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IDENTIFICATION OF LIGANDS SELECTIVELY TARGETING BREAST CANCER 

STEM CELLS VIA COMBINATORIAL CHEMICAL LIBRARY SCREENING 

Chao Long, PhD 
The University of Texas at Dallas, 2018 

ABSTRACT 

Supervising Professor:  Dr. Jiyong Lee 

Cancer stem cells (CSCs), also known as tumor-initiating cells (TICs), play critical roles in the 

resistance to anti-cancer therapies, tumor metastasis and tumor relapse. An innovative synthetic 

binder to cancer stem cells would provide not only a chemical tool to study the mechanism of 

cancer stem cells, but also become a lead ligand for imaging, diagnoses or therapeutics targeting 

cancer stem cells. Herein, a synthetic peptoid ligand CL-1-19-1 that selectively binds to cancer 

stem cell subpopulation over non-CSC subpopulations of breast cancer was identified via a cell-

based high throughput screening from a one-bead-one-compound (OBOC) combinatorial 

chemical library. CL-1-19-1 was verified to bind to CD24−/CD44+/ALDH+ cancer stem cell 

phenotype of MCF-7, MDA-MB-231, and BT549 respectively. CL-1-19-1-immobilized beads 

can also be utilized as a synthetic tool for the isolation of cancer stem cell subpopulation from 

ovarian cancer and prostate cancer cell lines. CL-1-19-1-bound population of cancer cells 

displayed increased expressions of stemness-associated transcription factors, such as SOX2, 

KLF4, C-myc, and Nanog. Furthermore, the CL-1-19-1-bound population demonstrated a higher 

tumor growth rate in vivo, as well as larger tumor size and cells from the tumors exhibited 
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stronger expressions of cancer stem cell markers and more migratory activity. In conclusion, CL-

1-19-1 has been identified as the first synthetic binder of breast, ovarian and prostate CSCs, thus 

having high prospects as a chemical tool for isolating cancer stem cells from various solid cancer 

types including breast, ovarian, and prostate. 
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CHAPTER 1 

INTRODUCTION 

1.1 Statistics of breast cancer 

Expected to rank as the top cause of human mortality in years to come, cancer is considered as 

the second most deadly disease in the United States of America.1 Among various cancer types, 

breast cancer keeps threatening most women’s health. One in eight women will be diagnosed 

with breast cancer in their lifetime.1 Conventional therapies such as surgery, radiotherapy, 

chemotherapy, and endocrine therapy, are widely used to treat breast cancer. With individualized 

treatment, 90% of breast cancer patients may encounter tumor remission.2 Regardless of such 

treatments, breast cancer patients may still suffer from a high risk of tumor recurrence, primarily 

contributing to breast cancer mortality.3 Studies have confirmed that the five-year tumor 

recurrence rate can be as high as 40%.3-6   

1.2 The definition of cancer stem cells 

Accumulating evidence shows that cancer stem cells (CSCs) are implicated in tumor 

recurrence.7,8 Cancer stem cells, also termed as tumor-initiating cells (TICs), are a small 

malignant progenitors subpopulation within a tumor that possess characteristics associated with 

normal stem cells, particularly the ability to give rise to all the other types of cancer cells found 

in a certain tumor sample.7 CSCs have several characteristics: hierarchical organization, 

tumorigenicity, resistance to anti-cancer therapies, and exist as a minor population within a 

tumor.  
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1.3 The characteristics of cancer stem cells 

Emerging evidence demonstrates that tumor cells are heterogeneous instead of being 

homogenous and are hierarchically organized.7,9 Heterogeneity of the tumor makes the diagnosis 

and treatment of cancer complicated.10 To study the hierarchical organization, researchers have 

constructed two tumor models: stochastic model and cancer stem cell model.11 Stochastic model, 

also known as the clonal evolution (CE) model, suggests that most cells can proliferate 

extensively and form new tumors. In the CE model, tumor cells are initially biologically 

identical.9,12 Some tumor cells can be more aggressive and invasive compared to other cells 

within the same tumor due to genetic and epigenetic alterations. This eventually leads to an 

increase of the heterogeneity within the tumor.13,14 The mutant subpopulation of tumor cells 

cannot be isolated via cell sorter and enriched by methods due to their intrinsic properties as a 

result of CE model.9,12 In contrast, the cancer stem cell model shows that only a subpopulation, 

named as cancer stem cells, are able to give rise to all the other types of cancer cells, proliferate 

extensively, and form new tumors.7,13,14 According to the cancer stem cell model, tumor cells are 

hierarchically organized. Cancer stem cells can self-renew (perpetuating a cancer stem cell pool 

within a tumor) and are divided into progenitors. Progenitor cells have relatively less self-

renewal ability compared to cancer stem cells but are still able to divide into terminally 

differentiated cells (TDCs) that lose self-renewal ability.15 The cancer stem cell model is a more 

accurate representation as it explains why the tumor relapse can occur after treatment with 

conventional therapies.7 Moreover, strong evidence has shown that the isolation of certain tumor 

cells with particular cell surface markers initiate the growth of tumors in mouse xenografts.16,17      
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Tumorigenicity or tumor-forming property is an additional characteristic of CSCs. 

Patient-derived tumor cells can be sorted into different populations by fluorescence-activated cell 

sorting (FACS).16 Researchers utilize cell surface markers CD24 and CD44 as hallmarks of 

breast cancer stem cells.16,18,19 In other words, breast cancer cells with cell surface marker CD24-

/CD44+ phenotype represent breast cancer stem cell subpopulation. Aldehyde dehydrogenase 

(ALDH), an enzyme that catalyzes the oxidation of aldehydes,20 is also used to distinguish 

cancer stem cells. ALDH+ cells are often referred to as cancer stem cells.19,21-25 Al-Hajj et al. 

proved that CD24-/CD44+ injection site showed tumor forming capability, while no tumors were 

detected at the CD24+/CD44+ injection site.16 The malignant tissues on the CD24-/CD44+ site 

were further confirmed by hematoxylin and eosin-stained histology staining, which further 

verified that the cancer stem cell subpopulation were tumorigenic compared to non-cancer stem 

cell populations. 

CSCs have also been shown to contribute to the resistance against anti-cancer therapies. 

MCF-7, a commonly used cancer cell line in breast cancer study, is a luminal cancer cell line 

expressing estrogen and progesterone receptors but not HER-2. Hirsch et al. found that after 

being treated with a conventional chemo drug doxorubicin (DOX), the number of cancer stem 

cells remained similar to the untreated group, yet the number of non-cancer stem cells decreased, 

which indicated that the chemo drugs only killed the bulk populations of the tumor.16 Hirsch et 

al. also demonstrated that metformin, a diabetes drug, inhibits the growth of cancer stem cell 

subpopulation, as the number of cancer stem cells within a tumor decreased in the metformin 

treatment group.18 In addition, the combination of metformin and doxorubicin treatment group 

showed synergetic effects that largely decreased both the number of CSCs and non-CSCs, which 



 

4 

proved that treatment of targeting CSCs subpopulation may improve the treatment of breast 

cancer patients.18 Significantly, Hirsch et al. demonstrated that some cancer cells from MCF10A 

cell line infused with Src oncogene could be induced into cancer stem cells by Tamoxifen. This 

indicates that cancer cells can undergo a certain transition to become CSCs. The percentage of 

different cancer cell subpopulations in drug-treated MCF10A Er-Src also showed the same trend 

as shown in MCF-7 cell line, which further confirmed that the small subpopulation of CSCs is 

able to resist anti-cancer drug and that targeting CSCs may offer an incredible avenue to treat 

breast cancer.18  

Last but not the least, existing as the minority population within a tumor is another 

characteristic of CSCs. CSCs possess a self-renewal property, allowing them to keep a small 

percentage pool within a tumor. Due to CSCs’ self-renewal ability, this small population is able 

to form mammospheres in the serum-free medium with all the other cell types dying from 

anoikis.26 Even though CSCs have a minor population, it is effortless for them to be able to form 

a tumor since they are highly tumorigenic in xenograft that is “gold standard” for scientist to 

study tumorigenicity of CSCs.21,27,28 Iliopoulos et al. found that even as few as 50 breast cancer 

cells with CD24-/CD44+ phenotype may lead to tumor growth in mouse xenograft.26  

Cancer stem cells are the leading cause of tumor recurrence in patients due to their 

properties of hierarchically organization, highly tumorigenicity, resistance to anti-cancer drug, 

and a minor population within a tumor.18,26,29,30 There is a need to target CSCs.  

1.4 Targeting cancer stem cells 

Figure 1.1 illustrates why these targeting methods are necessary. The tumor can be shrunk at the 

beginning of treatment with conventional cancer therapies; however, since CSCs are resistant to 
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those therapies, they remain alive in a patient’s body. Due to CSCs’ tumorigenicity, it causes 

tumor relapse. Furthermore, they are highly metastatic and aggressive, which enable them to 

metastasize and form a secondary tumor. Instead, if scientists find a way to target CSCs and kill 

CSCs specifically, the tumor then lacks a self-renewal ability, and eventually may result in tumor 

regression because of the loss of CSCs that support the tumor growth endlessly.7     

 

Figure 1.1. The illustration of conventional cancer therapy and cancer stem cells targeting 
therapy. Conventional cancer therapies only kill the bulk population of cancer cells and 
remaining cancer stem cells lead to tumor recurrence; while targeting cancer stem cell therapy 
may result in cures. 

In accordance with this theory to eradicate cancer stem cells, scientists are dedicated to 

targeting cancer stem cells in four ways: targeting cell surface markers31, ATP-driven efflux 
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transporters from ATP-binding cassette (ABC) gene family, cell signaling pathways, or the 

tumor microenvironment.32,33  

Cell surface markers are widely employed by researchers as mentioned above; Anti-

CD44 antibody-conjugated gold nanorods have been applied to target CD44+ cells by Alkilany 

and colleagues.34  This gold nanorod may increase the local temperature to kill CSCs after being 

initiated by an infrared laser.34 Muntimadugu et al. constructed a type of nanoparticles 

encapsulated with a CSCs killing drug salinomycin (Figure 1.2).35  This type of nanoparticles 

was coated with hyaluronic acid (HA) (Figure 1.3) that specifically bind to the CD44 receptors 

overexpressed on breast CSCs. The combined treatment of HA coated salinomycin nanoparticles 

killing CSCs and paclitaxel nanoparticles killing non-CSCs displayed the highest cytotoxicity 

against CD44+ breast cells.35 Gener et al. used poly[(D,L-lactide-co-glycolide)-co-PEG] (PLGA-

co-PEG) micelles loaded with paclitaxel as targeted nanomedicines to target and sensitize breast 

cancer stem cells to paclitaxel.36  Aires and colleagues synthesized and characterized iron oxide 

magnetic nanoparticles (MNPs).37 This novel type of nanoparticles was multi-functionalized with 

anti-CD44 antibody and gemcitabine derivatives, and was able to treat CD44+ breast cancer cells 

specifically. 

 

Figure 1.2. The structure of salinomycin 
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Figure 1.3. The structure of hyaluronic acid 

A second method for targeting CSCs is by targeting ATP-driven efflux transporters.38,39 

The combination of chemo drugs and ABC transporters inhibitors can be used to efficiently kill 

CSCs.40 Recently, numbers of novel ABC transporter inhibitors were identified. MS-209 (Figure 

1.4), one of the inhibitors, shows encouraging outcome of overcoming drug resistance in breast 

cancer.41 Robey and colleagues also found that pheophorbide is a specific inhibitor of ABCG2, 

one of three dominant human ABC transporters.42 This is an alternative way of treating breast 

cancer cells that are resistant to anti-cancer therapies. 

