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Abstract: Metastatic progression of female breast and colon cancer represents a major cause of mor-
tality in women. Spontaneous/acquired resistance to conventional and targeted chemo-endocrine
therapy is associated with the emergence of drug-resistant tumor-initiating cancer stem cell popula-
tions. The cancer-initiating premalignant stem cells exhibit activation of select cancer cell signaling
pathways and undergo epithelial–mesenchymal transition, leading to the evolution of a metastatic
phenotype. The development of reliable cancer stem cell models provides valuable experimental ap-
proaches to identify novel testable therapeutic alternatives for therapy-resistant cancer. Drug-resistant
stem cell models for molecular subtypes of clinical breast cancer and for genetically predisposed
colon cancer are developed by selecting epithelial cells that survive in the presence of cytostatic
concentrations of relevant therapeutic agents. These putative stem cells are characterized by the
expression status of select cellular and molecular stem cell markers. The stem cell models are uti-
lized as experimental approaches to examine the stem-cell-targeted growth inhibitory efficacy of
naturally occurring dietary phytochemicals. The present review provides a systematic discussion
on (i) conceptual and experimental aspects relevant to the chemo-endocrine therapy of breast and
colon cancer, (ii) molecular/cellular aspects of cancer stem cells and (iii) potential stem-cell-targeting
lead compounds as testable alternatives against the progression of therapy-resistant breast and
colon cancer.
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1. Introduction

Progression of female breast and colon cancer to advanced-stage metastatic disease
represents a major cause of mortality in the female population. The American Cancer Soci-
ety projects combined new cases at 333,230 and cancer-related deaths at 68,060 in 2022 [1].
Conventional treatment options for breast cancer include cytotoxic chemotherapy, selective
estrogen receptor modulators, selective estrogen receptor degraders, cyclin-dependent
kinase inhibitors and aromatase inhibitors. Treatment options for colon cancer include cyto-
toxic multi-drug chemotherapy with DNA synthesis inhibitors, platinum-containing agents
that generate cytotoxic DNA adducts, topoisomerase inhibitors, selective cyclooxygenase
inhibitors and selective ornithine decarboxylase inhibitors [2].

Long-term treatment with these pharmacological agents is commonly associated with
systemic toxicity, spontaneous/acquired tumor resistance and the emergence of therapy-
resistant cancer stem cell populations. These major limitations associated with conventional
chemo-endocrine therapy and small-molecule-based targeted therapy emphasize an unmet
need to identify testable therapeutic alternatives against therapy-resistant breast and colon
cancers. Natural products such as dietary phytochemicals, micro-nutrients and nutritional
herbs have documented cancer-preventive efficacy on epithelial organ site cancers of the
breast and colon, in part via targeting cancer stem cells [3,4]. These relatively nontoxic, nat-
urally occurring agents, because of their documented human consumption, may represent
potential alternatives.

The role of estrogens in breast cancer is well established as a promoter of hormone-
responsive cancer subtypes. Estrogen receptor (ER) isoforms α and β belong to a superfam-
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ily of ligand-regulated nuclear transcription factors. Genomic signaling of ER involves a
complex cascade of signaling events via the functioning of several co-activator/co-repressor
molecules that culminates in the estrogen-response-element-mediated target gene expres-
sion of c fos and c jun. These signaling pathways are also involved in endocrine therapy
resistance. ER-α signaling represents a predominant molecular mechanism for the positive
growth regulation of breast cancer [5]. Additionally, the CYP-450-mediated generation
of estradiol metabolites with distinct positive and negative growth-regulatory functions
modulates the growth of breast cancer [6,7]. In contrast, ER-β exhibits transcriptional activ-
ity that is distinct from that of ER-α, and functions as a negative growth regulator [8–11].
However, the role of the ovarian steroid hormones in colon cancer is less defined. Published
evidence suggests that estrogen receptors function as inhibitory modifiers for colon cancer.
In the Apc MIN/+ model, a lack of ER-α and ER-β accelerates the formation of colon can-
cer [12]. ER-β functions as a negative growth regulator in colon cancer and phytoestrogens
function as potent ER-β agonists [13,14].

The normal stem cell population in epithelial organ sites is responsible for tissue
regeneration and the preservation of homeostatic growth control via regulation of prolifer-
ation, differentiation and apoptosis. The Wnt/β-catenin, Hedgehog and Notch signaling
pathways play critical regulatory roles in the maintenance, survival and function of the
normal stem cell population [15,16]. In contrast, the cancer stem cells are characterized
by the dysregulation of normal regulatory pathways, activation of survival pathways
via phosphotidyl-inositol 3 kinase (PI3K), protein kinase B (AKT), molecular target of
rapamycin (m TOR) and nuclear factor kB (NFkB) signaling and epithelial–mesenchymal
transition (EMT) [17]. The well-established role of the cancer stem cell population in
therapy-resistant disease progression emphasizes a focus on cancer stem cell models and
the stem-cell-targeting efficacy of therapeutic alternatives. The cancer stem cells represent
a minor subpopulation of the tumor that is responsible for therapy resistance and tumor
initiation [18,19].

Several optimized assays for the isolation of putative cancer stem cells are available.
These assays involve fluorescence-assisted cell sorting of Rodamine-123 positive side pop-
ulations, cell-membrane-specific antibody positivity, drug-efflux-based assays, aldehyde
dehydrogenase-1 (ALDH-1)-positive cells and the isolation of drug-resistant phenotypes.
For the parental cell lines that provide a source of putative drug-resistant stem cells, mech-
anistic assays of the growth-inhibitory efficacy of natural products are widely used [20–26].
For the isolation of drug-resistant stem cells, the positive selection of resistant phenotypes
in the presence of cytotoxic drug concentrations is effectively employed. The drug-resistant
stem cells are characterized by the expression of stem-cell-selective tumor spheroid forma-
tion (cellular), cell surface molecules and nuclear transcription factors (molecular). The
status of stem cell markers has been quantified by the extent of tumor spheroid formation
and by the expression status of select molecules, such as clusters of differentiation CD44,
CD133 and nuclear transcription factors octamer-binding transcription factor-4 (OCT-4),
Kruppel-like factor-4 (Klf-4), sex determining region box Y-2 (Sox-2), cellular Myc (c-Myc)
and DNA-binding transcription factor NANOG in cancer stem cell models [22,27–29].
Collectively, these stem cell markers provide specific and sensitive quantitative endpoints
to characterize stem cell populations and also to confirm the stem-cell-targeted efficacy of
test agents.

It is well recognized that stem cell populations in epithelial organ sites and in respective
cancers play distinct and unique roles. The stem cell population is involved in tissue
regeneration, organ site homeostasis and in the progression of the premalignant phenotype
to a metastatic phenotype. The common and unique cellular and molecular characteristics
of normal and cancer stem cells represent important concepts in stem cell biology. More
importantly, cancer stem cell biology also facilitates the identification of mechanistic leads
for the clinical translatability of the primary and secondary prevention of cancer and
efficacious therapeutic intervention.
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The overall objective of the present review is to discuss evidence-based concepts that
are relevant to (i) cellular models for breast and colon cancer, (ii) the growth patterns of
parental cell lines that contain putative stem cells, (iii) the growth-inhibitory efficacy of
natural products (phytochemicals and nutritional herbs) on the developed models, (iv) the
isolation and characterization of stem cell models developed from female breast and colon
cancer-initiating target cells and (v) mechanistic leads for the efficacy of natural products
on the developed cancer stem cell models. Collectively, this review provides a systematic
analysis of conceptual and technical aspects and summarizes published evidence to provide
a proof of concept that natural products may provide testable therapeutic alternatives for
therapy-resistant breast and colon cancer.

