 and 14 days compared to MCF-7 cells, while its 

expression decreased in BCSCs cultured for 21 days (Fig. 7D). 

This correlated with the verification results for CD66c protein 

expression (Figs. 7A and 7B).

 The surface expression of CD66c was then verified using 

the Odyssey Image system. MCF-7 cells and BCSCs were 

seeded onto plates and analyzed using a one-color IR-based 

quantitative-on-cell binding assay. β-Actin was used to en-

sure equal protein loading. As shown in Fig. 7E, the surface 

fluorescence of CD66c on the BCSCs was significantly greater 

than that of MCF-7 cells.

 Next, we examined whether the characteristics of CSC are 

maintained during the expression of CD66c. The expression 

of the representative CSC marker and CD66c were evaluated 

by immunocytochemistry (Fig. 7F). Immunofluorescence im-

ages showed that the co-expression of CD44 and CD66c was 

significantly observed in the spheroids generated from MCF-

7 cells. Taken together, these results demonstrate that the 

biomarker CD66c on the surface of BCSCs is unique to BCSC.

Assessment of the biological function of CD66c by silenc-
ing in BCSCs
CD66c is known to enhance cell-cell interactions, resistance 

to apoptosis, and cell invasion (Johnson and Mahadevan, 

2015; Lin et al., 2015; Rizeq et al., 2018). Next, we investi-

gated whether CD66c performs these functions in BCSCs, 

using various shRNA to induce the knock-down of CD66c. 

Among the shRNA used, shRNA-C was the most effective for 

CD66c knock-down (Fig. 8A). For the following experiment, 

we researched after BCSCs seeded at the adherent condition. 

During the transfected with shRNA that knockdown CD66c 

in BCSCs, it was confirmed that the CD24
–
/CD44+ properties 

of the BCSCs remained unchanged. (Supplementary Fig. S1).

 The expression levels of CD66c protein in BCSCs after 

CD66c knock-down fell by about 2-fold compared to BCSCs 

treated with other shRNA groups, due to the silencing of the 

CD66c gene (Fig. 8B). Next, we evaluated the effect on cell 

proliferation in CSCs when the CD66c gene was knockdown 

by transfected with shRNA. As shown in Fig. 8C, BCSCs were 

stained with crystal violet post-shRNA transfection. The re-

sults showed that the cells treated with shRNA-C were dyed 

lightly, resulting in the induction of cell death by shRNA-C. 

To further clarify this, an MTT assay was conducted. Similar 

to the results obtained from the crystal violet staining exper-

iment, the MTT results indicated that shRNA-C-treated cells 

had the lowest cell survival rate (Fig. 8D). MCF-7 cells that did 

not present CD66c were then evaluated. Unlike the results 

obtained for the BCSCs, the effects of shRNA-c were not 

observable in MCF-7 cells (Supplementary Fig. S2), indicating 

that the effects of shRNA against CD66c are dependent on 

CD66c expression.

Increased cell death by knock-down of CD66c gene under 
oxidative stress
One of the many biological functions of CD66c is the inhibi-

tion of apoptosis under hypoxic conditions. To mimic the in 

vivo environment under in vitro conditions, cells were treated 

with hydrogen peroxide (H2O2) for 4 h after shRNA-SC and 

shRNA-C transfection. The shRNA-C expressing vector had 

inserted with the GFP gene as an indicator of transfection 

efficiency. We assessed the ability of cells to induce cytotoxic-

ity according to the presence or absence of the CD66c gene 

under oxidative stress. First, the efficiency of the transfection 

was investigated based on the expression of GFP vector in-

serted with shRNA-c against the CD66c gene. As shown in 

Fig. 9A, the expression of GFP in the cells treated with shR-

NA-SC was higher compared to cells treated with shRNA-C, 

due to the decrease in the levels of GFP-expressing cells re-

sulting from the increased cell killing effect, observed in the 

bright images of the cells treated with shRNA-C (Figs. 9A and 

9B). To assess the cytotoxicity by shRNA-C under oxidative 

stress conditions, an MTT assay was performed. Cells were 

transduced with shRNA-SC or shRNA-C for 6 h, then treated 

with H2O2 for 4 h at 48 h post-transfection. Anti-proliferation 

was found to be induced in BCSCs transfected with shRNA 

compared to the untreated cells (NC) (100%, 78%, and 
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Fig. 7. The expression of CD66c at the protein level in cultured BCSCs in a time-dependent manner. The expression of CD66c protein 