  

 

Figure 1.4. The structure of MS-209 
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Another method for targeting CSC is by targeting cell signaling cascades.  Monoclonal 

antibodies targeting Notch pathway shows a promising result in reducing CD24-/CD44+ 

subpopulation within the tumor and the prevention of brain metastasis.43 Harrison et al. 

demonstrated that therapies targeting Notch4 were more effective than targeting Notch1 and 

noted Notch4 inhibition provided a more complete inhibition of tumor initiation.44 Other cell 

signaling pathways are also targeted by diverse compounds, such as the hedgehog, or Wnt 

pathway and so on.30,45-49 

A final strategy for targeting CSC is by targeting the microenvironment. The 

microenvironment offers a niche for CSCs and prevents CSCs from apoptosis induced by chemo 

drugs. Thus, targeting microenvironment is the fourth possibility for scientists. It is worthy to 

note that angiogenesis is related to CSCs survival and VEGF is commonly a target of cancer 

therapy.33,50-53 Also, weakly acidic pH in the solid tumors microenvironment is a widely known 

characteristic and utilized by the scientists for targeting the microenvironment. An arginine-rich 

peptide (YGRKKRRQRRR), TAT peptide, is designed to transport different kinds of small 

molecules into mammalian cells both in vitro and in vivo.33 Lee and colleagues made use of TAT 

to a pH-sensitive cargo conjugated with biotin; they increased the potency of doxorubicin via 

TAT.54 Most importantly, the sizes of the tumors in the mice model were largely decreased 

compared with those of other groups. 

1.5 The limitations of current cancer stem cells targeting methods 

There are several limitations in all the four ways of targeting breast cancer stem cells.32 The first 

reason is the absence of antigens used to identify CSC subpopulation, such as CD24-. It is 

impossible to “target” a receptor that is absent. The second reason is that two cell surface 
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markers are commonly used to determine CSC subpopulation. It is difficult to detect or target 

cancer stem cells in vivo by using two different antibodies simultaneously. Third, it is reported 

that targeting ABC transporters may cause toxicity to normal human stem cells, especially to the 

bone marrow.38 Fourth, targeting cell signaling cascade is not specific to CSCs either, since 

CSCs share some common cell signaling pathways with normal stem cells in the human body.33 

In addition, there are only CD24/CD44/ALDH biomarkers for breast cancer stem cells and 

limited numbers of biomarkers are available to detect or target CSCs.19  

1.6 The objective of our research “Identification of ligands selectively targeting breast 
cancer stem cells via combinatorial chemical library screening” 

In order to overcome those challenges described above and also achieve our goal of isolating 

CSCs, extracellular cell membrane proteins or biomarkers are ideal targeting sites for our 

research. The objective of my research proposed, is the “Identification of ligands selectively 

targeting breast cancer stem cells via combinatorial chemical library screening”. For the purpose 

of achieving this objective, I proposed three specific aims: 1) To isolate the ligand that 

specifically binds to CSCs via one-bead-one-compound (OBOC) combinatorial chemical library 

screening, 2) To validate that the ligand specifically binds to CSCs, and 3) To verify the ligand 

binds to CSC subpopulation in other types of solid cancers (ovarian cancer, prostate cancer and 

others). 

1.7 One-bead-one-compound combinatorial chemical library and cell-based high 
throughput screening 

One-bead-one-compound combinatorial library has facilitated the research of innovative 

synthetic ligands for drug discovery in cancer and other diseases since Kit S. Lam invented the 

OBOC library method.55,56 OBOC library methods are a modern way of identifying synthetic 
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ligands based on chemistry and have been utilized widely to discover advanced ligands for target 

therapy of diseases for years.56-61 The combination of some OBOC combinatorial library method 

and cell-based screening leads to promising results. Cho et al. investigated the Complex Object 

Parametric Analyzer and Sorter (COPAS) large particle bio-sorter for cell-based high throughput 

screening of human breast cancer cell populations.56 Aina et al. identified peptides targeting 

integrin present on CAOV-3 ovarian adenocarcinoma cells.57 Yao et al. discovered a novel 

cyclic peptide 1 (LXY1) targeting integrin and a novel cyclic peptide 2 (LXY3) specific to breast 

adenocarcinoma tumors in mouse xenografts via cell-based screening.60 Those data demonstrate 

strong evidence that the combination of OBOC library and cell-based screening promote the 

discovery of novel directed ligands. The advantage of this combination method is that the target 

protein confirmation remains unchanged in the natural form while binding to ligands on the 

beads.56 In addition, it is a more efficient and facile process of OBOC library screening to rapidly 

identify hit ligands against a drug target.62  

Both peptide and peptoid compounds are used to construct OBOC libraries previously. 

There are a couple of advantages by using peptoids rather than peptides in a biological system. 

The main advantages of peptoids as research tools include the ease and economy of synthesis, 

high variety of backbone and side-chain chemistry, high biological activity and resistance to 

proteolytic degradation.63  

1.8 Hypotheses 

Hypothesis 1: Cell surface receptors are uniquely or overexpressed on CSCs. 

Cells in MCF-10A Er-Src can be induced into breast cancer stem cell subpopulation, as 

Figure 1.5 shows that normal cancer cells may go through a certain transition to become cancer 
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stem cells. During this transition, these cancer cells may lose some cell surface markers, such as 

CD24; meanwhile, they may also gain some cell surface markers, such as CD44. These cancer 

cells may become cancer stem cell subpopulation after this particular transition. Therefore, 

finding the cell surface receptors that are uniquely or overexpressed on cancer stem cells may be 

possible by using a combinatorial chemical library.  

 

Hypothesis 2: One-bead-one-compound combinatorial chemical library can be used as a “fishing 

bait” to bind to breast cancer stem cells selectively. 

One-bead-one-compound combinatorial chemical library with its exceptional diversity is 

employed as an efficient tool. Each peptoid compound is immobilized on each of the TentaGel 

resin beads. By utilizing high throughput screening, finding the bead which binds to our target on 

the breast cancer stem cells will be the ligands we screen for (Figure 1.6). 

 

Figure 1.5. The illustration of hypothesis 1. A transition that normal cancer cells undergo gives 
rise to the unique or overexpressed cell surface receptors on cancer stem cells. 
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Figure 1.6. The illustration of hypothesis 2. Ligands on OBOC library are provided as a “fishing 
bait” to bind to unique or overexpressed receptors on cancer stem cells. 
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2.1 Author contributions 

L.C. performed all the in vitro experiments, performed tumor xenograft experiments and wrote 

the paper. C.L. constructed the OBOC library, performed the screening, identified and 

synthesized the hit peptoids and their derivatives, performed tumor xenograft experiment and 

wrote the paper. K.A.M.T synthesized hit peptoids and their derivatives. J.L. conceived and 

supervised the project, designed experiments, analyzed data and wrote the paper. 

2.2 Abstract 

Cancer stem cells (CSCs) are associated with drug resistance, metastasis and recurrence of 

cancer. A synthetic binder of CSCs can provide a valuable tool to study the biology of CSCs and 

a lead to develop imaging, diagnostic and therapeutic agents targeting CSCs. Herein, a synthetic 

ligand (1) that specifically binds to CSCs over non-CSCs of breast cancer cells was identified for 

the first time via a cell-binding screening of a chemical library. The ligand 1 showed specific 

biding to CD24-/CD44+/ALDH+ CSC population of MCF-7 and MDA-MB-231. We have 

demonstrated that 1-immobilized beads can be used as matrices for affinity isolation of 1-binding 

CSC population from breast cancer cells. The 1-binding population showed significantly 

increased expressions of stemness-associated transcription factors. Importantly, the 1-binding 

population demonstrated accelerated tumor growth in vivo, and the resulting tumor displayed an 

increased migratory activity and high expressions of CSC markers. 

2.3 Results 

The initial treatment for breast cancer is usually effective in approximately 90% of breast cancer 

patients resulting in a clinical remission.1 However, breast cancer survivors still have a high risk 

of tumor recurrence after about 5 years of the initial treatment.2 Recurrent cancers are typically 
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resistant to conventional therapies resulting in poor patient survival rates. A recent model for the 

development of recurrent cancer involves self-renewing malignant progenitors known as cancer 

stem cells that possess phenotypic heterogeneity from the bulk cancer cell populations.3 The 

CSC model hypothesizes that cancers are hierarchically organized and are maintained by CSCs 

that exist as a small population within the tumor. Moreover, CSCs are resistant to the 

contemporary anti-cancer therapies, and hence become a root of tumor recurrence. Therefore, 

novel therapeutic agents targeting CSCs hold a great promise in eradicating breast cancer 

without tumor recurrence. However, as CSCs exist as a small population, identification of CSCs 

in tumor poses a great challenge to developing CSC-targeting therapeutics. Limited numbers of 

cell-surface and intracellular markers are currently available to identify CSCs.4 For breast cancer, 

cells with a CD24-/CD44+ phenotype have been known to represent a breast CSC population.5 

However, as the combination of multiple antibodies for these surface markers is necessary to 

detect CSC, application of these markers for in vivo studies are greatly challenged. Another issue 

with antibody-based detection agents is the inherent instability of antibody due to its 

proteinaceous nature. Therefore, there is great interest in developing a novel synthetic agent to 

detect breast CSCs. Herein, we describe the isolation of the first synthetic ligand that binds to 

CSC over non-CSC of breast cancer cells via a cell-binding screen of a combinatorial chemical 

library. Our hypothesis is that CSC carries characteristic cell surface biomolecules (such as 

receptors) that distinguish itself from non-CSC, which allows us to isolate ligands that 

selectively bind to CSC over non-CSC.  

We have constructed an 8-residue one-bead-one-compound (OBOC) combinatorial 

peptoid library6 (Figure A.1). About 46,000 library beads were incubated with MCF-7 cells for 
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30 min when about 10% of the beads showed bound cells (Figure 2.1a). MCF-7 was chosen as a 

source of CSCs as it presents a small population of breast CSC with a CD24-/CD44+ phenotype.7 

The excessive non-CSC populations such as cells with a CD24+/CD44- phenotype in MCF-7 

cells can work as competing cells that display cell surface biomolecules competing for ligand 

binding and thus increase specificity of CSC-specific hit ligands. The hit beads with putative 

CSCs bound were selected in 2-steps where CD24-/CD44+ phenotype of bound cells was 

evaluated. First, the beads with bound cells were incubated with biotinylated CD24 antibody, 

followed by streptavidin-coupled magnetic nanoparticles. The magnetized beads were removed 

so that the cells on the remaining beads had a CD24- phenotype. The remaining beads were 

incubated with biotinylated CD44 antibody, followed by streptavidin-conjugated Qdot655 (SA-

Qdot655). The hit beads with high red fluorescent cells were manually selected under a 

fluorescence microscope (Figure 2.1b and Figure A.2). We have isolated 5 hits as breast CSC-

specific ligands (Figure 2.1c and Figure A.3). 

The hit beads were re-synthesized and incubated with MCF-7 cells. Immunofluorescence 

analysis revealed that all the hits bound to cells with a CD24-/CD44+ phenotype (Figure A.4) 

without any significant difference in their binding activity. Among hits, we have selected CL-1-

19-1 (Figure 2.1c, hereafter 1) for further characterization in this study. Characterization of other 

4 hits are currently underway and will be published elsewhere. To demonstrate that hit 1 can 

bind to CSC population of MCF-7 cells even though it is not immobilized on solid support, 

MCF-7 cells were incubated with biotinylated-1 (Figure A.5a, 0.5 µM), followed by SA-

Qdot655. The dihydroxyphenylalanine (DOPA) moiety of the biotinylated-1 is for the future use 

in periodate-mediated crosslinking8 of binding receptor(s) for target identification (currently 
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underway and will be published elsewhere). The biotinylated-1 was shown to bind to only small 

portion (12.5 area % by ImageJ analysis) of MCF-7 cells (Figure 2.1d and Figure A.6). 

Excessive soluble-1 (Figure A.5b, 50 µM) was able to compete with the binding of biotinylated-

1 to MCF-7 cells (Figure A.6h) indicating the binding was specific to 1. To examine if the 

ligand-bound cell population represents CSCs, the cells were co-stained with the AldefluorTM, a 

green fluorescence indicator of aldehyde dehydrogenase (ALDH) activity.9 Recent studies have 

suggested that the increased ALDH activity is a hallmark of CSC of various cancer types.5, 9-10 

As shown in Figure 2.1d, ligand-bound cells showed significant overlap with the ALDH+ cells, 

indicating the ligand bound to ALDH+ CSC population of MCF-7.   