2. Experimental Models

In the multi-factorial and multi-step carcinogenic process of sporadic breast and
colon cancers, dietary, environmental and hormonal factors exert profound impacts on
initiation, promotion and progression. Genetically predisposed patients carrying germ line
mutations in the tumor suppressor BRCA1 and BRCA2 genes in breast and in the tumor
suppressor APC gene in colon cancer may be at greater risk due to the effects of exogenous
factors in developing cancer. Reliable in vitro models of relevant target organs for cancer
provide valuable mechanistic approaches to identify efficacious cancer preventive agents
and, thereby, complement in vivo investigations on animal models. From a therapeutic
perspective, in vitro cellular models for drug-resistant stem cells facilitate investigations to
identify testable alternatives against therapy-resistant breast and colon cancers.

Epithelial cell culture models represent facile in vitro experimental approaches to
examine the multi-step process of the initiation, promotion and progression of organ
site cancer. In addition, models developed from the non-tumorigenic target tissues pro-
vide valuable approaches to examine the direct cancer-initiating effects of prototypic
organ-selective chemical carcinogens such as metabolism-dependent pro-carcinogens 7-12,
dimethyl benz anthracene (DMBA), benzo [α] pyrene (BP), dimethyl hydrazine (DMH)
and azoxy-methane (AOM), and metabolism-independent direct-acting methyl nitroso
urea (MNU) and N-methyl-N-nitroso-guanidine (MNNG) [30–33], as well as of RAS, Myc
and HER-2 oncogenes [34–37], on the carcinogenic process. Investigations focused on
in vitro chemical- or oncogene-mediated carcinogenesis also provide facile experimental
approaches to identify cellular and molecular endpoint biomarkers that are relevant to
experimental modulations, specifically for the initiation, promotion and progression of the
multi-step organ site carcinogenic process.

The parental cell lines developed from human breast carcinoma and from geneti-
cally predisposed mice exhibit hyper-proliferation, as evidenced by decreased population
doubling time, increased saturation density, accelerated cell cycle progression and down-
regulated cellular apoptosis.

The data presented in Table 1 provide a summary of the molecular characteristics of
various cellular models for breast and colon cancer.

The non-tumorigenic epithelial cells initiated for carcinogenesis by either chemical
carcinogens, viruses or oncogenes exhibit AI growth in vitro and tumor formation in vivo.
The tumorigenic status of the epithelial cells is confirmed by the in vivo tumor formation
of transplanted cells. Thus, in the cell culture models, AI growth represents an in vitro
surrogate endpoint marker for in vivo tumorigenic transformation that is indicative of a
quantifiable risk of developing cancer [32,34–37].

The data presented in Table 2 illustrate the status of AI colony formation and tumor
formation in the cellular models for breast cancer. The data in Table 3 illustrate the status
of these endpoints in the cellular models for colon cancer. Comparison of these endpoint
biomarkers in non-tumorigenic and tumorigenic epithelial cells demonstrates the specificity
of these markers towards persistent tumorigenic transformation.
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Table 1. Cellular models for breast and colon cancer.

Model Molecular Characteristics Origin Clinical Subtype

Breast ER PR HER-2

184-B5 - - - Reduction mammoplasty Female normal breast

MCF-7 + + - Female breast carcinoma Luminal A

184-B5/HER - - + HER-2 positive HER-2-enriched

MDA-MB-231 - - - Female breast carcinoma TNBC

Colon Apc Mlh1

C57 COL +/+ +/+ Female mouse colonic epithelium Normal colon

850MIN COL +/− +/+ Female mouse Apc codon
850 mutation FAP

Mlh1/1638N COL +/− −/− Female mouse Apc codon 1638N
mutation, Mlh1 allelic deletion HNPCC

HCT-116
Apc β-Cat. Somatic mutation Male sporadic colon cancer

WT MT

SW480 MT WT Somatic mutation Male sporadic colon cancer

ER, estrogen receptor; PR, progesterone receptor; HER-2, human epidermal growth factor receptor-2; Apc,
adenomatous polyposis coli; Mlh1, Mut-L; β-cat., β-catenin; FAP, familial adenomatous polyposis; HNPCC,
hereditary non-polyposis colon cancer; WT, wild type; MT, mutant.

Table 2. Growth characteristics of cellular models for breast cancer.

Endpoint Cellular Model

184-B5 MCF-7 184-B5/HER MDA-MB-231

AI Colony Formation 0/18 18/18 18/18 18/18

Incidence 0% 100% 100% 100%

Colony Number ND 30.9 ± 2.4 23.0 ± 2.6 38.9 ± 1.6

Tumor Formation 0/10 10/10 10/10 10/10

Incidence 0% 100% 100% 100%

Latent Period (weeks) 24 3–5 3–5 3–5
HER, human epidermal growth factor receptor; AI, anchorage-independent; ND, not detectable.

Table 3. Growth characteristics of cellular models for colon cancer.

Endpoint Cellular Model

C57COL 850MINCOL Mlh1/1638COL

AI Colony Formation 0/18 18/18 16/18

Incidence 0% 100% 88.9%

Colony Number ND 18.9 ± 2.5 15.2 ± 1.4

Tumor Formation 0/10 8/10 6/10

Incidence 0% 80% 60%

Latent Period (weeks) 24 3–5 3–5
MIN, multiple intestinal neoplasia; AI, anchorage-independent.

2.1. Mechanistic Assays

Several mechanistic assays that have been optimized for the parental cell lines and
also for stem cells are widely used in preclinical cancer research. The assays for parental
cell lines involve monitoring cell cycle progression, cellular apoptosis and the expression
status of relevant regulatory molecules at genomic and proteomic levels. In the mechanistic
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assays for stem cells, tumor spheroid (TS) formation represents a commonly used biological
marker. In addition, flow-cytometry-based assays have facilitated the quantitation of the
expression status of additional stem cell markers. The quantitative immunofluorescence
assay is optimized to measure the relative cellular uptake of antibodies specific for cell
surface markers and for nuclear transcription factors. The cell surface markers include
clusters of differentiation CD44 and CD133, while the molecular markers include nuclear
transcription factors octamer-binding transcription factor-4 (OCT-4), Kruppel-like factor-
4, (Klf-4), sex-determining region box Y-2 (SOX-2), cellular myc (c-myc) and homeobox
transcription factor (NANOG) [22,27–29,38,39]. For the immunofluorescence assay, the cells
stained with the fluorescein-labelled relevant antibodies are sorted using a flow cytometer
and monitored for cellular fluorescence. The quantitative endpoint is represented by
relative fluorescent units (RFU).

2.2. Pharmacological Agents

Conventional chemo-endocrine therapy for breast cancer includes the use of multi-
drug cytotoxic chemotherapeutics containing doxorubicin, 5-fluro-uracil, cisplatin, pacli-
taxel, selective estrogen receptor modulators (SERM) such as tamoxifen, selective estrogen
receptor degraders (SERD) such as fulvestrant, aromatase inhibitors such as letrozole and
exemestane and cyclin-dependent kinase inhibitors such as palbociclib and ribociclib. For
colon cancer, multi-drug combinations of 5-fluro-uracil+ irinotecan and 5-fluoro-uracil +
oxaliplatin and non-steroidal anti-inflammatory drugs such as sulindac and celecoxib are
used [22,27].