increased in a time-dependent manner in BSCSs compared to MCF-7 cells, in agreement with the transcriptomic results. These results 

indicate that the expression of CD66c is related to the maintenance period in CSCs, but not in cancer cells. (A) Confirmation of the expression 

of CD66c protein by western blotting. (B) Quantitative graph of the western blot. Data are expressed as the mean ± SEM. ***P < 0.01 

versus MCF-7 group. (C) Resulting peaks of the CD66c protein levels as a factor of time expressed on the surface of BCSCs in the form of a 

histogram according to FACS data. (D) Quantitative graph of the shifted peak in the FACS data. Data are expressed as the mean ± SEM. *P 

< 0.05 and ***P < 0.01 for MCF-7 versus BCSC (7 days) or BCSC (14 days); **P < 0.02 for BCSC (14 days) versus BCSC (21 days). (E) The 

images of CD66c expressed on the surface of the BCSCs according to cell binding assay. Data are expressed as the mean ± SEM. **P < 0.02 

versus MCF-7 group. (F) Identification of the characteristics of CSCs in BCSCs expressing CD66c by immunocytochemistry.
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64% in NC, shRNA-SC, and shRNA-C for cell viability, respec-

tively). shRNA-C-treated cells showed considerable cytotox-

icity compared to the control (NC) or shRNA-SC groups (Fig. 

9B). In particular, an apparent increase in cytotoxicity was 

observed in all groups treated with H2O2. A significant differ-

ence (2.6-fold increase in cytotoxicity) was observed between 

cells treated with shRNA-C and H2O2 and cells in the NC 

group. These results imply that CSC viability is increased un-

der conditions of oxidative cellular damage in the absence of 

the anti-apoptosis effect of CD66c, resulting in an increased 

cell killing effect.

 The enhancement of the CSC killing effect may be caused 

by apoptosis, due to the absence of the apoptosis inhibition 

function of the CD66c gene. To address this, BCSCs were 

evaluated by double staining FACS using FITC-annexin-V and 

propidium iodide (PI). The cell death population (annexin-V 

positive and PI negative, 41.16%; annexin-V positive and PI 

positive, 5.86%) was found increased in the BCSCs treated 

with shRNA-C and H2O2 compared to those treated with shR-

NA-SC and H2O2 (10.55% and both positive 3.71%) or the 

other groups (Figs. 9D and 9E). These results demonstrate 

that shRNA-C elicits enhanced cell death compared to shR-

NA-SC, as shown by a decrease in the induction of cell viabili-

ty.

DISCUSSION

There is currently a high rate of relapse in many types of can-

cer despite the development of improved therapeutic treat-

ments (Rodini et al., 2017; Song and Giovannucci, 2015). 

Although many conventional therapies have been used for 

the treatment of cancer, many handicaps remain to be over-

come. Several studies have suggested that the recurrence of 

cancer is caused by CSCs (Nassar and Blanpain, 2016; Zhu 

and Fan, 2018). CSCs, also known as tumor initiating cells, 

are defined as cancer cells with the ability to self-renew, 

similar to stem cells, and are associated with drug resistance 

and the formation of a tumorigenic core for tumor formation 

(Maugeri-Sacca et al., 2011; Nilendu et al., 2018; Zhu and 

Fan, 2018). Therefore, to avoid relapse after the treatment of 

cancer, CSCs must be eliminated. To this end, many research-

ers have studied a variety of treatments targeting CSCs. As a 

result, many biomarkers of CSCs have been identified (Ahn et 

al., 2008; Hamam et al., 2017; Luo et al., 2015; Skvortsov et 

al., 2014). However, the targeting of CSCs for their elimina-

tion involves many obstacles (Chen et al., 2012; Deonarain et 

al., 2009; Huang and Rofstad, 2017). CSC biomarkers have 

heterogeneous properties due to their genetic characteristics 

and heterogeneity, making them difficult to selectively recog-

nize and utilize (Meacham and Morrison, 2013). Therefore, 

CSCs need to be distinguished before they can be used in 

anti-cancer treatments. As such, there is a need to find novel 

surface biomarkers for CSCs (Kim and Ryu, 2017).