To directly characterize CSC activity of ligand-bound cell population, we have utilized 1-

immobilized beads as matrices for affinity isolation of the putative CSC population from whole 

MCF-7 cell population (Figure 2.1e). MCF-7 cells were incubated with 1-immobilized beads and 

1-binding population (1-B) were isolated in 6.6% yield from the whole MCF-7 population (W). 

The cells remained unbound to the beads were referred to 1-nonbinding population (1-NB). 

AldefluorTM staining was performed on these populations to show that 1-B displayed 2-fold 

increase in ALDH activity compared to W (Figure 2.1f and Figure A.7a). In contrast, the 1-NB 

showed 2-fold decrease in ALDH activity compared to W. These data suggest that 1-

immobilized bead was able to capture and enrich ALDH+ CSC population from MCF-7 cells. 

Next, to examine if the 1-B displays a stemness phenotype, we have evaluated the expression 

level of stemness-associated transcription factors (c-Myc, Klf4, Sox2 and Nanog) (Figure 2.1g 

and Figure A.7b). We found that 1-B displayed a significant increase in the expression level of 

these transcription factors compared to whole population; ~ 2-fold of Sox2, ~ 4.5-fold of c-Myc, 
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~ 4-fold of Klf4, and ~ 7-fold of Nanog. In contrast, 1-NB displayed a decreased level of these 

transcription factors compared to W, with the exception of Nanog that did not show any change. 

Collectively, these results provide strong evidence that 1 captures the CSC population in MCF-7.   

To further examine clinical applicability of the ligand 1, we have evaluated its binding to 

triple-negative breast cancer (TNBC) cell lines. TNBC, characterized by mammary tumors that 

lack detectable expression of estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth receptor 2 (HER2), represents 15% to 20% of all breast cancers.11 TNBC has a 

higher rate of early recurrence and poor clinical outcome. However, TNBC lacks defined 

targeted therapies and molecular markers for detection, thus imposes a greatest challenge in 

breast cancer treatment. Recent studies suggest that TNBC is enriched with CSCs with a CD24-

/CD44+ phenotype.12 Therefore, we reasoned that 1 would display higher binding to TNBC cells 

compared to other subtypes of breast cancer cells. Such property of 1 can be utilized to develop 

TNBC-specific imaging/diagnostic agents. The bead-based binding assay result showed that two 

TNBC cell lines, MDA-MB-231 and BT549 bound to 1-immobilized beads and the bound cells 

were found to display a CD24-/CD44+ phenotype (Figure A.8). To further validate if the bound 

cells display CSC properties, we have isolated 1-binding population (1-B231) and 1-nonbinding 

population (1-NB231) from the whole population of MDA-MB-231 (W231). The isolation yield 

of CSCs (1-B231) isolation from MDA-MB-231 cells was 18.2% which is about 3-times higher 

than that from MCF-7, implying higher CD24-/CD44+ cell population in MDA-MB-231 

compared to MCF-7, which is consistent with previous studies.12 AldefluorTM staining shows 

that the 1-B231 and the 1-NB231 display 8-fold increase and 0.5-fold decrease in ALDH 

activity, respectively compared to W231 (Figure 2.2a and Figure A.9a). In addition, Western blot 
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analysis reveals that the stemness markers (c-Myc, Klf4, and Nanog) are enriched in 1-B231; 

about 4 – 9-fold increase compared to W231 (Figure 2.2b and Figure A.9b). From these results, 

we have concluded that 1 captures CSC population in MDA-MB-231 cells. 

To evaluate the binding property of the 1 ligand to patient-derived breast tumors, we have 

utilized a tissue microarray (TMA) comprising tissues of TNBC and non-TNBC tumors. Non-

TNBC tumors were further categorized into HR+ and HER2-overexpressed tumors. As the ligand 

was isolated from in vitro screening using cell lines, it is important to validate it’s binding to 

patient-derived tumors to prove that 1 binding to cancer cells is not simply cell line-dependent 

but also phenotype-dependent. Incubation of TMA with biotinylated-1, followed by streptavidin-

conjugated Texas Red (SA-Texas Red) has revealed that TNBC tumor tissues have highest 

binding to 1 amongst the tissues sections in the TMA. TNBC tumor sections have 8-fold and 4-

fold higher binding to 1 than HER2-overexpressed and HR+ tissues, respectively (Figures 2.2c, 

d).  

CSC population is known to be tumorigenic while non-CSC population does not support 

tumor growth significantly.5 Therefore, it has been hypothesized that elimination of CSC 

population will result in tumor degeneration, as new cell growth cannot be initiated from the 

remaining non-CSC population. A half-million cells of 1-B231, 1-NB231 or W231 were injected 

into nude mice and tumor growth was monitored over 66 days. As shown in Figure 2.3a, 1-B231 

induced accelerated tumor growth compared to W231 and also resulted in bigger tumor size. In 

contrast, the 1-NB231 failed to support any significant tumor formation. These results indicate 

that 1 captures highly tumorigenic CSC population in MDA-MB-231. Analysis of tumor sections 

by biotinylated-1 reveals that 1-B231-derived tumor contains higher population of 1-binding 
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cells compared to other population-derived tumors (Figure 2.3b and Figure A.10a). Importantly, 

AldefluorTM staining reveals that the 1-binding cells of the tumors are ALDH+, suggesting that 

the 1-B231 is the CSC population responsible for the increased tumorigenicity (Figure 2.3b and 

Figure A.10b). On the contrary, the tumors derived from the 1-NB231 showed marked reduction 

in 1-binding ALDH+ population (Figure 2.3b and Figure A.10). These results are consistent with 

the CSC tumor hierarchy mode.13  

Next, cells harvested from the tumors were used for in vitro assays to further characterize 

CSC properties of tumor cells from different populations. The cells from the 1-B231-derived 

tumors migrate faster than the cells from 1-NB231-, W231-derived tumors or parental MDA-

MB-231 cells, indicating the tumor derived from the 1-B contains higher migratory activity 

(Figure 2.3c and Figure A.11). In addition, the cells from 1-B231-derived tumor showed 

markedly increased level of stemness-associated transcription factors, c-Myc, Klf-4 and Nanog 

(Figure 2.3d and Figure A.12a). Recent studies suggest epithelial-mesenchymal transition (EMT) 

is associated with CSC activity.14 We have found that 1-B231-derived tumor shows increased 

level of mesenchymal markers such as N-cadherin and vimentin while 1-NB231-derived tumor 

displays decreases in mesenchymal markers (N-cadherin and vimentin) and increase in epithelial 

marker, E-cadherin (Figure 2.3e and Figure A.12b). 

In summary, we have isolated the breast CSC-specific ligand 1 via a cell-binding screen 

of a OBOC combinatorial chemical library. It is important to note that OBOC libraries have been 

previoulsy utilized to isolate ligands that bind specifically to cancer cells over normal cells.15 

However, utilization of OBOC screen to isolate ligands that bind to the sub-population of the 

cancer cells such as CSC was first demonstrated in this study. The ligand 1 showed specific 
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binding to the CD24-/CD44+/ALDH+ CSC population of MCF-7 and MDA-MB-231 cells. In 

addition, the 1-binding cell population of MCF-7 and MDA-MB-231 cells displayed a significant 

increase in CSC markers compared to 1-nonbinding cell populations. Importantly, the 1-binding 

cell population of MDA-MB-231 cells demonstrated accelerated tumor growth in vivo. These 

results provide strong evidence indicating that the synthetic ligand 1 binds to CSC population of 

breast cancer cells. To the best of our knowledge, this is the first synthetic ligand that was 

identified to bind directly to breast CSC. Several small molecules have been reported to 

modulate signaling pathway(s) associated with CSCs16 but none of them display direct binding to 

CSC. It is also important to emphasize that the use of ligand 1 alone is sufficient to capture the 

breast CSC population, which otherwise requires the combination of multiple markers. Taken 

together, our study provides the first synthetic binder of breast CSC which can be utilized to 

advance our knowledge of CSC and develop novel imaging / diagnostic / therapeutic agents to 

target breast CSC in vivo. 
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Figure 2.1. Isolation of CSC-specific ligands using cell-binding screening of a combinatorial 
chemical library. a) Illustration of the screening. SA = streptavidin. b) Transmitted (i) and 
fluorescence (ii, DAPI channel) images of the hit bead displaying CL-1-19-1 (1). The hit bead 
shows bead-bound red fluorescent cells. The bead itself emits blue fluorescence at DAPI 
channel. See Figure A.2 for images of other hit beads. c) Chemical structure of the hit bead 1. 
See Figure A.3 for structures of other hits. d) Transmitted (i), fluorescence (ii and iii) and 
merged (iv) images of a monolayer of MCF-7 cells incubated with AldefluorTM reagent (a green 
fluorescence dye for ALDH activity), and then biotinylated-1 (Figure A.5a) followed by 
streptavidin-conjugated Qdot655 (SA-Qdot655). R: Pearson correlation coefficient. See Figure 
A.6 for the full images. e) Affinity isolation of 1-binding (1-B) and 1-nonbinding (1-NB) 
population from MCF-7 cells. f) Quantitative analysis of AldefluorTM staining of W, 1-NB, and 
1-B of MCF-7 cells. W represents whole MCF-7 population.  Error bars represent s.d. from three 
independent experiments. Statistical comparison performed by Student’s t-test (*p < 0.05, **p < 
0.005). See Figure A.7a for fluorescence images of all three populations stained with 
AldefluorTM. g) Western blot analysis of stemness-associated transcription factors of W, 1-NB, 
and 1-B of MCF-7 cells. Error bars represent s.d. from three independent experiments. Statistical 
comparison performed by Student’s t-test (*p < 0.05, **p < 0.005). See Figure A.7b for 
representative image of Western blot. 
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Figure 2.2. Binding of 1 to CSC population in triple-negative breast cancer (TNBC). a) 
Quantitative analysis of AldefluorTM staining of W231, 1-NB231, and 1-B231 of MDA-MB-
231 cells. Error bars represent s.d. from three independent experiments. Statistical comparison 
performed by Student’s t-test (**p < 0.005). See Figure A.9a for fluorescence images of three 
different populations stained by AldefluorTM. b) Western blot analysis of stemness-associated 
transcription factors of W231, 1-NB231, and 1-B231 of MDA-MB-231 cells. No difference is 
observed for Sox2 expression level among three populations. See Figure A.9b for quantitative 
analysis. c) Tissue microarray (TMA) slide containing tissues of patient-derived HER2-

ovexpressed (n = 3), HR+ (n = 3), and TNBC (n = 3) was incubated with biotinylated-1 followed 
by streptavidin-conjugated Texas Red (SA-Texas Red). Fluorescence images of representative 
tissues were shown. DAPI is for nuclear staining. d) Quantitation of biotinylated-1-binding area 
in the TMA analysis. 
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Figure 2.3. Tumorigenicity of 1-binding population of MDA-MB-231 cells. a) 0.5 million cells 
of W231, 1-NB231, or 1-B231 of MDA-MB-231 cells were injected into the right flank of 
female nude mice (n = 3 for each population) and tumor growth was monitored over 66 days. See 
Table A.2 for statistical analysis. b) Sections of tumors derived from W231, 1-NB231, and 1-
B231 were incubated with AldefluorTM, and then biotinylated-1 followed by SA-Texas Red. 
DAPI is for nuclear staining. See Figure A.10 for quantitation. c) Wound healing after 12 h the 
wounds were generated of the cells harvested from tumors derived from W231, 1-NB231, and 1-
B231 of MDA-MB-231 cells. Parental MDA-MB-231 was also included in the assay for 
comparison. See Figure A.11 for time course of wound healing. d, e) Western blot analysis of 
stemness-associated transcription factors (d) and epithelial-mesenchymal markers (e) of cells 
harvested from tumors. See Figure A.12 for quantitative analysis.  
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CHAPTER 3 

TARGET IDENTIFICATION OF LIGAND 1 ON BREAST CSC 

3.1 Introduction of target identification 

Target identification of novel small molecules never fails to fascinate scientists in the field of 

modern chemical biology and pharmaceutical science.1 It is critical to understand the binding site 

where small molecules target as well as to study how small molecules regulate the function of 

target proteins. After isolation and validation of ligand 1 from chapter two, the determination of 

the potential binding site spontaneously attracted our attention. The ligand on the TentaGel beads 

functioned as a “fishing bait” that bound to cell surface receptors or biomarkers on the breast 

cancer stem cells. In order to find out the binding site of breast cancer stem cells and identify 

specific biomarkers expressed on breast cancer stem cells, we performed two types of target 

identification experiments.  