Some of these clinically relevant agents for breast and colon cancer are utilized to
select the resistant phenotypes, as summarized in Table 4. Long-term treatment of cells
with these agents at their respective maximum cytostatic concentrations eliminates the
drug-sensitive phenotypes and facilitates the selective growth of drug-resistant phenotypes.
Expansion of the surviving drug-resistant population in the presence of the drug provides
the resistant phenotypes, representing putative stem cells for breast and colon.

Table 4. Pharmacological agents for isolation of resistant phenotype.

Agent Type Molecular Target Stem Cell Model

Breast

TAM SERM ER MCF-7 TAM-R, Luminal A

LAP Small-molecule
inhibitor EGFR, HER/2 184-B5/HER LAP-R, HER-2-enriched

DOX DNA inhibitor S-phase inhibition MDA-MD-231, DOX-R, TNBC

Colon

SUL NSAID COX-1. COX-2 850MINCOL SUL-R, FAP

5-FU DNA inhibitor S-phase inhibition Mlh1/1638N COL, 5-FU-R, HNPCC

TAM, tamoxifen; SERM, selective estrogen receptor modulator; LAP, lapatinib; EGFR, epidermal growth factor
receptor; HER-2, human epidermal growth factor receptor-2; DOX, doxorubicin; SUL, sulindac; NSAID, non-
steroidal anti-inflammatory drug; COX-1/COX-2, cyclooxygenase-1, cyclooxygenase-2; TNBC, triple-negative
breast cancer; FAP, familial adenomatous polyposis; 5-FU, 5-fluoro-uracil; HNPCC, hereditary non-polyposis
colon cancer.

3. Characterization of Cancer Stem Cells

Therapy-resistant cancer-initiating stem cells are characterized by the expression of
select nuclear transcription factors, some of which are also documented to be crucial for
the maintenance of drug-resistant stem cells and induced pluripotent stem cells. These
stem-cell-specific transcription factors include OCT-4, Klf-4, SOX-2 and c-myc [38,39]. The
expression statuses of the cellular and molecular stem cell markers are compared in the
drug-sensitive and drug-resistant stem cells. The status of TS, CD44, NANOG and OCT-4 is
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enhanced in favor of the resistant population, and thereby provides a quantitative endpoint
to characterize the drug-resistant TAM-R, LAP-R and DOX-R phenotypes.

3.1. Breast

The drug-resistant stem cells maintained in the presence of TAM, LAP and DOX at
their respective predetermined IC90 concentrations are used in experiments. TS formation
represents a sensitive and specific cellular marker for stem cells. The data presented in
Figure 1A illustrate the comparison of tumor spheroid formation in drug-sensitive and
drug-resistant phenotypes. The resistant phenotypes exhibit a substantial increase in tumor
spheroid number relative to their sensitive counterparts.
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Figure 1. (A) Status of tumor spheroid formation. In the presence of cytotoxic drugs, the drug-
resistant (R) phenotypes exhibit increased numbers of tumor spheroids relative to their respective
drug-sensitive (S) counterparts. TAM, tamoxifen; LAP, lapatinib; DOX, doxorubicin. Status of stem
cell markers in drug-resistant phenotypes. (B) The expression of CD44, NANOG and OCT-4 in
the resistant TAM-R phenotype is increased relative to the sensitive TAM-S phenotype. (C) The
expression of CD44, NANOG and OCT-4 is increased in the resistant LAP-R phenotype relative
to the sensitive LAP-S phenotype. (D) The expression of CD44, NANOG and OCT-4 is increased
in the resistant DOX-R phenotype relative to the sensitive DOX-S phenotype. CD44, cluster of
differentiation 44; NANOG, homeobox transcription factor; OCT-4, octamer-binding transcription
factor-4; TAM, tamoxifen; LAP, lapatinib; DOX, doxorubicin.

The data presented in Figure 1B–D illustrate the expression status of select molecular
markers for stem cells. These markers include CD44, OCT-4 and NANOG. Compari-
son of the expression pattern in drug-sensitive and drug-resistant stem cell phenotypes
demonstrates a substantial increase in favor of TAM-R, LAP-R and DOX-R stem cells,
respectively.

3.2. Colon

The drug-resistant stem cells are maintained in the presence of SUL and 5-FU at their
respective predetermined IC90 concentrations for experiments. The data presented in
Figure 2A illustrate TS formation in the SUL-R phenotype from the 850MIN COL cells, a
model for FAP. The TS number is increased in the SUL-R phenotype. The data presented
in Figure 2B demonstrate that the expression of the stem cell markers CD44, CD133 and
c-Myc is increased in the SUL-R stem cell phenotype.
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Figure 2. Status of tumor spheroid formation and stem cell marker expression in 850MIN COL model.
(A) The tumor spheroid number is increased in the resistant SUL-R phenotype relative to the sensitive
SUL-S phenotype. (B) The expression of CD44, CD133 and c-Myc is increased in the resistant SUL-R
phenotype relative to the sensitive SUL-S phenotype. SUL, sulindac; CD44, cluster of differentiation
44; CD133, cluster of differentiation 133; c-Myc, cellular Myc.

The data presented in Figure 3A,B illustrate the expression of TS and CD44, CD133
and c-Myc in the Mlh1/1638N COL cells, a model for HNPCC. The 5-FU-R stem cells
exhibit increased expression of the stem cell markers relative to the 5-FU-S cells [28].
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Figure 3. Status of tumor spheroid formation and stem cell marker expression in Mlh1/1638N COL
model. (A) The tumor spheroid number is increased in the resistant 5-FU-R phenotype relative to
the sensitive 5-FU-S phenotype. (B) The expression of CD44, CD133 and c-Myc is increased in the
resistant 5-FU-R phenotype relative to the sensitive 5-FU-S phenotype. 5-FU, 5-fluro-uracil; CD44,
cluster of differentiation 44; CD133, cluster of differentiation 133; c-Myc, cellular Myc.

4. Experimental Modulation

Transgenic animal models expressing RAS, Myc and HER-2 oncogenes in the mam-
mary epithelium develop mammary cancer. Stable expression of these oncogenes in
non-tumorigenic mammary epithelial cells induces tumorigenic transformation [34–37].

Genetically predisposed mice exhibit germline mutations in the tumor suppressor
gene Apc and in DNA mismatch repair genes Mlh1, Msh2 and Msh6. These genetic defects
in mice lead to the formation of intestinal adenoma. The 850MIN/+ model has been utilized
to examine the combinatorial chemo-preventive efficacy of pharmacological agents and
natural products [27–29].

Naturally occurring dietary agents have documented preventive efficacy in transgenic
models expressing RAS, Myc and HER-2 oncogenes in the mammary epithelium and
leading to the formation of premalignant lesions such as ductal carcinoma in situ and
lobular carcinoma in situ for breast cancer [30–33].

Naturally occurring phytochemicals such as polyphenols, isoflavones and terpenoids
induce anti-proliferative and pro-apoptotic effects via distinct mechanisms in 184-B5/HER
cells, a model for HER-2-enriched breast cancer. Mechanistically, growth inhibition is
associated with the arrest of cells in the G1 phase of the cell cycle and the inhibition of
phosphorylated HER-2 expression. Induction of cellular apoptosis is associated with the
downregulation of BCL-2 and upregulation of BAX [40].