 Here, we attempted to identify a novel biomarker on the 

surface of certain breast cancer-derived CSCs through the 

development of CSC biomarkers in order to develop a novel 

selective anti-cancer treatment (Jung, 2017; Luo et al., 2015; 

Morrison et al., 2012; Nie et al., 2015) and resolve the issues 

related to the heterogeneity and differences between cells. 

First, we isolated and characterized breast cancer-derived 

CSCs (Bailey et al., 2018; Luo et al., 2015). As CSCs exist in 

small populations in tumors, they are very difficult to isolate 

and study. In the present study, several procedures were used 

to obtain CD24
–
/CD44+ markers expressing cell-enriched 

mammospheres from cultured MCF-7 cells (Calvet et al., 

2014; Wang et al., 2014) (Figs. 1 and 2). In previous studies, 

CSCs have been reported to be capable of sustained growth 

as spheres, wherein sphere formation is enriched in later pas-

sage spheres compared to early passage spheres (Kim et al., 

2017). In our study, CD24
–
/CD44+-expressing BCSCs were 

found to be enriched in 14-day mammospheres compared to 

Fig. 8. Biological effects of CD66c in BCSCs by CD66c gene 

silencing using shRNA. To determine the biological function of 

CD66c in BCSCs, BCSCs were treated with several shRNAs. The 

knock-down of the CD66c gene by shRNA at the transcriptomic 

(A) and protein (B) level. (C) Cell death and adhesion in BCSCs 

treated with shRNA-C against CD66c by crystal violet staining. (D) 

Cell viability in BCSCs treated with shRNA-C. Scrambled shRNA 

(SC) was used as a negative control here. ***P < 0.01 for NC 

group versus shRNA-C treated group.
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7-day mammospheres; however, after 21 days, their expres-

sion decreased (Fig. 4).

 Proteomic analysis is a leading research methodology for 

understanding protein expression in tissues. One theoretical 

drawback of proteomic research is that the identification of 

plasma membrane proteins is often hindered due to several 

reasons: (i) plasma membrane proteins are often more hy-

drophobic and therefore less soluble than cytosolic proteins 

(Pogozheva et al., 2013); (ii) they often have significant 

post-translational modifications (such as glycosylation, phos-

phorylation, and lipid moieties), making their identification 

difficult (Diaz-Fernandez et al., 2018); (iii) they are not as 

relatively abundant as other proteins (Leth-Larsen et al., 

2009). Despite these shortcomings in identifying cell surface 

markers, proteomics still offers a powerful high-throughput 

technique for the collection of a large dataset of proteins 

(Chen et al., 2012; Diaz-Fernandez et al., 2018; Rodini et al., 

2017). Therefore, we used a proteomic analyzer to identify 

candidates for surface biomarkers through the comparative 

analysis of human breast adenocarcinoma cell line MCF-

7 and MCF-7-derived CSCs (mammospheres derived from 

MCF-7 cells) (Abboud et al., 2019; Hertz et al., 2015; Mor-

rison et al., 2012; Nie et al., 2015). Comparing BCSCs and 

MCF-7 cells, the proteomic analysis identified only 31 of the 

total 617 proteins for BCSCs. Among them, the 4 strongest 

candidates for use as biomarkers consisted of several proteins 

associated with the plasma membrane: CD66c, ATP5C1, 

GBP1, and PAK4. Plasma membrane proteins were first se-

Fig. 9. Enhanced cell death in BCSCs treated with shRNA-C under oxidative stress conditions. (A) Transfection efficiency images of 

shRNA-C expressing a lentiviral vector for the knock-down of the CD66c gene. (B) Cell viability of BCSCs treated with shRNA-C under 

oxidative stress conditions. Data are expressed as the mean ± SEM. **P < 0.02 for in the absence or presence of H2O2. ***P < 0.01 for 