3.2 Cross-linking assay for target identification 

Umanah and colleagues constructed a 3,4-dihydroxylphenylalanine (DOPA) labeled analog of 

the tridecapeptide α-factor (W-H-W-L-Q-L-K-P-G-Q-P-M-Y) to study its binding to Ste2p, a 

Saccharomyces cerevisiae model G protein-coupled receptor (GPCR).2 The DOPA moiety and 

biotin moiety of this peptide can be analyzed by periodate-mediated cross-linking and 

neutravidin-HRP respectively. Umanah and colleagues successfully define a specific binding 

interaction between the peptide and protein of interest via DOPA cross-linking and biotin 

detection.2 

Inspired by DOPA moiety and biotin moiety, we conducted the first target identification 

experiment by using MDA-MB-231 membrane extraction, biotinylated-1 (Figure A.5) 
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biotinylated-CON (Figure 3.1), and soluble-1 (Figure A.5), since we have already validated that 

biotinylated-1 and soluble-1 bind to cancer stem cells in MDA-MB-231 cell line in chapter two. 

Biotinylated-1 contains biotin and DOPA moiety working as a detection tag and cross-linking 

tag; high concentration of soluble-1 works as a competitor to compete biotinylated-1 binding to 

the protein of interest. We designed five conditions of the cross-linking assay for target 

identification (Table 3.1).  For these four biotinylated-1 groups, strong bands showed up around 

55 kDa, 60 kDa, 75 kDa and 130 kDa (Figure 3.2).  The biotinylated-CON group showed less 

bands but three strong bands around 55 kDa, 75 kDa, and 130 kDa (Figure 3.2). After the data 

was analyzed, we found that the pattern for the five conditions was highly similar, which 

indicated the failure of this target identification experiment. From the data, we concluded that the 

specific binding interaction between ligand 1 and membrane proteins was not strong enough, 

since the soluble-1 did not compete with biotinylated-1 for the binding. Surprisingly, without 

competing the binding, higher concentration of soluble-1 promoted the binding between 

biotinylated-1 and proteins of 50~70 kDa, which resulted in stronger bands of 50~70 kDa on 

PVDF membrane. In other words, the similar patterns of bands in each condition might be due to 

nonspecific interaction bindings. These initial results from the cross-linking assay drove us to re-

evaluate our strategy and made us to propose another method: Drug Affinity Responsive Target 

Stability (DARTS). 
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Table 3.1. Five conditions of the cross-linking assay for target identification. Numbers listed in 
the table are final concentrations in each tube. 

 A B C D E 

Cell lysate 45 µL 45 µL 45 µL 45 µL 45 µL 

Biotinylated-1 100 nM 100 nM 100 nM 100 nM - 

Biotinylated-CON - - - - 100 nM 

Soluble-1 - 1 µM 10 µM 20 µM - 

 

 

Figure 3.1. The structure of biotinylated-CON 
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Figure 3.2. The western blot analysis of cross-linking assay. B-1 represents biotinylated-1. B-
CON represents biotinylated-CON. S-1 represents soluble-1. 

3.3 Drug affinity responsive target stability for target identification 

The principle of DARTS experiment is that a small molecule binds to the protein of interest; 

proteins or biomolecules could be prevented from digestion by pronase since proteins binding to 

the small molecule increase their stability.3,4 We incubated soluble-1 and soluble-CON (Figure 

3.3) with MDA-MB-231 membrane protein extract to stabilize target proteins, then followed by 

digestion under different dilutions of pronase. The data showed that the bands around 60 kDa 

and 40 kDa in 1:3000 dilution of pronase were more intense compared with control group after 

silver staining, which indicates there might be a protection for protein of interest because of 
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higher intensity of those two bands (Figure 3.4). These two bands were cut from SDS-PAGE gel 

carefully and cut into small dices (diameter is less than 1 mm). Those gel dices were de-stained 

by silver staining kit and analyzed by mass spectrometry to identify the proteins. Based on the 

localization of the protein, molecular weight of the protein, and the percentage peptide coverage 

of the protein, the result suggested that either protein disulfide-isomerase (PDI) or heat shock 

protein 60 (HSP 60) was likely to be the potential target protein of interest among protein 

candidates (Figure 3.5). We further combined the western blot with DARTS experiment for 

validation, however, the western blot analysis showed no protection in PDI and HSP 60 

compared with beta-actin that acts as a control protein (Figure 3.6). 

After analysis of the DARTS experiment, we considered that we might choose two wrong 

target proteins from those candidates for western blot validation. The reason why we did not get 

the direct answer was due to the absence of control bands. Instead of choosing a control band, we 

chose two bands from the soluble-1 treatment group in 1:3000 dilution of pronase, thinking that 

we might have more information of target proteins. If we have had chosen the same molecular 

weight band in control-treated group, we might compare the band of interest with the control 

band. From this, we could have determined which protein was more abundant in the band of 

interest than in the control band because of soluble-1 protection. In this way, we might find out 

the real binding site of CL-1-19-1 on breast cancer stem cells directly. 
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Figure 3.3. The structure of soluble-CON 

 

Figure 3.4. The silver staining result of DARTS via soluble-1 and soluble-CON. S-1 represents 
soluble-1. S-CON represents soluble-CON. Lower dilutions of pronase displayed in a more 
protein digestion manner. Two SDS-PAGE gel bands (indicated by arrow) were cut from S-1 
with 1:3000 pronase group for proteomics.  
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Figure 3.5. The results of proteomics. HSP 60 and PDI were chosen for western blot validation 
on the basis of the localization of the protein, molecular weight of the protein, and the percentage 
peptide coverage of the protein. 

 

 

CPFP Simple Protein Overview
Submission: SUB5679 - SVJ-1624-EXTERNAL LONG UTD BAND ID-Human
Search: MSS6513 - SVJ-1624-EXTERNAL LONG UTD BAND ID-Human (Meta)

Key to Groups

Group Data Files
Group CL2-96-1 LUM1_S06964
Group CL2-96-2 LUM1_S06965

Results

Protein Localization Description Length (AA)mw (Da) % Coverage
P10809 cell surface,cytosol,sytoplasm,etc. CH60_HUMAN 60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2573 61178.50 34.90
P07237 cell membrane,endoplasmic reticulum,melanosome,etc.PDIA1_HUMAN Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3508 57224.80 38.00
P60709 cytoplasm,cytosol,cytoskeleton,extracellular exosome,extracellular exosome,etc.ACTB_HUMAN Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1375 41873.90 34.10
P11021 cytoplasm,melanosome,endoplasmic reticulum lumen,cell surface,membrane,etc.GRP78_HUMAN 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2654 72468.50 34.90
P38646 cytoplasm, mitochondrion,nucleoulus,extracellular exosome,etc.GRP75_HUMAN Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1 SV=2679 73832.90 24.20
P01892 Membrane,single-pass type I membrane protein,cell surface,etc.1A02_HUMAN HLA class I histocompatibility antigen, A-2 alpha chain OS=Homo sapiens GN=HLA-A PE=1 SV=1365 41004.20 20.80
P27797 cell surface,cytoplasm,secreted,etc. CALR_HUMAN Calreticulin OS=Homo sapiens GN=CALR PE=1 SV=1 417 48219.90 24.70
P61978 cytoplasm,nucleus,cell projection,etc.HNRPK_HUMAN Heterogeneous nuclear ribonucleoprotein K OS=Homo sapiens GN=HNRNPK PE=1 SV=1463 47653.70 21.00
Q12905 nucleus,cytoplasm,nucleus,membraneILF2_HUMAN Interleukin enhancer-binding factor 2 OS=Homo sapiens GN=ILF2 PE=1 SV=2390 43143.20 25.60
B4DJV2 mitochondrion B4DJV2_HUMAN Citrate synthase OS=Homo sapiens GN=CS PE=2 SV=1 453 51805.60 11.30
G5EA52 No info G5EA52_HUMAN Protein disulfide isomerase family A, member 3, isoform CRA_b OS=Homo sapiens GN=PDIA3 PE=2 SV=1485 56890.80 21.20
B0YJC4 intermediate filament B0YJC4_HUMAN Vimentin OS=Homo sapiens GN=VIM PE=2 SV=1 431 53745.10 27.40
Q86YZ3 Cytoplasmic granule,cell envelope,cytoplasm,extracellular exosome,etc.HORN_HUMAN Hornerin OS=Homo sapiens GN=HRNR PE=1 SV=2 2850 283074.00 9.40
B7Z7A9 cytoplasm,eytosol,membrane,extracellular exosome,etc.B7Z7A9_HUMAN Phosphoglycerate kinase OS=Homo sapiens GN=PGK1 PE=2 SV=1389 44694.20 17.70
P42704 mitochondrion,nucleus,cytoskeleton,membrane,etc.LPPRC_HUMAN Leucine-rich PPR motif-containing protein, mitochondrial OS=Homo sapiens GN=LRPPRC PE=1 SV=31394 158219.00 4.00
H0YH81 proton-transporting ATP synthase complex,catalytic coreH0YH81_HUMAN ATP synthase subunit beta (Fragment) OS=Homo sapiens GN=ATP5B PE=3 SV=1362 56668.70 21.80
P05023 Cell membrane,multi-pass membrane,melanosome,etc.AT1A1_HUMAN Sodium/potassium-transporting ATPase subunit alpha-1 OS=Homo sapiens GN=ATP1A1 PE=1 SV=11023 113234.00 9.90
P08621 nucleus RU17_HUMAN U1 small nuclear ribonucleoprotein 70 kDa OS=Homo sapiens GN=SNRNP70 PE=1 SV=2437 50713.40 22.90
P09622 Mitochondrion matrix,pyruvate dehydrogenase complex,nucleoplasm,etc.DLDH_HUMAN Dihydrolipoyl dehydrogenase, mitochondrial OS=Homo sapiens GN=DLD PE=1 SV=2509 54287.10 13.40
A6NE09 No info A6NE09_HUMAN 40S ribosomal protein SA OS=Homo sapiens GN=RPSAP58 PE=2 SV=1295 32905.50 18.60
P49411 Mitochondrion,extracellular exosome,membrane,mitochondrial nucleoid.EFTU_HUMAN Elongation factor Tu, mitochondrial OS=Homo sapiens GN=TUFM PE=1 SV=2452 49636.20 13.30
E7EVX8 nucleus E7EVX8_HUMAN U4/U6 small nuclear ribonucleoprotein Prp31 OS=Homo sapiens GN=PRPF31 PE=2 SV=1493 55565.50 12.60
P14618 cytoplasm,nucleus,extracellular exosome,extracellular matrix,etc.KPYM_HUMAN Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4531 58044.10 16.40
P42765 mitochondrion,extracellular exosome,mitochondrial inner membraneTHIM_HUMAN 3-ketoacyl-CoA thiolase, mitochondrial OS=Homo sapiens GN=ACAA2 PE=1 SV=2397 42005.70 23.70
Q99832 cytoplasm,cytosol,extracellular exosome,microtubule,etc.TCPH_HUMAN T-complex protein 1 subunit eta OS=Homo sapiens GN=CCT7 PE=1 SV=2543 59491.00 17.70
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Figure 3.6. The western blot validation experiment results of HSP 60 and PDI. S-1 represents 
soluble-1. S-CON represents soluble-CON. S-1 and S-CON demonstrated similar digestions in 
their 1:3000 dilution of pronase condition, and no specific protein protection was observed from 
western blot analysis. 

3.4 Conclusions 

Two types of target identification experiments have been performed, cross-linking assay and 

DARTS assay. Neither of these two assays could identify the binding site.  

From cross-linking assay experiment, we might think that the binding between soluble-1 

and membrane extract protein was not strong enough and the bands shown on PVDF membrane 

were nonspecific binding. Even though biotinylated-1 showed great binding affinity to intact 

breast cancer cells in previous chapter, there might be possibilities of that biotinylated-1 has low 

or no affinity to the membrane extract protein due to the loss of protein confirmation caused by 

cell lysis buffer.  