Chinese herbs, many of them nutritional in nature, have been traditionally used for
the management of general health concerns and also for estrogen-related health issues,
including breast diseases in women [41,42]. These herbs lack evidence of systemic clinical
toxicity. Because of their nontoxic nature and documented human use, these herbs may
represent testable therapeutic alternatives. Herbal formulations prescribed in traditional
Chinese medicine are commonly prepared as a decoction by boiling a mixture of herbs
in water. It is, therefore, conceivable that water-soluble constituents may represent active
agents responsible for the efficacy of the herbs. To simulate patient consumption, non-
fractionated aqueous extracts of the Chinese herbs have been used to examine their growth-
inhibitory efficacy in cellular models of the Luminal A and TNBC subtypes. In the Luminal
A model, the growth-inhibitory effects are associated with altered cellular metabolism
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of estradiol, generating anti-proliferative metabolites [20–22]. In the TNBC model, the
growth-inhibitory effects are associated with the inhibition of abnormal RB signaling and
inhibition of RAS, PI3K and AKT-mediated cell survival pathways [23–26].

Small molecules targeting programed cell death protein-1, programed death ligand-
1, poly ADP-ribose polymerase and antibody–drug conjugates represent novel agents
selective for several actionable molecular targets [43].

Recently published evidence suggests that Chinese nutritional herbs and constituent
active components [25,41,42], dietary phytochemicals and natural products [44–46] may
also affect cancer stem cell growth.

4.1. Breast: For These Experiments, the Natural Products Vitamin A Derivative ATRA and
Terpene CSOL Are Used at Their Predetermined Maximally Cytostatic Concentrations

The data presented in Figure 4A,B illustrate that vitamin A derivative ATRA and
the natural terpenoid CSOL inhibit TS formation (Figure 4A) and the expression of CD44,
NANOG and OCT-4 (Figure 4B) in the LAP-R stem cell model for HER-2-enriched breast
cancer.
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Figure 4. Inhibition of stem cell marker expression in the LAP-R 184-B5/HER model. (A) Treatment
with ATRA and CSOL decreased tumor spheroid number relative to the solvent control. (B) Treatment
with ATRA and CSOL decreased the expression of CD44, NANOG and OCT-4 relative to the solvent
control. ATRA, all-trans retinoic acid; CSOL, carnosol; CD44, cluster of differentiation 44; NANOG,
homeobox transcription factor; OCT-4, octamer-binding transcription factor-4.

4.2. Colon

In the 850MIN COL model for familial adenomatous polyposis (FAP) syndrome, in-
dependent treatment with mechanistically distinct pharmacological agents and naturally
occurring dietary compounds as single agents inhibits the growth of colonic epithelial cells.
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For example, the pharmacological compounds difluoro-methylornithine, sulindac and cele-
coxib function as selective inhibitors of ornithine decarboxylase and of cyclooxygenases,
respectively. The naturally occurring tea polyphenol epigallocatechin gallate predomi-
nantly affects EGFR signaling. Collectively, these agents function as potent inhibitors of
the Wnt/APC/β-catenin signaling cascade via the expression of select downstream target
genes. Treatment with low-dose combinations of these agents results in a greater reduction
in AI colony number, relative to treatment with individual single agents. The superior
efficacy of the combinatorial treatment is predominantly due to synergistic interactions via
distinct mechanisms [27–29]. In addition, several naturally occurring phytochemicals, such
as curcumin, epigallocatechin gallate, sulforaphane, resveratrol and genestein, are known
to target cancer stem cells [46].

In traditional Chinese medicine, nutritional herbs have also been used for the treatment
of colon cancer. Extracts prepared from the roots, leaves, fruits and seeds of the herbs
function as potent immunomodulatory and anti-inflammatory agents [47]. In a colon cancer
model of patient-derived tumor xenografts, herbal extracts have been shown to enhance
the anti-cancer activity of the chemotherapeutic drugs irinotecan and oxaliplatin [48]. At
the mechanistic levels, the herbal extracts function as potent inhibitors of receptor tyrosine
kinase, mitogen-activated protein kinase-extracellular receptor kinase (MAPK-ERK) and
the nuclear factor-kB (NF-kB) signaling pathway [49].

For these experiments, the cells were treated with predetermined maximum cytostatic
concentrations of non-fractionated aqueous extracts prepared from the nutritional herbs
Pseudo ginseng (PC), Radix salviae (RS), Radix paeoniae (RP) and Morinda officinalis (MO). The
data presented in Figure 5 demonstrate that treatment with the nutritional herbs inhibited
AI colony formation in the 850MIN COL model.
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Figure 5. Inhibition of AI colony formation by nutritional herbs. PG, Pseudo ginseng; RS, Radix salviae;
RP, Radix paeoniae; MO, Morinda officinalis.

Several natural products, including polyphenols, terpenes and N-3 PUFA, exhibit
inhibitory effects in colon cancer models. For these experiments, the cells are treated with
natural products at their respective predetermined maximum cytostatic concentrations.
The data presented in Figure 6 demonstrate that these natural products are effective in
inhibiting TS formation in the SUL-R 850MIN COL model.

For these experiments, the cells are treated with the natural products CUR, the bioac-
tive agent from turmeric, and ATRA, a vitamin A derivative, at their respective predeter-
mined maximum cytostatic concentrations. The data presented in Figure 7A,B illustrate
that CUR inhibits TS formation (Figure 7A) and the expression of CD44, CD133 and c-Myc
(Figure 7B) in SUL-R 850MIN COL cells, a model for FAP.
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Figure 6. Inhibition of tumor spheroid formation by phytochemicals. CUR, curcumin; EGCG,
epigallocatechin gallate; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; CA, carnosic acid.
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Figure 7. Inhibition of stem cell markers in the SUL-R 850MIN COL model. (A) Treatment with CUR
and ATRA decreased tumor spheroid number relative to the solvent control. (B) Treatment with
CUR and ATRA inhibited the expression of CD44, CD133 and c-Myc relative to the solvent control.
CUR, curcumin; ATRA, all-trans retinoic acid; CD44, cluster of differentiation 44; CD133, cluster of
differentiation 133; c-Myc, cellular Myc.

5. Stem Cell Models—Overview

The multi-step progression of breast and colon cancers is profoundly influenced by a
complex interaction of dietary, endocrine and environmental factors. These aspects present
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formidable challenges for the selection of appropriate therapeutic options. In addition, the
emergence of drug-resistant cancer stem cells facilitates the metastatic progression of the
disease. Table 5 provides an overview of conventional and targeted therapeutic options
and their limitations, developed drug-resistant stem cell models, natural products and their
stem-cell-targeting efficacy, as well as future research directions.

Table 5. Stem cell models: therapeutic alternatives.

Therapeutic Options Stem Cell Models Testable Alternatives

Breast

Multi-drug chemotherapy Drug resistance Dietary phytochemicals, nutritional herbs,
micro-nutrients

Endocrine therapy TAM-R, LAP-R, DOX-R LAP-R: ATRA, CSOL

Molecular-targeted therapy Markers: TS, CD44,
NANOG, OCT-4 Marker downregulation

Selective inhibitors: SERM, SERD, AI, PI3K,
AKT, m TOR

Colon

Multi-drug chemotherapy Drug resistance

Molecular-targeted therapy SUL-R, 5-FU-R SUL-R: CUR, EGCG, EPA, DHA, CA, ATRA

Selective inhibitors: EGFR, ODC,
COX-2, NSAID Markers: TS, CD44, CD133, c-Myc Marker downregulation

Limitations: Systemic toxicity, therapy
resistance, drug-resistant stem

cell population

Advantages: Documented human
consumption, low systemic toxicity

Future research: PDTX, PDTO, stem cell
models for clinical cancer

Future research: Bioactive constituents from
nutritional herbs

SERM, selective estrogen receptor modulator; SERD, selective estrogen receptor degrader; AI, aromatase inhibitor;
PI3K, phosphotidyl-inositol 3 kinase; AKT, protein kinase B; m TOR, molecular target of rapamycin; EGFR,
epidermal growth factor receptor; ODC, ornithine decarboxylase; COX-2, cyclooxygenase-2; NSAID, non-steroidal
anti-inflammatory drug; PDTX, patient-derived tumor xenografts; PDTO, patient-derived tumor organoids;
TAM-R, tamoxifen-resistant; LAP-R, lapatinib-resistant; DOX-r, doxorubicin-resistant; TS, tumor spheroid; CD44,
cluster of differentiation 44; NANOG, homeobox transcription factor; OCT-4, octamer-binding transcription
factor-4; SUL-R, sulindac-resistant; 5-FU-R, 5-fluoro-uracil-resistant; CD133, cluster of differentiation 133; c-Myc,
cellular Myc; ATRA, all-trans retinoic acid; CSOL, carnosol; CUR, curcumin; EGCG, epigallocatechin gallate; EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid; CA, carnosic acid.