H2O2-only group versus H2O2treated with shRNA-C group. (C) FACS analysis of cell death induced by treatment with H2O2 post-shRNA-C 

transfection in BCSCs. (D) Quantitative viable cell population of BCSCs treated with shRNA-C and H2O2 by FACS analysis. Data are 

expressed as the mean ± SEM. *P < 0.05 or **P < 0.02 for the comparison of no H2O2 treated groups and H2O2 treated groups or **P < 

0.02 for shRNA-SC versus shRNA-C groups in the presence of H2O2. ***P < 0.01 for the comparison of NC and shRNA-C groups in the 

presence of H2O2. (E) Quantitative death cell population induced by shRNA-C treatment with H2O2. Data are expressed as the mean ± 

SEM. *P < 0.05 or **P < 0.02 for in the absence or presence of H2O2. **P < 0.02 for the comparison of shRNA-SC with H2O2 group and 

shRNA-C with H2O2 group. ***P < 0.01 for the comparison of H2O2 only group and shRNA-C with H2O2 group.
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lected as they can be readily used for further validation and as 

tools for targeting BCSCs. CD66c, also known as CEACAM6, 

is an intercellular adhesion molecule that is overexpressed 

in a wide variety of human cancers and is associated with 

tumorigenesis, tumor cell adhesion, cancer cell invasion, and 

metastasis. ATP5C1, also known as ATP Synthase F1 Sub-

unit Gamma, is a mitochondrial membrane ATP synthase 

(Pecina et al., 2018). GBP1 is a member of the large GTPase 

family and is induced by interferons and inflammatory cyto-

kines (Britzen-Laurent et al., 2013; Elias et al., 2015; Qiu et 

al., 2018; Quintero et al., 2017). PAK4, also known as P21 

(RAC1) Activated Kinase 4, is part of a conserved family of 

serine/threonine kinases, originally described as downstream 

effectors of small Rho GTPases, Rac, and Cdc42, and is crucial 

for cytoskeletal dynamics, survival, proliferation, metabolism, 

and invasion (Santiago-Gomez et al., 2019).

 Among these, CD66c was selected as the BCSC surface 

marker since it was perfectly co-expressed with CD24
–
/

CD44+, located across the outer cell membrane, and associ-

ated with various biological functions (Crabtree and Miele, 

2018; Henderson et al., 2018; Jaggupilli and Elkord, 2012; 

Kim et al., 2016; Ricardo et al., 2011; Yan et al., 2015) (Fig. 

7F). CD66c is part of the carcinoembryonic antigen (CEA) 

family and is a multifunctional glycoprotein that mediates ho-

motypic binding with other CEA family members, as well as 

heterotypic binding with integrin receptors. CD66c functions 

by organizing tissue architecture and regulating signal trans-

duction (Johnson and Mahadevan, 2015; Rizeq et al., 2018). 

It has been found to have biologically significant roles in cel-

lular invasiveness, resistance to apoptosis, and the metastatic 

potential of tumor cells (Hong et al., 2015; Lin et al., 2015). 

CD66c over-expression has been previously reported in muci-

nous adenocarcinoma in various organs, including the colon, 

pancreas, breast, ovary, and lung, where it has been fre-

quently correlated with a poor prognosis (Blumenthal et al., 

2005; Johnson and Mahadevan, 2015; Lin et al., 2015). As 

such, the use of CD66c as a novel biomarker on the surface 

of BCSCs was validated at the transcriptomic and proteomic 

levels (Figs. 6 and 7). In relation to the expression pattern of 

the CD24
–
/CD44+ marker for CSCs, the expression of CD66c 

was found to increase in BCSCs cultured for 14 days, com-

pared to MCF-7 cells.