From DARTS assay, even though we got the promising data in the beginning, it was 

disappointing when we failed to validate PDI and HSP 60 via western blot. We should have cut a 

control band to eliminate false target protein candidates for the explicit analysis of proteomics. 
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3.5 Experimental methods 

Cross-linking assay. After aspirating the medium, two confluent dishes of MDA-MB-231 cells 

were washed once. Then 3 mL of complete DMEM were added onto each dish and cells were 

collected by the cell scraper. The cell suspension was combined and centrifuged. The supernatant 

was removed, and 3 mL of cell wash buffer was added to the cell pellet for a washing step. After 

washing, the supernatant was removed, and the cells were then permeabilized by the 

permeabilization buffer. In order to make sure the permeabilization worked, the tube was 

vortexed briefly and incubated for 10 min at 4°C. After permeabilization, the suspension was 

centrifuged for 15 min at 16,000g. This step is to discard the cytosolic part of the cells. 

Solubilization buffer was then added into the tube to lyse the membrane protein.  After the tube 

was placed on ice for 30 min, the tube was centrifuged again for 15 min at 16,000g. Membrane 

extractions were added into individual tubes. Each tube contains 45 µL of membrane protein 

extract. The tubes were divided randomly into three groups and added with the different 

concentrations of soluble-1 drugs (tube1:20 µM, tube2:10 µM, tube3:1 µM, tube4: DMSO, 

tube5: DMSO). Final concentration (100 nM) of biotinylated-1 was achieved in tube 1-4 and 

final concentration (100 nM) of biotinylated-CON was achieved in tube 5. All the samples were 

incubated on the tube rotator for 10 min at room temperature. In order to initiate the crosslinking 

of DOPA moiety, 1 µL of 45 mM of NaIO4 were added into each tube for 90 s. This crosslinking 

reaction was quenched by adding 1 µL of  b-Mercaptoethanol. 15 µL of 4X sample buffer was 

added into the solution and each tube was boiled individually for 5 min, and stored at -20 °C. 

Those samples were prepared for 8% SDS-PAGE gel running (Figure 3.2). The proteins were 
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transferred onto a PVDF membrane and it was blotted by Streptavidin-horseradish peroxidase 

(HRP) antibody overnight at 4°C. 

 

DARTS assay.4,5 MDA-MB-231 cells were lysed by 600 µL of triton X-100 cell lysis buffer that 

was made in Lee lab. Both protease inhibitor and phosphatase inhibitor were added into the 1.5 

mL tube that contained cell lysis buffer. The tube was centrifuged at 14,000 × g for 6 min at 4°C. 

The supernatant was transferred into another 1.5 mL tube. The protein concentration of cell 

lysates was measured via the bicinchoninic acid assay. Cell lysates was split into two portions by 

transferring 297 µL into each of two new 1.5 mL tubes. 3 µL of soluble-CON was added into one 

tube, and 3 µL of soluble-1 was added into the other tube to achieve the final concentration of 

300 µM for both conditions. The protein samples were mixed promptly by flicking the tubes 

gently with a finger three times, and the mixture was incubated on the rotator at room 

temperature for 1 hr. One aliquot of 10 mg/mL pronase solution was thawed on ice. By adding 

12.5 µL of pronase solution into 87.5 µL of cold 1X TNC Buffer, the stock of pronase was 

diluted to 1.25 mg/mL. This dilution was used as the 1:100 pronase stock solution. The 1:100 

pronase stock solution was diluted sequentially by mixing with different amounts of 1X TNC 

buffer in order to generate 1:300, 1:1000, 1:3000 and 1:10000 four different pronase diluted 

solutions. 5 aliquots were prepared from protein samples of two conditions. Each tube was added 

into 50 µL of protein samples, and the remaining 50 µL of the sample was used as a non-digested 

control sample for each of two conditions. 2 µL of 1:100 pronase solution was added into one 

aliquot of soluble-1-pretreated sample. The sample was mixed well and incubated at room 

temperature on the tube rack. At exact 1 min after the first digestion, 2 µL of 1:100 pronase 
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solution was added to one aliquot of the control condition. The tube was mixed well by gentle 

flicking and incubated at room temperature. 6 remaining aliquots were digested by pronase 

solution in 1-min interval by mixing 2 µL of the corresponding pronase solutions with an aliquot 

of each sample. One aliquot of soluble-1 pretreated sample and one aliquot of soluble-CON 

pretreated sample were used as non-digested control samples. After 30 min, the digestion of the 

first aliquot was quenched directly by adding 4X SDS loading buffer and heating up to 100°C for 

5 min. The remaining samples were added with 4X SDS loading buffer and heated up to 100°C 

for 5 min by 1-min interval at their different time points. All the heated samples were stored at -

20°C for one day and loaded onto SDS-PAGE gel next day.  
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CHAPTER 4 

APPLICATIONS OF CL-1-19-1 LIGAND IN OVARIAN AND PROSTATE CANCERS 

4.1 The Application of CL-1-19-1 Ligand on Isolating Ovarian Cancer Stem Cells 

Ovarian cancer threatens the health of woman in the United States.1 There is a small 

subpopulation of ovarian cancer stem cells with CD44+/CD117+/CD133+/ALDH+ phenotype 

within an ovarian tumor.1 This small subpopulation has been highly associated with tumor 

metastasis and recurrence.2-4 Studies have shown that compared with other cell populations, 

ovarian cancer stem cells in SKOV3 ovarian cell line are highly resistant to classic chemo 

therapies such as the treatment of cisplatin, paclitaxel, adriamycin, or methotrexate.1 This strong 

resistance may account for why the recurrence rate of ovarian cancer patient is as high as 70%.2,3 

According to our previous finding, we have verified that our CL-1-19-1 peptoid ligand binds to 

breast CSCs phenotype of CD24-/CD44+/ ALDH+ in vitro.  We hypothesize that CSCs may share 

identical biomolecules or cell surface receptors in different types of solid tumors. To validate this 

hypothesis, we apply CL-1-19-1 ligand to isolate ovarian CSCs with the CD133+/ALDH+ 

phenotype in SKOV3 cells. 

Collective western blot data showed that 1-B ovarian population had an increase in 

cancer stem cell markers such as C-myc, KLF4, Nanog, CD133, Oct4A, suggesting that our CL-

1-19-1 binding population was ovarian cancer stem cell subpopulation (Figure 4.1). Co-staining 

experiment with biotinylated-1 and ALDH, which demonstrated the positive correlation with 1-B 

population and ALDH+ population (Figure 4.2), elucidating that ovarian cancer stem cells shared 

the same biomarkers with breast cancer stem cells. In order to apply CL-1-19-1 ligand in a more 

clinical aspect in ovarian cancer, we isolated three populations and re-seeded those cells into 96-
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well plate. Based on MTT cell viability results, we found that 1-B population is more resistant to 

chemotherapeutic drug cisplatin compared with other two populations, which is consistent with 

previous study (Figure 4.3) and provide more evidence that 1-B population is ovarian cancer 

stem cell subpopulation.1 

 

Figure 4.1. a) Representative image of western blot. b) and c) quantitative analysis of protein 
level expressions of Whole, 1-B, and 1-NB of SKOV3 cells. Error bars represent s.d. from three 
independent experiments. Statistical comparison performed by Student’s t-test (*p< 0.05, 
**p<0.005).  
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Figure 4.2. The co-staining image of ALDEFLUOR and Biotin-#1-TxRed on SKOV3 cell line. 
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Figure 4.3. The cell viability of Whole, 1-B, and 1-NB in MTT assay of cisplatin. 

4.2 The Application of CL-1-19-1 Ligand on Isolating Prostate Cancer Stem Cells 

Prostate cancer (PCa) is the third leading cause of cancer-related disease in men in US.4  An 

ongoing study on human prostate cancer specimens demonstrates that there is a small 

subpopulation of cancer stem cells that support prostate tumor growth due to their self-renewal 

property.5 The expressions of cell surface markers CD24/CD44/CD133 and aldehyde 

dehydrogenase enzyme have been utilized to detect prostate CSCs.6 According to our previous 

study, we have validated that our CL-1-19-1 peptoid ligand bound to breast CSCs with the 

CD24-/CD44+/ ALDH+ phenotype in vitro. We hypothesize that CSCs might share the identical 
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biomolecules in different types of solid cancers; thus, we aim to apply CL-1-19-1 ligand to 

isolate prostate CSCs in DU145 cells. 

We performed affinity isolation experiments on DU145 prostate cancer cell line by using 

CL-1-19-1 immobilized TentaGel beads. 50 mg of CL-1-19-1 TentaGel beads were incubated 

with 3 million DU145 cells in 6 mL of DMEM with 10% bovine growth serum (BGS). After 

one-hour incubation, 10% of the beads displayed bound cells. The cells bound to the beads were 

isolated from the cell suspension. Bound cells were labeled as 1-Bingding (1-B) population, 

while unbound cells were labeled as 1-Nonbinding (1-NB) population. The whole DU145 cells 

were labeled as W population. Each population was lysed and analyzed by western blot. The 

different cancer stem cell markers expressions were shown in Figure 4.4. The 1-B population 

showed the transcription factors C-myc and KLF4 were increased; ≈1.5-fold of C-myc and ≈2-

fold of KLF4 compared to other two populations respectively. Moreover, CD44 marker 

displayed increased expression (≈2-fold) on 1-B population. Collectively, our data demonstrated 

that CL-1-19-1 immobilized beads captured prostate CSC population in DU145 cell line. 

 

Figure 4.4. Representative image of western blot and quantitative analysis of protein level 
expressions of W, 1-B, and 1-NB of DU145 cells. W represents whole DU145 population. Error 
bars represent s.d. from three independent experiments. Statistical comparison performed by 
Student’s t-test (*p< 0.05, **p<0.005). 
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Androgen receptor (AR) is implicated as a key regulator in the growth of the prostate 

gland and during every stage of prostate cancer.7 In addition, emerging evidence has shown that 

prostate cancer stem cells have low or undetectable AR expression; therefore, we also conducted 

an experiment analyzing AR expression on three populations (Figure 4.5).7 We found that 1-B 

population displayed a ≈0.5-fold decrease in AR expression compared to the other two 

populations, supporting that our findings on AR are consistent with previous studies. 

 

Figure 4.5. Representative image of AR expression and quantitative analysis of AR level 
expression of W, 1-B, and 1-NB of DU145 cells. W represents whole DU145 population. Error 
bars represent s.d. from three independent experiments. Statistical comparison performed by 
Student’s t-test (*p< 0.05, **p<0.005). 

Forkhead box protein C2 (FOXC2) is a member of the fork head box (FOX) family of 

transcription factors that is associated with cancer metastasis.8 Recent research indicates 

epithelial-mesenchymal transition is related to CSC activity.9,10 We studied FOXC2 expressions 

on the 1-B populations in DU145. It was exciting to find out that FOXC2 expression in prostate 

CSC showed ≈2-fold increase compared with the other two populations (Figure 4.6). These 

results suggest that prostate CSC regulate their stemness or metastatic properties through FOXC2 
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transcription factor. Therefore, inhibiting FOXC2 can be a promising approach of targeting 

prostate cancer stem cell.11 

 

Figure 4.6. Representative image of FOXC2 expression and quantitative analysis of FOXC2 
level expression of W, 1-B, and 1-NB of DU145 cells. W represents whole DU145 population. 
Error bars represent s.d. from three independent experiments. Statistical comparison performed 
by Student’s t-test (*p< 0.05, **p<0.005). 

4.3 Conclusions 

In conclusion, our CL-1-19-1 compound is applicable in ovarian cancer. Those findings 

demonstrate cancer stem cells share the identical biomarkers on the cell surface in the different 

cancer types and we can utilize the same ligand to target or isolate cancer stem cell 

subpopulation.  