6. Conclusions

This review discusses the conceptual, phenomenological and mechanistic evidence for
cancer stem cell models developed from epithelial cell lines derived from human breast
carcinoma and from colonic epithelial cell lines derived from female mice genetically
predisposed to intestinal carcinogenesis. These models exhibit relevance to molecular
subtypes of clinical breast and colon subtypes. Based on the evidence for the in vivo
combinatorial efficacy of pharmacological agents and natural products in the 850MIN/+
animal model for FAP syndrome, the evidence of the stem-cell-targeted growth-inhibitory
effects of natural products provides a proof of concept that naturally occurring compounds
may represent testable therapeutic alternatives for therapy-resistant breast and colon
cancer. Collectively, this evidence provides a basis for expanding the present research for
its potential clinical relevance.

7. Future Directions

The premalignant cancer-initiating stem cells are endowed with resistance to chemother-
apy and EMT. These chemo-resistant, EMT-positive cells progress to the metastatic pheno-
type, which is capable of invading distant metastatic sites [50–54]. In addition, these stem
cells exhibit activation of RAS-MAPK-ERK, PI3K, AKT, mTOR and STAT-3/NFkB-mediated
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survival pathways, which are susceptible to the inhibitory efficacy of mechanistically dis-
tinct natural products and nutritional herbs [55–62].

It is notable that the LAP-R, SUL-R and 5-FU-R phenotypes represent relevant models
of premalignant cancer-initiating stem cells for HER-2-enriched, FAP and HNPCC cancer
subtypes, respectively. Collectively, these stem cell models provide valuable experimental
approaches for the genomic, transcriptomic, proteomic and metabolomic analysis of molec-
ular mechanisms that are relevant to the progression of the target premalignant cells to the
invasive cancer phenotype.

Breast-carcinoma-derived immortalized cell lines and spontaneously immortalized
colonic epithelial cell lines express telomerase enzyme, which represents a specific and
sensitive marker for the immortalized phenotype. Synthetic small molecules and naturally
occurring phytochemicals that function as telomerase inhibitors may also represent novel
testable alternatives [63].

In the estrogen receptor (ER) expressing the Luminal A breast cancer subtype, the
ER functions as a ligand-regulated transcription factor. The ER isoforms α and β are
responsible for distinct positive and negative growth regulatory functions [8–11]. Some
Chinese nutritional herbs with documented estrogenic properties also function as potent
ER-β agonists [22,41,42,47]. These herbs may exhibit growth-inhibitory effects via the
upregulation of ER-β in relevant breast cancer models.

The experimental evidence discussed in the present review is derived predominantly
from preclinical animal models in vivo, and from established epithelial cell lines in vitro.
Collectively, these aspects represent important research directions for future investigations.
However, it needs to be recognized that experiments on cancer stem cell models that are
derived from established cell lines depend on extrapolation for their clinical relevance.
These approaches have provided valuable mechanistic data. However, the potential clinical
translatability of these data is strongly dependent on extrapolation.

In an effort to reduce the need for extrapolation, future investigations on patient-
derived tumor samples may be of considerable importance. These investigations may
include ex vivo models developed from patient-derived tumor xenografts [64], patient-
derived organoids [65–69], patient-derived induced pluripotent stem cells [70] and patient-
derived ex vivo organ cultures [71]. These approaches provide scientifically robust rationale
for the clinical relevance and translatability of preclinical data.

Funding: This study received no external funding.

Institutional Review Board Statement: This study does not involve humans or animals. The IRB
statement is not applicable.

Informed Consent Statement: This study does not involve humans. The informed consent statement
is not applicable.

Data Availability Statement: The data sets used in the present review are available from the author
on reasonable request.

Acknowledgments: The research program “Cellular models for molecular subtypes of clinical breast
cancer: Mechanistic approaches for lead compound efficacy” has received past research support
from the US National Cancer Institute (NCI) FIRST Award and the US Department of Defense Breast
Cancer Research Program (DoD-BCRP) IDEA award.

Conflicts of Interest: The author declares no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 7055 15 of 17

References
1. American Cancer Society. Cancer Facts & Figures 2021; American Cancer Society: Atlanta, GA, USA, 2021.
2. National Comprehensive Cancer Network. 2010. Available online: http://www.nccn.org.NCCN (accessed on 10 April 2022).
3. Li, Y.; Zhang, T.; Korkaya, H.; Liu, S.; Lee, H.-F.; Newman, B.; Yu, Y.; Clouthier, S.G.; Schwartz, S.J.; Wicha, M.S.; et al.

Sulforaphane, a dietary component of broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clin. Cancer Res. 2010, 16,
2580–2590. [CrossRef] [PubMed]

4. Li, Y.; Wicha, M.S.; Schwartz, S.J.; Sun, D. Implication of cancer stem theory for cancer chemoprevention by natural dietary
compounds. J. Nutr. Biochem. 2011, 22, 799–806. [CrossRef] [PubMed]

5. Moy, B.; Goss, P.E. Estrogen receptor pathway: Resistance to endocrine therapy and new therapeutic approaches. Clin. Cancer Res.
2006, 12, 4790–4793. [CrossRef]

6. Russo, J.; Russo, I.H. The role of estrogen in the initiation of breast cancer. J. Steroid Biochem. Mol. Biol. 2006, 102, 89–96. [CrossRef]
[PubMed]

7. Santen, R.J.; Yue, W.; Wang, J.-P. Estrogen metabolites and breast cancer. Steroids 2015, 99, 61–66. [CrossRef] [PubMed]
8. Matthews, J.; Gustafson, J.-A. Estrogen signaling: A subtle balance between ER-α and ER-β. Mol. Interven. 2003, 3, 281–292.

[CrossRef]
9. Saji, S.; Hirose, M.; Toi, M. Clinical significance of estrogen receptor-β in breast cancer. Cancer Chemother. Pharmacol. 2005, 56

(Suppl. S1), 21–26. [CrossRef] [PubMed]
10. Deroo, B.J.; Korach, K.S. Estrogen receptors and human disease. J. Clin. Investig. 2006, 116, 561–570. [CrossRef]
11. Heldering, N.; Pike, A.; Anderson, S.; Mathews, J.; Cheng, G.; Hartman, J.; Tujague, M.; Stro, A.; Treuter, E.; Warner, M.; et al.