 High levels of CD66c expression have been associated with 

a variety of malignancies, including breast cancer (Johnson 

and Mahadevan, 2015). CD66c has been found to play roles 

associated with: (i) decreased chemosensitivity; (ii) increased 

cell adhesion; (iii) improved cell invasion; (iv) metastasis in-

duction; (v) the inhibition of anoikis (Balk-Moller et al., 2014; 

Blumenthal et al., 2005; 2007; Hong et al., 2015; Johnson 

and Mahadevan, 2015; Lin et al., 2015; Pa czyszyn and Wiec-

zorek, 2012; Rizeq et al., 2018). Unlike attached cells, one of 

the many characteristics of CSC culturing is that the cells die 

early via cell killing during the formation of the spheres. Mi-

togen-responsive anoikis resistant cells (putative CSCs) prolif-

erate and form new spheres (Cao et al., 2016). Thus, when 

forming the spheres, the expression of this protein seems 

to increase, as shown in the results of Fig. 7. The increased 

expression of CD66c could be the result of the spheres being 

enriched for anoikis-resistant CSCs (Lee et al., 2018).

 CD66c has several functions, including roles in cell-cell 

binding, anti-apoptosis/anoikis activity, and tumor invasion, 

and metastasis. Among its functions, CD66c acts as a fac-

tor for the regulation of anti-apoptosis/anoikis related to 

the death of BCSCs (Gemei et al., 2013; Hong et al., 2015; 

Johnson and Mahadevan, 2015; Lee et al., 2018; Lin et al., 

2015). To prove this, the CD66c gene was knocked down in 

BCSCs using shRNA to suppress the effects of the CD66c ex-

pression. As a result, CD66c knockdown was found to affect 

the growth of BCSCs. The levels of crystal violet staining (for 

the examination of cell adhesion ability) and the MTT assay 

results (for cell survival) were found to be reduced in cells 

transfected with shRNA-C against CD66c, in agreement with 

the transcriptomic and proteomic results (Fig. 8).

 The decreased in cell viability may have been caused by 

the inhibition of CD66c for anti-apoptosis/anoikis. To mimic 

the oxidative stress conditions of CSCs in found in the in vivo 

environment (Zhong et al., 2019), BCSCs were treated with 

H2O2. Many studies have shown that H2O2-mediated oxida-

tive stress can induce premature senescence in various types 

of cells. However, it is largely unknown how BCSCs respond 

to H2O2-mediated oxidative stress in the absence of CD66c 

protein. Our results showed that H2O2-mediated oxidative 

stress decreased the number of BCSCs. When CD66c was not 

expressed (as a result of shRNA treatment), the killing effects 

of oxidative stress were enhanced in cells treated with H2O2 

(Fig. 9B).

 One of the major cell death mechanisms is apoptosis. 

Double-staining FACS using annexin-V and PI was carried 

out to investigate the mechanisms of increased cell death 

after shRNA and H2O2 treatment. The knockdown of CD66c 

after treatment with shRNA-C was found to induce increased 

levels of apoptosis and necrosis, resulting an enhanced cell 

death of BCSCs (Figs. 9C and 9D). These results demonstrate 

that CD66c expression in BCSCs is related to enhanced apop-

tosis in response to oxidative stress (Zhong et al., 2019). Tak-

en together, our results indicate that CD66c is a novel BCSC 

surface biomarker that could be used for the targeted thera-

peutic treatment in clinical research studies.

 In conclusion, we attempted to develop a novel biomarker 

on the surface of BCSCs via proteomic analysis. Identified as 

a common molecule using proteomic data between MCF-

7 breast cancer cells and BCSCs, CD66c was investigated 

as a potential biomarker for BCSCs. CD66c was validated in 

BCSCs at the transcriptomic and proteomic level. Compared 

to MCF-7 cells, CD66c showed a high level of expression on 

the 14th day in BCSCs, with distinctive features of a CD24
–
/

CD44+ (CSC biomarker). The biological function of CD66c 

in BCSCs was assessed by shRNA treatment. The down-reg-

ulation of the CD66c gene by shRNA induced a decrease in 

cell proliferation. After the treatment of BCSCs with shRNA 

under oxidative stress conditions, an increased cytotoxicity 

was observed. In addition, increased levels of cell death were 

found as a result of enhanced apoptosis.

 This study is the first to evaluate the biological function of 

CD66c as a novel biomarker on the surfaces of breast can-

cer-derived CSCs. Taken together, our results indicate that 

CD66c expressed on the surface of BCSCs may be used as 

a novel biomarker and a potential molecular target for the 
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treatment of breast cancer.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org). 
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