Our data also showed that CL-1-19-1 immobilized beads bound to prostate cancer stem cell 

subpopulation in DU145. Currently, we are isolating three populations of prostate cancer cell and 

evaluating their sensitivity to classical chemotherapy drug docetaxel and AR antagonist 

enzalutamide. We are hoping that we may overcome the drug resistance to docetaxel and 

enzalutamide by eliminating the prostate cancer stem cell subpopulation. Furthermore, we may 
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find the mechanism of drug resistance derived from prostate CSCs via FOXC2 transcription 

factor. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

In summary, our group has discovered the ligand CL-1-19-1 that selectively targets breast cancer 

stem cell subpopulation via combinatorial chemical library screening. By making use of cell-

based high throughput screening, we were able to successfully achieve this. It is economical, 

efficient, and convenient to synthesize a combinatorial chemical library and utilize two different 

antibodies to finalize screening. CL-1-19-1 was isolated from the high throughput screening and 

its sequence was analyzed by matrix-assisted-laser-desorption/ionization-time of flight (MALDI-

TOF). After the sequence of CL-1-19-1 was analyzed, it was re-synthesized by solid phase 

synthesis method. In order to further confirm that CL-1-19-1 bound to breast cancer stem cells, 

the validation experiment was performed by using CD24, CD44 and ALDH antibodies, and 

results confirmed that CL-1-19-1 bound to CD24-/CD44+/ALDH+ phenotype. We then 

demonstrated that CL-1-19-1 was able to isolate CSCs in MDA-MB-231 and BT549, both of 

which are two TNBC cell lines. This further suggests that CL-1-19-1’s specificity is not cell line 

dependent but phenotype dependent. Moreover, CL-1-19-1 displayed more TNBC cells bound to 

the TentaGel beads compared with MCF-7 cell line, which is consistent with the literature stating 

that TNBC cell lines possess more cancer stem cell subpopulation.1 1-B cell population in TNBC 

and MCF-7 cell lines showed not only CD24-/CD44+/ALDH+ but also showed increases in 

cancer stem cell markers compared with 1-NB population and whole population. We also 

showed biotinylated-1 bound to ALDH+ population on TMA slides to prove the potential clinic 

application of CL-1-19-1. Significantly, 1-B population from MBA-MD-231 cell line displayed a 
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higher tumor growth rate and resulted in larger tumor size in a mouse model. After the isolations 

of tumors from the xenograft experiment, 1-B tumor cells showed increases in cancer stem cell 

markers and more migrant activity in the wound healing assay compared with other two groups. 

These results provide strong evidence that our synthetic CL-1-19-1 binds to cancer stem cells in 

breast cancer. From our knowledge, even though some compounds can modulate cancer stem 

cells via cell signaling pathways, CL-1-19-1 is the very first compound to bind to breast cancer 

stem cells directly and could be utilized as an affinity support to isolate breast cancer stem cells 

in either MCF-7 or TNBC cell lines. 

 We further expanded our efforts to identify the target of CL-1-19-1. By using DARTS 

method, we were able to distinguish bands that are more intense than the control bands. The 

sliced gel was analyzed by proteomics. Even though results showed that PDI and HSP 60 were 

the potential target of CL-1-19-1, the western blot data failed to validate so. In DARTS 

experiment, we should have cut the control bands for analysis. The analysis of control band 

should have been compared with target band. Since CL-1-19-1 binding to its target protein may 

lead to the protection from protease, we might find out the missing protein in control bands and 

the protein exist in target bands after proteomics analysis. In this way, we may find out the better 

candidate of the target protein. If this experiment can be addressed in the future, we may find a 

universal receptor or a biomolecular marker uniquely or overexpress on cancer stem cells in 

different solid tumor types, which may make our breast cancer research complete. 

 We applied CL-1-19-1 to ovarian and prostate cancer cell lines. The isolation experiment 

demonstrated that our ligands bound to 5% of small populations of ovarian skov3 cell lines, 

which is consistent with the population of ovarian cancer stem cells reported in the literature.2,3 
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After affinity isolation experiment, cancer stem cell marks were analyzed; the markers of 1-B 

population displayed increases compared with other two populations, which convinced us that 

the bound populations of skov3 cells were ovarian cancer stem cells. The co-staining of 

biotinylated-1 and ALDH+ cells were corelative, which proved additional evidence that our CL-

1-19-1 ligand bound to ovarian cancer stem cells directly. The three populations were isolated by 

CL-1-19-1 and tested in cell viability assay by classic chemotherapeutic drug cisplatin. MTT 

assay showed that 1-B population were more resistant to cisplatin compared with other two 

groups, which is consistent with the previous study that cancer stem cell subpopulation is more 

chemo resistant.4 We proved that CL-1-19-1 bound to ovarian cancer stem cell subpopulation in 

different methods. 

 After applying CL-1-19-1 in ovarian cancer, we became confident in CL-1-19-1 and 

aimed to test this compound in a different cancer. We applied CL-1-19-1 in prostate cancer cell 

line DU145 and observed that the bound population of DU145 cell line exhibited increases in 

cancer stem cell markers CD44, C-myc, and KLF4. More importantly, 1-B population in DU145 

showed a decrease expression on androgen receptor, which is consistent with literature that 

prostate cancer stem cells that possess low or undetectable androgen receptor.5-9 Moreover, 

FOXC2 expression of 1-B population displayed around 1.5-fold increase compared to other two 

groups, suggesting that the bound population possess more metastatic and more cancer stem cell-

like properties. Significantly, it revealed that prostate cancer stem cells might be the main root in 

the drug resistance of androgen related therapy. 
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5.2 Future work 

In this study, we identified the first synthetic ligand CL-1-19-1 that bound to cancer stem cells in 

breast cancer, ovarian cancer and prostate cancer. We showed that CL-1-19-1 overcomes many 

challenges associated with conventional CSCs targeting as described in the Chapter one. We are 

first to report that using the synthetic ligand CL-1-19-1 alone can target and isolate cancer stem 

cell subpopulation in vitro. The ligand is more efficient and economical to synthesize compared 

to antibodies that otherwise take weeks to generate. For the future studies on CL-1-19-1, we 

hope to develop novel imaging/diagnostic/therapeutic agents by conjugating the ligand with gold 

nanoparticles, gold nanorods or other chemo therapeutic drugs. From this, we hope that CL-1-19-

1 can act as a lead ligand guiding nanoparticles to specific tumor sites, selectively to cancer stem 

cells site. We may target tumor in a more specific manner and take advantages of nanoparticles 

to kill the cancer stem cell subpopulation. Only when cancer stem cell subpopulation is 

eliminated, can tumors undergo regression. We anticipate that further research development of 

CL-1-19-1 may pave the bright way for cancer stem cell research study, eliminate the tumor 

recurrence and metastasis, decrease death rate caused by cancer, and finally, inspirit for more 

extensive cancer stem cell research studies that will ultimately help patients who suffer from 

cancer. 
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APPENDIX 
 

SUPPLEMENTAL INFORMATION FOR CHAPTER 2 
 
 

1. Methods 

Cell culture. MCF-7 and MDA-MB-231 cell lines were cultured in HyClone Dulbecco's 

Modified Eagle Medium (DMEM) with high glucose (4.5 g/L) and sodium pyruvate. BT549 

cells were cultured in HyClone Roswell Park Memorial Institute (RPMI) 1640 medium. All cell 

culture media were supplemented with 10% fetal bovine serum (FBS), 1% 200 mM L-glutamine 

and 0.5% 10000 µg/mL Penicillin/Streptomycin antibiotic, and the cultured cells were 

maintained in a 37°C incubator with 5% CO2. All cell lines were purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA). Cell culture media and supplements 

were purchased from Fisher Scientific, MA, U.S.A. unless otherwise indicated. 

 

Construction of one-bead-one-compound (OBOC) combinatorial peptoid library. OBOC 

combinatorial peptoid library was prepared following the reported procedure17. 1 g of TentaGel 

resin beads (Rapp Polymere GmbH; diameter 130 µm; 782,770 beads/g; loading 0.26 mmol/g) 

was added into a polypropylene fritted cartridge (Applied Separations; Size: 35 mL) and swelled 

with 4 mL of dimethylformamide (DMF) for 1 h at room temperature. 5 equivalents of Fmoc-

Met-OH (Novabiochem), 5 equivalents of 1-hydroxybenzotriazole hydrate (HOBT·H2O; 

Creosalus), 5 equivalents of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU; Novabiochem), and 4 mL of dry DMF (Acros) were mixed in a 

vial. After the reagents were dissolved, 10 equivalents of N, N-diisopropylethylamine (DIPEA; 

Sigma-Aldrich) was added to the solution, and the solution was incubated for 5 min at room 
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temperature. The DMF in the cartridge was drained. Afterwards, the incubated solution was 

transferred into the cartridge. After 3 h of shaking at room temperature, the beads were washed 

with DMF (Fisher Scientific; 3 × 4 mL), methanol (Fisher Scientific; 2 × 4 mL), 

dichloromethane (DCM; Fisher Scientific; 2 × 4 mL), and DMF (3 × 4 mL) respectively. To 

deprotect Fmoc groups of the beads, 4.5 mL of piperidine solution (Sigma-Aldrich; 20% in DMF 

v/v) was added into the cartridge, and the cartridge was shaken for 10 min at room temperature. 

After the beads were washed with DMF (2 × 4 mL), the piperidine reaction was repeated. After 

the second piperidine reaction, the beads were washed with DMF (3 × 4 mL), methanol (2 × 4 

mL), DCM (2 × 4 mL), and DMF (3 × 4 mL) respectively. 5 equivalents of Fmoc-ε-

aminocaproic acid (Bachem), 5 equivalents of HOBT·H2O, 5 equivalents of HBTU, and 4 mL of 

dry DMF were mixed in a vial. After the reagents were dissolved, 10 equivalents of DIPEA were 

added to the solution, and the solution was incubated for 5 min at room temperature. The DMF 

in the cartridge was drained and the incubated solution was transferred into cartridge. After 3 h 

of shaking at room temperature, the solution was drained, and the beads were washed with DMF 

(3 × 4 mL), methanol (2 × 4 mL), DCM (2 × 4 mL), and DMF (3 × 4 mL) respectively. After 

Fmoc deprotection, the Fmoc-ε-aminocaproic acid coupling and the Fmoc deprotection were 

repeated two times. The beads were divided equally into 11 medium cartridges (Size: 6 mL). For 

acetylation, 349 µL of 0.4 M chloroacetic acid (CAA; Acros) solution in dry DMF and 82 µL of 

2 M N,N'-diisopropylcarbodiimide (DIC; Sigma-Aldrich) solution in dry DMF were added into 

each cartridge, and the cartridges were shaken at 35°C for 6 min. Following the reaction, the 

beads were washed with DMF (3 × 0.5 mL), methanol (2 × 0.5 mL), DCM (2 × 0.5 mL), and N-

Methyl-2-pyrrolidone (NMP; Fisher Scientific; 3 × 0.5 mL) respectively. Each set of beads was 
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shaken with 0.5 mL of N-Boc-1, 4-diaminobutane (Sigma-Aldrich; 2 M in dry NMP) at 35°C for 

3 h. After the beads were washed with DMF (3 × 0.5 mL), methanol (2 × 0.5 mL), DCM (2 × 0.5 

mL), and DMF (3 × 0.5 mL) respectively, split-pool synthetic method was introduced to 

construct the remaining peptoid residues of the OBOC library. In the split-pool synthetic method, 

each set of beads was coupled with CAA and DIC solutions at 35°C for 6 min. After the beads 

were washed with DMF (3 × 0.5 mL), methanol (2 × 0.5 mL), DCM (2 × 0.5 mL), and NMP (3 

× 0.5 mL) respectively, 11 sets of beads were coupled with 11 different amines (2 M in dry 

NMP) in 11 medium cartridges at 35°C for 1.5 h. After each set of beads were washed with 

DMF (3 × 0.5 mL), methanol (2 × 0.5 mL), DCM (2 × 0.5 mL), and DMF (3 × 0.5 mL), 11 

medium cartridges of beads were pooled in a large cartridge, mixed well and split into 11 

medium cartridges again. The split-pool synthetic method was performed seven times to acquire 

the desired OBOC library. 