Estrogen receptors: How do they signal and what are their targets. Physiol. Rev. 2007, 37, 905–935. [CrossRef]
12. Cho, N.L.; Javid, S.H.; Carothers, A.M.; Redston, M.; Bertagnolli, M.M. Estrogen receptor α and β are inhibitory modifiers of

Apc-dependent tumorigenesis in the proximal colon of Min/+ mice. Cancer Res. 2007, 67, 2366–2372. [CrossRef]
13. Williams, C.; Di Leo, A.; Niv, Y.; Gustafson, J.-A. Estrogen receptor-β as a target for colorectal cancer prevention. Cancer Lett. 2016,

372, 28–56. [CrossRef] [PubMed]
14. Filho, R.P.S.; Junior, S.A.; Begnami, M.D.; Farrreira, F.O.; Nakagava, W.T. Estrogen receptor-β as a prognostic marker of tumor

progression in colorectal cancer with familial adenomatous polyps and sporadic polyps. Pathol. Oncol. Res. 2018, 24, 533–540.
[CrossRef] [PubMed]

15. Barker, N. Adult intestinal stem cells: Critical drivers of epithelial homeostasis and regeneration. Nat. Rev. Mol. Cell. Biol. 2014,
15, 19–33. [CrossRef] [PubMed]

16. Soteriou, D.; Fuchs, Y. A matter of life and death: Stem cell survival in tissue regeneration and tumor formation. Nat. Rev. Cancer
2018, 18, 187–201. [CrossRef]

17. Lytle, N.K.; Barber, A.G.; Reya, T. Stem cell fate in cancer growth, progression and therapy resistance. Nat. Rev. Cancer 2018, 18,
669–680. [CrossRef]

18. Dean, M.; Fojo, T.; Bates, S. Tumor stem cells and drug resistance. Nat. Rev. Cancer 2005, 5, 275–284. [CrossRef]
19. Patel, S.A.; Ndabahaliye, A.; Lim, P.K.; Milton, R.; Rameshwar, P. Challenges in the development of future treatments for breast

cancer stem cells. Breast Cancer (Dove Med. Press) 2010, 2, 1–11. [CrossRef]
20. Telang, N.; Li, G.; Katdare, M.; Sepkovic, D.; Bradlow, L.; Wong, G.Y.C. Inhibitory effects of Chinese nutritional herbs in isogenic

breast carcinoma cells with modulated estrogen receptor function. Oncol. Lett. 2016, 12, 3949–3957. [CrossRef]
21. Telang, N.T.; Li, G.; Katdare, M.; Sepkovic, D.W.; Bradlow, H.L.; Wong, G.Y. The nutritional herb Epimedium grandiflorum inhibits

the growth in a model for the Luminal A molecular subtype of breast cancer. Oncol. Lett. 2017, 13, 2477–2482. [CrossRef]
22. Telang, N.T. The divergent effects of ovarian steroid hormones in the MCF-7 model for Luminal A breast cancer: Mechanistic

leads for therapy. Int. J. Mol. Sci. 2022, 23, 4800. [CrossRef]
23. Telang, N.T.; Nair, H.B.; Wong, G.Y.C. Growth inhibitory efficacy of Cornus officinalis in a cell culture model for triple-negative

breast cancer. Oncol. Lett. 2019, 17, 5261–5266. [CrossRef] [PubMed]
24. Telang, N.T.; Nair, H.B.; Wong, G.Y.C. Growth inhibitory efficacy of the nutritional herb Psoralea corylifolia in a model for

triple-negative breast cancer. Int. J. Funct. Nutr. 2021, 2, 8. [CrossRef]
25. Telang, N.T.; Nair, H.B.; Wong, G.Y.C. Growth inhibitory efficacy of Chinese herbs in a cellular model for triple-negative breast

cancer. Pharmaceuticals 2021, 14, 1318. [CrossRef] [PubMed]
26. Telang, N.; Nair, H.B.; Wong, G.Y.C. Anti-proliferative and pro-apoptotic effects of Dipsacus asperoides in a cellular model for

triple-negative breast cancer. Arch. Breast Cancer 2022, 9, 66–75. [CrossRef]
27. Telang, N. Stem cell models for genetically predisposed colon cancer (Review). Oncol. Lett. 2020, 20, 138. [CrossRef]
28. Telang, N. Isolation and characterization of chemo-resistant stem cells from a mouse model of hereditary non-polyposis colon

cancer. Stem Cells Cloning Adv. Appl. 2021, 14, 19–25. [CrossRef]
29. Telang, N. Drug-resistant stem cells: Novel approach for colon cancer therapy. Int. J. Mol. Sci. 2022, 23, 2519. [CrossRef]
30. Kundu, A.B.; Telang, N.T.; Banerjee, M.R. Binding of 7,12-dimethylbenz[α] anthracene to BALB/c mouse mammary gland DNA

in organ culture. J. Natl. Cancer. Inst. 1978, 61, 465–469.
31. Telang, N.T.; Banerjee, M.R.; Iyer, A.P.; Kundu, A.B. Neoplastic transformation of epithelial cells in whole mammary gland

in vitro. Proc. Natl. Acad. Sci. USA 1979, 76, 5886–5890. [CrossRef]

http://www.nccn.org.NCCN
http://doi.org/10.1158/1078-0432.CCR-09-2937
http://www.ncbi.nlm.nih.gov/pubmed/20388854
http://doi.org/10.1016/j.jnutbio.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21295962
http://doi.org/10.1158/1078-0432.CCR-06-1535
http://doi.org/10.1016/j.jsbmb.2006.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17113977
http://doi.org/10.1016/j.steroids.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25168343
http://doi.org/10.1124/mi.3.5.281
http://doi.org/10.1007/s00280-005-0107-3
http://www.ncbi.nlm.nih.gov/pubmed/16273360
http://doi.org/10.1172/JCI27987
http://doi.org/10.1152/physrev.00026.2006
http://doi.org/10.1158/0008-5472.CAN-06-3026
http://doi.org/10.1016/j.canlet.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26708506
http://doi.org/10.1007/s12253-017-0268-5
http://www.ncbi.nlm.nih.gov/pubmed/28681123
http://doi.org/10.1038/nrm3721
http://www.ncbi.nlm.nih.gov/pubmed/24326621
http://doi.org/10.1038/nrc.2017.122
http://doi.org/10.1038/s41568-018-0056-x
http://doi.org/10.1038/nrc1590
http://doi.org/10.2147/BCTT.S8293
http://doi.org/10.3892/ol.2016.5197
http://doi.org/10.3892/ol.2017.5720
http://doi.org/10.3390/ijms23094800
http://doi.org/10.3892/ol.2019.10182
http://www.ncbi.nlm.nih.gov/pubmed/31186742
http://doi.org/10.3892/ijfn.2021.18
http://doi.org/10.3390/ph14121318
http://www.ncbi.nlm.nih.gov/pubmed/34959717
http://doi.org/10.32768/abc.20229166-75
http://doi.org/10.3892/ol.2020.11998
http://doi.org/10.2147/SCCAA.S312929
http://doi.org/10.3390/ijms23052519
http://doi.org/10.1073/pnas.76.11.5886


Int. J. Mol. Sci. 2022, 23, 7055 16 of 17

32. Garg, A.; Suto, A.; Osborne, M.P.; Gupta, R.C.; Telang, N.T. Expression of biomarkers for transformation in 7,12-dimethylbenz[α]
anthracene-treated mammary epithelial cells. Int. J. Oncol. 1993, 3, 185–189. [CrossRef] [PubMed]

33. Telang, N.T.; Williams, G.M. Carcinogen-induced DNA damage and cellular alterations in F344 rat colon organ cultures. J. Natl.
Cancer Inst. 1982, 68, 1015–1022. [PubMed]