 

High-throughput screening to isolate hit beads that bind to breast cancer cells with a CD24-

/CD44+ phenotype. 59 mg of the OBOC library beads was shaken with 1 mL of TFA cleavage 

cocktail (containing 95% TFA, 2.5% triisopropylsilane, 2.5% H2O) for 2 h at room temperature 

and washed with DCM (10 × 1 mL), H2O (5 × 1 mL), methanol (5 × 1 mL), and DCM (5 × 1 

mL) respectively. The beads were swelled in 1 mL of DMF for 1 h at room temperature and were 

washed with H2O (5 × 1 mL) and DMEM (5 × 1 mL). 5 mL of 10% FBS DMEM w/ 3% BSA 

(EMD Millipore Corp) was added into the cartridge. The bead suspension was transferred into a 

15-mL centrifuge tube and incubated for 1 h at room temperature. MCF-7 cells of two 100 mm 

petri dishes were washed with 5 mL of Dulbecco's phosphate-buffered saline (DPBS; HyClone) 
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per dish and detached using 2 mL of enzyme free cell dissociation buffer (Gibco) per dish. 5 mL 

of 10% FBS DMEM was used to combine cells from both dishes. The combined cells were 

centrifuged at 500 rpm at room temperature for 2 min, and the supernatant was removed. The 

cell pellet was resuspended with 5 mL of 10% FBS DMEM w/ 3% BSA. The cell suspension 

was passed through   a 70 µm sterile cell strainer (BD) and counted by hemocytometer (Fisher 

Scientific). The cell suspension was added to a solution of 10% FBS DMEM w/ 3% BSA such 

that 2.5 × 106 cells were present in 5 mL of 10% FBS DMEM w/ 3% BSA. The solution 

containing the OBOC library beads was drained, and the cell suspension was added into the tube 

containing the OBOC library beads followed by incubation on the rocker at 37°C. After 30 min 

of incubation, the tube was removed from the rocker, and the supernatant was removed 

immediately after the beads had settled at the bottom of the tube. 5 mL of 4% formaldehyde 

solution was added to the OBOC library, and the tube was shaken on the rocker for 15 min at 

room temperature. The formaldehyde solution was removed, and the beads were washed twice 

with 5 mL of DPBS w/ 3% BSA. 6 µL of biotinylated CD24 antibody (R&D System) in 5 mL of 

DPBS w/ 3% BSA was added to the OBOC library, and the tube was shaken on the rocker for 10 

min at room temperature. After the supernatant was removed, the OBOC library was washed 

with 5 mL of DPBS w/ 3% BSA. 25 µL of MagCellect Streptavidin Ferrofluid (R&D System) in 

5 mL of DPBS w/ 3% BSA was added to the OBOC library, and the tube was shaken on the 

rocker for 10 min at room temperature. DynaMagTM-15 (Life Technologies) was used to 

remove the beads that bound to CD24+ cells. After the supernatant was removed, the OBOC 

library was washed with 5 mL of DPBS w/ 3% BSA. 3 µL of biotinylated CD44 antibody (R&D 

System) in 5 mL of DPBS w/ 3% BSA was added to the OBOC library, and the tube was shaken 
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on the rocker for 10 min at room temperature.  After the supernatant was removed, the OBOC 

library was washed with 5 mL of DPBS w/ 3% BSA. 5 µL of streptavidin-conjugated Qdot655 

(Life Technology) in 5 mL of DPBS w/ 3% BSA was added to the OBOC library, and the tube 

was shaken on the rocker for 10 min at room temperature. After the supernatant was removed, 

the OBOC library was washed with 5 mL of DPBS w/ 3% BSA, and the beads were transferred 

to a 100 mm petri dish. The beads bound to red-fluorescent cells were selected under the 

microscope’s DAPI filter as hit beads. The hit beads were boiled in 200 µL of sodium dodecyl 

sulfate (SDS; Fisher scientific) solution (1% in H2O) for 20 min. Afterwards, the hit beads were 

washed with 200 µL of H2O and transferred into separate microcentrifuge tubes. Each bead was 

incubated with 200 µL of 0.725 M dithiothreitol (DTT; Fisher scientific) solution in H2O for 24 

h at 37°C and washed twice with 200 µL of H2O. The beads were cleaved with cyanogen 

bromide solution (40 mg in 1 mL of acetonitrile: acetic acid: H2O = 5:4:1 solution) overnight at 

room temperature. The bead was removed from each tube and the remaining solution was 

evaporated using argon gas. 10 µL of 0.1% TFA solution in H2O and 10 µL of 0.1% TFA 

solution in acetonitrile were used to dissolve the residual peptoid. The structure of peptoid on 

each hit bead was analyzed by MALDI-TOF (Figure A.13). 

 

Hit bead re-synthesis. Each hit bead was re-synthesized using 50 mg of TentaGel resin beads. 

The beads were coupled with Fmoc-Met-OH, Fmoc-ε-aminocaproic acid under scale-down 

conditions as the OBOC library synthesis protocol. Based on the hit bead’s determined sequence, 

the eight peptoid residues were coupled in the same manner as described above. 1 mg of hit 

beads was isolated, treated with CNBr solution and characterized by MALDI-TOF (Table A.1).  
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Cell binding validation using hit beads. 2 mg of each re-synthesized hit bead was transferred 

into small cartridge (size: 2 mL). Each set of beads was deprotected using 0.2 mL of TFA 

cleavage cocktail and washed with DCM (10 × 0.2 mL), H2O (5 × 0.2 mL), methanol (5 × 0.2 

mL), and DCM (5 × 0.2 mL) respectively. After being dried, the beads were swelled with 0.2 mL 

of DMF for 1 h at room temperature and washed with H2O (5 × 0.2 mL) and DMEM (5 × 0.2 

mL). Each set of beads was shaken with 0.5mL of 10% FBS DMEM w/ 3% BSA on the rocker 

for 1 h at room temperature and divided equally into two tubes, one tube for CD24 and the other 

tube for CD44. 0.5 mL of single cell suspension (1 × 105 cells/mL in 10% FBS DMEM w/ 3% 

BSA) was transferred into each tube, and the beads were shaken for 1 h at 37°C. After the beads 

settled to the bottom, the supernatant was removed. 0.5 mL of 4% formaldehyde was added into 

each tube, and the tubes were shaken on the rocker for 15 min at room temperature. The 

formaldehyde solution was removed, and each set of beads was washed twice with 0.5 mL of 

DPBS w/ 3% BSA. 0.5 µL of biotinylated CD24 antibody in 0.5 mL of DPBS w/ 3% BSA was 

added into the CD24 tube, and 0.5 µL of biotinylated CD44 antibody in 0.5 mL of DPBS w/ 3% 

BSA was added into the CD44 tube. Each set of beads was washed twice with 0.5 mL DPBS w/ 

3% BSA. 0.5 mL of streptavidin-conjugated Qdot655 solution (Concentration: 50 µL in 10 mL 

DPBS w/ 3% BSA) was added into each tube and shaken on the rocker for 10 min at room 

temperature. Each set of beads was washed twice with 120 µL of DPBS w/ 3% BSA, and then 

120 µL of DPBS w/ 3% BSA was added into each tube. The final suspension was transferred to a 

96-well plate, and images were taken under the microscope’s transmitted filter and DAPI filter.  
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Synthesis and purification of soluble-1 and biotinylated-1. 25 mg of RINK amide MBHA 

beads (Novabiochem, loading level 0.59 mmol/g) was added into a polypropylene fritted 

cartridge. The beads were deprotected with 250 µL of piperidine solution. To begin with the 

synthesis of a soluble derivative, 5 equivalents of Fmoc-Cys(Trt)-OH (Sigma-Aldrich), 5 

equivalents of HOBT·H2O, 5 equivalents of HBTU, and 10 equivalents of DIPEA were shaken 

with deprotected RINK beads in dry DMF at room temperature for 3 h. After Fmoc deprotection, 

Fmoc-ε-aminocaproic acid and Fmoc deprotection reactions were repeated three times. The 

beads were coupled with N-Boc-1, 4-diaminobutane under the same conditions as the OBOC 

library synthesis protocol. Based on the hit bead’s determined sequence, the seven remaining 

residues were coupled in the same manner as described above. For the synthesis of a biotinylated 

derivative, 5 equivalents of Fmoc-Glu(biotinyl-PEG)-OH (Chem-Impex Int'l. Inc.), 5 equivalents 

of HOBT•H2O, 5 equivalents of HBTU, and 10 equivalents of DIPEA were shaken with 

deprotected beads in dry DMF at room temperature for 3 h. After Fmoc deprotection, the RINK 

beads were shaken with 5 equivalents of Fmoc-DOPA(acetonide)-OH (Novabiochem), 5 

equivalents of HOBT·H2O, 5 equivalents of HBTU, 10 equivalents of DIPEA in dry DMF at 

room temperature for 3 h. After Fmoc deprotection, the beads were coupled with N-Boc-1, 4-

diaminobutane under the same conditions as the OBOC library synthesis protocol. Based on the 

hit bead’s determined sequence, the seven remaining residues were coupled in the same manner 

as described above. Soluble-1 (Figure A.14) and biotinylated-1 (Figure A.15) were purified by 

preparative RP-HPLC and characterized by analytical HPLC and MALDI-TOF. 

 



 

63 

Isolation of 1-binding population and 1-nonbinding population of MCF-7 or MDA-MB-

231. The 1-binding population was isolated by incubating MCF-7 or MDA-MB-231 cells (3 

million cells) with 1-immbilized beads (50 mg in dried weight) in DMEM with 5% BSA at 37°C 

for 1 h. At the end of incubation, the unbound cells remaining in the incubation medium were 

collected as the 1-nonbinding population (1-NB). The beads were collected and washed with 

fresh DMEM to remove any remaining unbound cells, and the bound cells were detached from 

the beads by incubation with 1X enzyme-free cell dissociation buffer at 37°C for 5 min. The 

dissociated cells were collected as the 1-binding population (1-B). 

 

SDS-PAGE and Western blot analysis. For both CSC and EMT markers expression analysis, 

parental cells (MCF-7 or MDA-MB-231), the isolated 1-binding population and 1-nonbinding 

population were individually plated in 6-well tissue culture plate, at the seeding density of 2 × 

105 cells per well. When cell confluency reached 80% of plate well surface area, and the 

adherent cells were washed with ice-cold DPBS and detached from the plate using a cell 

scrapper, and then transferred into the same tube containing the collected culture medium. After 

centrifugation to pellet down the cells at 12,500 rpm at 4°C for 6 min, the cell pellets were 

resuspended and lysed with 1X Triton-X-100 with 1X protease inhibitor cocktail (Sigma 

Aldrich). Protein concentration determination of cell lysates was carried out using the Coomassie 

Dye (PIERCE). 50 µg of total protein per sample was incubated with 5X loading dye containing 

2 M DTT at 60°C for 10 min. Protein samples were then were subjected to SDS-PAGE 

(Polyacrylamide Gel Electrophoresis). Resolved proteins were then transferred by a wet transfer 

method to a PVDF membrane (Invitrogen) at 100 V constant voltage for 1 h using BioRad Mini 
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Trans-Blot Electrophoresis Transfer Cell (BioRad). Upon the completion of wet transfer, the 

membrane was then blocked with 5% (w/v) fat-free milk in 1X Tris-buffered saline / 0.1% (v/v) 

Tween-20 (TBS-T) for at least 1 h. After three 10 min-washes with 1X TBS-T to remove excess 

milk, the membrane was incubated with corresponding primary and secondary antibodies. After 

three 10 min-washes with 1X TBS-T to remove unbound secondary antibodies, the probed 

proteins were then detected for chemiluminescent signal using SuperSignal Chemiluminescent 

Substrate (PIERCE). 

 

AldefluorTM staining for ALDH quantitation. 4 x 104 MCF-7 or 3 x 104 MDA-MB-231 cells 

were seeded on each well of the 8-well chamber well slides (Nunc Lab-Tek), and were incubated 

for at least 48 h prior to subsequent treatment. At the end of incubation in 37°C incubator with 

5% CO2, the chamber slide was removed from the incubator, and the wells were washed with 

DPBS upon aspiration of culture media. Cells were fixed with 4% formaldehyde for 10 min at 

room temperature. After washing with DPBS, cells were incubated with AldefluorTM reagent 

solution from the AldefluorTM Stem Cell Identification & Isolation kit (Stemcell Technologies). 

The reagent was diluted in 0.5% BSA in DPBS with 2 mM EDTA. For negative control samples, 

same amount of DEAB was added instead of the AldefluorTM reagent. The incubation was 

performed in dark at 37°C for 15 min. The stained cells were then washed with cold 

AldefluorTM assay buffer. The slide was then examined under fluorescence microscope via GFP 

filter for imaging. The fluorescence intensities were measured using ImageJ software, and the 

values were normalized with DAPI. 

 



 

65 

AldefluorTM and biotinylated-1 co-localization validation. Following the steps of 

AldefluorTM staining, MCF-7 cells were incubated with 500 nM biotnylated-1, and/or 50 µM 

soluble-1 (100 times more concentrated than conjugated peptoid) for 30 min in dark and on ice. 

At the end of the incubation, cells were washed with cold AldefluorTM assay buffer, followed 

by incubation with 1.25 nM of streptavidin-conjugated Qdot655 (SA-Qdot655) for 20 min in 

dark and on ice. The stained cells were then washed with cold AldefluorTM assay buffer 

provided in the kit. The slide was then examined under fluorescence microscope via GFP filter 

for imaging. Cell nuclei were stained with 1% Hoechst dye 33342 (Sigma Aldrich) diluted in the 

1X assay buffer for 10 min at room temperature and was viewed under fluorescence microscope 

via DAPI filter. The co-localization significance was calculated using the Pearson correlation 

coefficient analysis. 

 

Tissue microarray immunofluorescence staining. Tissue microarray slides were purchased 

from Protein Biotechnologies. The slides were deparaffinized in xylene for 10 min for 3 times, 

followed by serial rehydration with 100%, 95%, 70%, 50% ethanol, 5 min each for twice. 

Rehydrated TMA slide was rinsed with deionized water and then DPBS. Antigen retrieval was 

performed by heating to 100°C in sodium citrate buffer (pH 6) for 10 min. Cooled slide was then 

subjected to blocking in 5% BSA in DPBS for 1 h at room temperature. Incubation with 

biotinylated-1 diluted with 5% BSA in DPBS was performed on shaker for 1h at room 

temperature. Incubation with 5 nM of streptavidin-conjugated Texas Red (SA-Texas Red, 

Invitrogen) diluted with 5% BSA in DPBS was performed on shaker for 45 min at room 

temperature. The slide was then subjected to Hoechst staining (Thermo Scientific) for nucleus 
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for 30 min at room temperature. The slide was then examined under fluorescence microscope via 

DAPI filter for nucleus imaging, and via Texas Red filter for SA-Texas Red imaging. The 

fluorescence intensities were measured using ImageJ software, and the values were normalized 

with DAPI intensities. 

 

Tumor xenograft in nude mice. There are three experimental groups for the mouse xenograft 

study: the MDA-MB-231 whole population (W231), the 1-binding population (1-B231), and the 

1-nonbinding population (1-NB231). 4-week-old homozygous nude female mice (Jackson 

laboratories) were subjected to subcutaneous injection of 100 µL of the cells (0.5 x 106) in HBSS 

plus 100 µL of Matrigel into the right flank area. Mice were monitored twice a week for tumor 

growth, weight changes and health conditions. At the end of the xenograft experiment (day 66), 

all mice were sacrificed in CO2 chamber and the tumors were extracted for further study 

processing. One representative tumor from each experimental group was isolated, and the 

isolated tumors were subjected to formalin-fixation paraffin-embedding (FFPE) processing. 

Tumor tissue micro-sections were then cut and mounted on positively charged microscopic slides 

for histological study (immunohistological staining procedure follows tissue microarray staining 

procedure). For tumor tissue microsections staining with AldefluorTM reagent, tumor 

microsection slides rinsed with DPBS were incubated with AldefluorTM reagent solution after 

the staining procedure with SA-Texas Red. The reagent was diluted in 0.5% BSA in DPBS with 

2 mM EDTA. The incubation was performed in dark at 37°C for 15 min. The stained tissues 

were then washed with cold AldefluorTM assay buffer provided in the kit. The slide was 

examined under fluorescence microscope via GFP filter for AldefluorTM imaging. The 
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fluorescence intensities were measured using ImageJ software, and the values were normalized 

with DAPI intensities and compared to the reading of the whole population tumor sample 

(W231-tumor). The co-localization significance was calculated using the Pearson correlation 

coefficient analysis. The remaining tumors from each experimental group were collected and 

subjected to cell extraction. 

 

Xenograft tumor cell extraction. Following sacrificing the mice, tumors were isolated from the 

surrounding tissue and transferred to cold culture medium immediately. Tumor tissues were 

minced using surgical scissors into small tissue cubes (about 2-4 mm in diameters). The tissue 

fragments were incubated with enzymatic dissociation solutions in a sequence of collagenase II 

(200 U/ml; Sigma-Aldrich, St Louis, MO, USA), DNase I (200 U/ml; Sigma-Aldrich) and then 

trypsin (5 mg/ml; Invitrogen, Madison, WI, USA), for 30 min at 37°C on an orbital rotator.  

After each incubation period, the fragments were filtered through a 70 µm nylon mesh cell 

strainer (BD Biosciences, San Diego, CA, USA). The released cells were centrifuged at 1,200 

rpm for 2 min. All the dissociated cells collected from each round of enzymatic dissociation were 

collected all together and cultured in full growth medium supplied with 10% FBS, 1% additional 

L-glutamine and 0.5% Penicillin/Streptomycin antibiotic, and the cultured cells were maintained 

in a 37°C incubator with 5% CO2. 

 

Wound-healing assay. The “wound” was created by seeding cells in Culture-Insert 2 Well in µ-

Dish 35 mm (Ibidi, Germany, catalogue #81176). 2 x 104 cells of each experimental group were 

seeded respectively in each of the two wells and were incubated for 24 h to allow cell confluence 
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to reach to approximately 100%. The silicone well insert was then carefully removed with 

tweezers, and the seeding surface was gently rinsed with culture medium to remove floating 

cells. Cell images were taken at various time points (0 h, 6 h, 12 h and 24 h respectively) to 

record and monitor the migration of cells into the “gap”. The width of the gap was measured in 

mm. 

 

Statistical analysis. Statistical significance evaluation of p-values was calculated using paired 

Student’s t-test. A p-value of at least less than 0.05 is considered significant. One-way ANOVA 

test was used to determine the statistically significant differences between the means of the 

experimental groups in the mouse tumor xenograft study. 

2. Supporting figures 

 

Figure A.1. a) Chemical structure of one-bead-one-compound peptoid library. b) Primary amines 
used for residues R1 ~ R7 of the library. 
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Figure A.2. Transmitted (left column) and fluorescence (right column, DAPI channel) images of 
hit beads (CL-1-19-6, -18, -19, and -36). 
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Figure A.3. Chemical structures of the hit beads (CL-1-19-6, -18, -19, and -36). 
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Figure A.4. Resynthesized hit beads were incubated with MCF-7 cells and excess unbound cells 
were washed off. The resulting cell-bound beads were incubated with biotinylated CD24 
antibody or biotinylated CD44 antibody followed by streptavidin-conjugated Qdot655. 
Transmitted and fluorescence (DAPI for QDot655) images were shown. 
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Figure A.5. Chemical structures of biotinylated-1 (a) and soluble-1 (b). 
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Figure A.6. Binding of biotinylated-1 to ALDH-positive population in MCF-7 cells. Transmitted 
and fluorescence images of cells were taken after incubation under indicated conditions.  DEAB 
(N,N-diethylaminobenzaldehyde) is an inhibitor of aldehyde dehydrogenase. 
 

 

Figure A.7. a) AldefluorTM staining of W, 1-NB, and 1-B of MCF-7 cells. b) Western blot 
analysis of stemness-associated transcription factors of W, 1-NB, and 1-B of MCF-7 cells. 
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Figure A.8. 1-immobilized beads were incubated with MDA-MB-231 or BT549 and excess 
unbound cells were washed off. The resulting cell-bound beads were incubated with biotin-anti-
CD24 or biotin-anti-CD44 followed by streptavidin-conjugated Qdot655. Transmitted and 
fluorescence (QDot655 at DAPI channel) images were shown.  
 

 

Figure A.9. a) AldefluorTM staining of W231, 1-NB231, and 1-B231 of MDA-MB-231 cells. 
DAPI is for nuclear staining. b) Western blot analysis of stemness-associated transcription 
factors of W231, 1-NB231, and 1-B231 of MDA-MB-231 cells. Error bars represent s.d. from 
three independent experiments. Statistical comparison performed by Student’s t-test (**p < 
0.005). 
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Figure A.10. Quantitative analysis Texas Red fluorescence of (a) and AldefluorTM fluorescence 
(b) of images in Figure 2.3b. Error bars represent s.d. from measurements of three different 
images taken. Statistical comparison performed by Student’s t-test (*p < 0.05, **p < 0.005). 
 

 

Figure A.11. Images (a) and quantitative analysis (b) of wound healing of the cells harvest from 
tumors derived from W231, 1-NB231, and 1-B231 of MDA-MB-231 cells at the indicated time 
after the wound was generated. Statistical comparison performed by Student’s t-test (**p < 
0.005). 
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Figure A.12. Western blot analysis of stemness-associated transcription factors (a) and epithelial-
mesenchymal markers (b) of cells harvested from tumors derived from W231, 1-NB231, and 1-
B231 of MDA-MB-231 cells. Error bars represent s.d. from three independent experiments. 
Statistical comparison performed by Student’s t-test (*p < 0.05, **p < 0.005). 
 

 

Figure A.13. The MALDI-TOF sequence analyses of CL-1-19-1 (a), CL-1-19-6 (b), CL-1-19-18 
(c), CL-1-19-19 (d), and CL-1-19-36 (e) after CNBr reaction. 
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Figure A.13. continued 
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Figure A.13. continued 
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Figure A.14. a) MALDI-TOF data of soluble-1. b) Analytical HPLC chromatogram of soluble-1. 
The gradient was a 25 min from 0% to 100% acetonitrile at a flow rate of 1 mL/min. 
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Figure A.15. a) MALDI-TOF data of biotinylated-1. b) Analytical HPLC chromatogram of 
biotinylated-1. The gradient was a 25 min from 30% to 100% acetonitrile at a flow rate of 1 
mL/min. 
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3. Supporting tables 

Table A.1. The MS (MALDI-TOF) of all the synthetic compounds. 

Compound Mass calculated ([M+H]+) 
Mass observed 

([M+H]+) 

CL-1-19-1 (1) 1627.9 1629.0 

CL-1-19-6 1549.0 1551.9 

CL-1-19-18 1635.0 1635.9 

CL-1-19-19 1638.9 1640.9 

CL-1-19-36 1523.0 1524.0 

Soluble-1 1646.9 1645.2 

Biotinylated-1 1941.0 1939.8 
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Table A.2. The one-way ANOVA test analysis on mouse xenograft tumor growth rates 
comparison amongst the experimental groups. (N = number of observations; ∑X = sum of 
observation values; ∑X2 = square of sum of observation values; SS = sum of squares of 
deviations; df = degree of freedom; MS = mean sum of squares of deviations; F = F-ratio; P = p-
value). 

Summary of Data 

 
Experimental groups 

 
Whole 

population 

1-NB 1-Binding 

population 

Total 

N 17 17 17 51 

∑X 2114.18 1412.02 4460.67 7986.88 

Mean 124.36 83.06 262.39 156.61 

∑X2 310893.37 129284.9

4 

1279697.47 9381.75 

Standard 

Deviatio

n 

54.75 27.39 6828.32 96.86 
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Result Details 

Source SS df MS 

Between

-groups
299867.38 2 149933.69 

F = 

42.5

3 

Within-

groups 
169219.96 48 3525.42 

 P < 

0.00

01 

Total 469087.34 50 

4. Reference

1. a) P. G. Alluri, M. M. Reddy, K. Bachhawat-Sikder, H. J. Olivos, T. Kodadek, Journal of 
the American Chemical Society 2003, 125, 13995-14004; b) A. Aditya, T. Kodadek, ACS 
combinatorial science 2012, 14, 164-169. 
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