34. Telang, N.T.; Narayanan, R.; Bradlow, H.L.; Osborne, M.P. Coordinated expression of biomarkers for tumorigenic transformation
in RAS-transfected mouse mammary epithelial cells. Breast Cancer Res. Treat. 1991, 18, 55–63. [CrossRef] [PubMed]

35. Telang, N.T.; Arcuri, P.; Granata, O.M.; Bradlow, H.L.; Osborne, M.P.; Castagnetta, L. Alterations of oestradiol metabolism myc
oncogene-transfected mouse mammary epithelial cells. Br. J. Cancer 1998, 77, 1549–1554. [CrossRef] [PubMed]

36. Pierce, J.H.; Arnstein, P.; DiMarco, E.; Artrip, J.; Fraus, M.H.; Lonardo, F.; DiFiorre, P.P.; Aaronson, A.A. Oncogenic potential of
erbB2 in human mammary epithelial cells. Oncogene 1991, 6, 1189–1194. [PubMed]

37. Zhai, Y.F.; Beittenmiller, H.; Wang, B.; Gould, M.N.; Oakley, C.; Esselman, E.; Welch, C.W. Increased expression of specific protein
tyrosine phosphatases in human breast epithelial cells neoplastically transformed by the neu oncogene. Cancer Res. 1993, 53,
2273–2278.

38. Park, I.H.; Zhou, R.; West, J.A.; Yabuchi, A.; Huo, H.; Ince, T.A.; Lerou, P.H.; Lensch, M.W.; Daley, G.Q. Reprograming of human
somatic cells to pluripotency with defined factors. Nature 2008, 151, 141–146. [CrossRef]

39. Yu, J.; Hu, K.; Smuga-Otto, K.; Tian, S.; Stuart, R.; Slukvin, I.I.; Thompson, J.A. Human induced pluripotent cells free of vector
and transgene sequences. Science 2009, 324, 797–801. [CrossRef]

40. Telang, N. Natural phytochemicals as testable therapeutic alternatives for HER-2-enriched breast cancer (Review). World Acad.
Sci. J. 2020, 2, 19. [CrossRef]

41. Ye, J.; Jia, Y.; Ji, K.-E.; Saunders, A.J.; Xue, K.; Ji, J.; Mason, M.D.; Jiang, W.G. Traditional Chinese medicine in the prevention and
treatment of cancer and cancer metastasis. Oncol. Lett. 2015, 10, 1240–1250. [CrossRef]

42. Hong, M.; Tan, H.Y.; Li, S.; Cheung, F.; Wang, N.; Nagamatsu, T.; Feng, Y. Cancer stem cells: The potential targets of Chinese
medicines and their active compounds. Int. J. Mol. Sci. 2016, 17, 893. [CrossRef]

43. Gupta, G.K.; Collier, A.L.; Lee, D.; Hoeffer, R.A.; Zeleva, V.; Siewertsz van Reesema, L.L.; Tang-Tan, A.M.; Guye, M.L.; Chang,
D.Z.; Winston, J.S.; et al. Perspectives on triple-negative breast cancer: Current treatment strategies, unmet needs, and potential
targets for future therapies. Cancer 2020, 12, 2392. [CrossRef]

44. Manogaran, P.; Umapathy, D.; Karthikeyan, M.; Venkatachalam, K.; Singarvelu, A. Dietary phytochemicals as a potential source
for targeting cancer stem cells. Cancer Investig. 2021, 39, 349–368. [CrossRef] [PubMed]

45. Meerson, A.; Khatib, S.; Mahjna, J. Natural products targeting cancer stem cells for augmenting cancer therapeutics. Int. J. Mol.
Sci. 2021, 22, 13044. [CrossRef] [PubMed]

46. Naujokat, C.; Mc Kee, D.L. The “big five” phytochemicals targeting the cancer stem cells: Curcumin, EGCG, sulforaphane,
resveratrol, and genistein. Cur. Med. Chem. 2021, 28, 4321–4342. [CrossRef] [PubMed]

47. Aiello, P.; Sharghi, M.; Mansourkhani, S.M.; Ardekan, A.P.; Jouybari, L.; Daraei, N.; Piero, K.; Mohamodian, S.; Rezaei, M.;
Heidari, M.; et al. Medicinal plants in the treatment and prevention of colon cancer. Oxidat. Med. Cell. Longev. 2019, 2019, 2075614.
[CrossRef]

48. Kim, J.; Kim, H.-Y.; Hong, S.; Shin, S.; Kim, Y.A.; Kim, N.S.; Bang, O.-S. A new herbal formula BP10A exerted an anti-tumor effect
and enhanced anti-cancer effects of irinotecan and oxaliplatin in the colon cancer PDTX model. Biomed. Pharmacother. 2019, 116,
108987. [CrossRef]

49. Li, Y.; Pu, R.; Zhou, L.; Wang, D.; Li, X. Effects of a chlorogenic acid-containing herbal medicine (LAS NB) on colon cancer. Evid.
Based Complement Alt. Med. 2021, 2021, 9923467.

50. Kouri, J.; Zhong, L.; Hao, J. Targeting signaling pathways in cancer stem cells for cancer treatment. Stem Cell Int. 2017, 2017,
2925869. [CrossRef]

51. Shibue, T.; Weinberg, R.A. EMT, CSCs and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol.
2017, 14, 611–629. [CrossRef]

52. Nunes, T.; Hamdan, D.; Leboeuf, C.; El Boutachtaoui, M.; Gapihan, G.; Ngyuen, T.T.; Meles, S.; Angeli, E.; Ratajczak, P.; Lu, H.;
et al. Targeting cancer stem cells to overcome chemo-resistance. Int. J. Mol. Sci. 2018, 19, 4036. [CrossRef]

53. Gooding, A.J.; Schiemann, W.P. Epithelial-mesenchymal transition programs and cancer stem cell phenotypes: Mediators of
breast cancer therapy resistance. Mol. Cancer Res. 2020, 18, 1257–1270. [CrossRef] [PubMed]

54. Kudaravalli, S.; den Hollander, P.; Mani, S.A. Role of p38 MAP kinase in cancer stem cells and metastasis. Oncogene 2022, 41,
3177–3185. [CrossRef] [PubMed]

55. Keeton, A.B.; Salter, A.E.; Piaza, G.A. The RAS-effector interaction as a drug target. Cancer Res. 2017, 77, 221–226. [CrossRef]
[PubMed]

56. Yaeger, R.; Solit, D.B. Overcoming adaptive resistance to KRAS inhibitors through vertical pathway targeting. Clin Cancer Res.
2020, 26, 1538–1540. [CrossRef]

57. Shetu, S.A.; Bandyopadhyay, D. Small-molecule RAS inhibitors as anticancer agents: Discovery, development and mechanistic
studies. Int. J. Mol. Sci. 2022, 23, 3706. [CrossRef]

58. Wang, R.; Lu, X.; Yu, R. Lycopene inhibits epithelial-mesenchymal transition and promotes apoptosis in oral cancer via
PI3K/AKT/m-TOR pathway. Drug Design Develop. Ther. 2020, 14, 2461–2471. [CrossRef]

http://doi.org/10.3892/ijo.3.2.185
http://www.ncbi.nlm.nih.gov/pubmed/21573346
http://www.ncbi.nlm.nih.gov/pubmed/6953265
http://doi.org/10.1007/BF01990031
http://www.ncbi.nlm.nih.gov/pubmed/1756258
http://doi.org/10.1038/bjc.1998.255
http://www.ncbi.nlm.nih.gov/pubmed/9635827
http://www.ncbi.nlm.nih.gov/pubmed/1713661
http://doi.org/10.1038/nature06534
http://doi.org/10.1126/science.1172482
http://doi.org/10.3892/wasj.2020.60
http://doi.org/10.3892/ol.2015.3459
http://doi.org/10.3390/ijms17060893
http://doi.org/10.3390/cancers12092392
http://doi.org/10.1080/07357907.2021.1894569
http://www.ncbi.nlm.nih.gov/pubmed/33688788
http://doi.org/10.3390/ijms222313044
http://www.ncbi.nlm.nih.gov/pubmed/34884848
http://doi.org/10.2174/0929867327666200228110738
http://www.ncbi.nlm.nih.gov/pubmed/32107991
http://doi.org/10.1155/2019/2075614
http://doi.org/10.1016/j.biopha.2019.108987
http://doi.org/10.1155/2017/2925869
http://doi.org/10.1038/nrclinonc.2017.44
http://doi.org/10.3390/ijms19124036
http://doi.org/10.1158/1541-7786.MCR-20-0067
http://www.ncbi.nlm.nih.gov/pubmed/32503922
http://doi.org/10.1038/s41388-022-02329-3
http://www.ncbi.nlm.nih.gov/pubmed/35501462
http://doi.org/10.1158/0008-5472.CAN-16-0938
http://www.ncbi.nlm.nih.gov/pubmed/28062402
http://doi.org/10.1158/1078-0432.CCR-19-4060
http://doi.org/10.3390/ijms23073706
http://doi.org/10.2147/DDDT.S251614


Int. J. Mol. Sci. 2022, 23, 7055 17 of 17

59. Liu, L.; Yan, B.; Cao, Y.; Yan, Y.; Shen, X.; Yu, B.; Tao, L.; Wang, S. Proliferation, migration and invasion of triple-negative breast
cancer cells are suppressed by berbamine via PI3K/AKT/MDM2/p53 and PI3K/AKT/m-TOR signaling pathways. Oncol. Lett.
2021, 21, 70. [CrossRef]

60. Yang, Z.; Zhang, Q.; Yu, L.; Zhu, J.; Cao, Y.; Gao, X. The signaling pathways and targets of traditional Chinese medicine and
natural medicine in triple-negative breast cancer. J. Ethnopharmacol. 2021, 264, 113249. [CrossRef]

61. Kanazaki, H.; Chatterjee, H.; Nejad, H.H.; Ari Kanazaki, H.; Chatterjee, H.; Nejad, H.H.; Ariani Zhang, X.; Chung, S.; Deng, N.;
Ramanujan, V.K.; et al. Disabling nuclear translocation of RelA/NF-kB by small molecule inhibits triple-negative breast cancer
growth. Breast Cancer Targets Ther. 2021, 13, 419–430. [CrossRef]

62. Armaghani, A.J.; Han, H.S. Alpesilib in the treatment of breast cancer: A short review on emerging clinical data. Breast Cancer
Targets Ther. 2020, 12, 251–258. [CrossRef]

63. Fragiadaki, P.; Ranieri, E.; Kalliantasi, K.; Kouvidi, E.; Apalaki, E.; Vakonaki, E.; Mamoulakis, C.; Spandidos, D.A.; Tsatsakis, A.
Telomerase inhibitors and activators: A systematic review. Mol. Med. Rep. 2022, 25, 158. [CrossRef] [PubMed]

64. Bruna, A.; Rueda, O.M.; Greenwood, W.; Batra, A.S.; Callari, M.; Batra, R.N.; Pogrebniak, K.; Sandoval, J.; Cassidy, J.W.;
Tufegdzic-Vidakovic, A.; et al. A biobank of breast cancer explants with preserved intra-tumor heterogeneity to screen anti-cancer
compounds. Cell 2016, 167, 260–274. [CrossRef] [PubMed]

65. Sachs, N.; De Ligt, J.; Kopper, O.; Gogola, E.; Buovnova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al.
A living biobank of breast cancer organoids captures disease heterogeneity. Cell 2018, 172, 373–386. [CrossRef]

66. Drost, J.; Clevers, H. Organoids in cancer research. Nat. Rev. Cancer 2018, 18, 407–418. [CrossRef] [PubMed]
67. Cao, J.; Chan, W.C. Use of conditional reprogramming cell, patient derived xenograft and organoid for drug screening for

individualized prostate cancer therapy: Current and future perspectives (Review). Int. J. Oncol. 2022, 60, 52. [CrossRef]
68. Hsu, K.-S.; Adileh, M.; Martin, M.L.; Makarov, V.; Chen, J.; Wu, C.; Bodo, S.; Klinger, S.; Gabriel, C.-E.; Szeglin, B.C.; et al.

Colorectal cancer develops inherent radio-sensitivity that can be predicted using patient-derived organoids. Cancer Res. 2022, 82,
2298–2312. [CrossRef]

69. Devall, M.A.M.; Drew, D.A.; Dampier, C.H.; Plummer, S.J.; Eaton, S.; Bryant, J.; Diez-Obrero, V.; Mo, J.; Kedrin, D.; Zerjav, D.C.;
et al. Transcriptome-wide in vitro effects of aspirin in patient-derived normal colon organoids. Cancer Prev. Res. (Phila) 2021, 14,
1089–1100. [CrossRef]

70. Crespo, M.; Villar, E.; Tsai, S.Y.; Chang, K.; Amin, S.; Srinivasan, T.; Zhang, T.; Pipalia, N.H.; Chen, H.J.; Witherspoon, M.; et al.
Colonic organoids derived from human induced pluripotent stem cells for modeling colorectal cancer and drug testing. Nat. Med.
2017, 23, 878–884. [CrossRef]

71. Gavert, N.; Zwang, Y.; Weiser, R.; Greenberg, O.; Halperin, S.; Jacoby, O.; Mallel, G.; Sandler, O.; Berger, A.J.; Stossel, E.; et al. Ex
vivo organotypic cultures for synergistic therapy prioritization identify patient-specific responses to combined MEK and Src
inhibition in colorectal cancer. Nat. Cancer 2022, 3, 219–231. [CrossRef]

http://doi.org/10.3892/ol.2020.12331
http://doi.org/10.1016/j.jep.2020.113249
http://doi.org/10.2147/BCTT.S310231
http://doi.org/10.2147/BCTT.S219436
http://doi.org/10.3892/mmr.2022.12674
http://www.ncbi.nlm.nih.gov/pubmed/35266017
http://doi.org/10.1016/j.cell.2016.08.041
http://www.ncbi.nlm.nih.gov/pubmed/27641504
http://doi.org/10.1016/j.cell.2017.11.010
http://doi.org/10.1038/s41568-018-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29692415
http://doi.org/10.3892/ijo.2022.5342
http://doi.org/10.1158/0008-5472.CAN-21-4128
http://doi.org/10.1158/1940-6207.CAPR-21-0041
http://doi.org/10.1038/nm.4355
http://doi.org/10.1038/s43018-021-00325-2

	Introduction 
	Experimental Models 
	Mechanistic Assays 
	Pharmacological Agents 

	Characterization of Cancer Stem Cells 
	Breast 
	Colon 

	Experimental Modulation 
	Breast: For These Experiments, the Natural Products Vitamin A Derivative ATRA and Terpene CSOL Are Used at Their Predetermined Maximally Cytostatic Concentrations 
	Colon 

	Stem Cell Models—Overview 
	Conclusions 
	Future Directions 
	References

