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ABSTRACT 

Aim: Stem cells are undifferentiated progenitor cells characterized by their unique capacity for self-

renewal and the potential to differentiate into various specialized cell types under appropriate conditions. 

These cells are distributed across various biological stages and tissues, including embryonic structures, 

bone marrow, umbilical cord blood, and adult organs. Through mechanisms such as asymmetric 

division, stem cells play a central role in maintaining the progenitor pool while facilitating tissue repair 

and homeostatic regeneration. 

Materials and Methods: This study classifies stem cells based on two primary criteria: differentiation 

potential (totipotent, pluripotent, multipotent, oligopotent, and unipotent) and biological origin 

(embryonic, adult, and fetal sources). Furthermore, the biological characteristics of induced pluripotent 

stem cells and cancer stem cells are analyzed. The study evaluates specific surface markers- such as 

CD34, CD133, and CD44-used for identification as well as the internal and external regulators governing 

symmetric and asymmetric division modes. 

Conclusions: Stem cells offer revolutionary therapeutic potential in regenerative medicine and tissue 

engineering for treating degenerative conditions, including leukemia, Parkinson's disease, diabetes, and 

myocardial injury. Induced pluripotent stem cells technology presents a significant advancement by 

addressing the ethical concerns associated with embryonic stem cells and reducing the risk of immune 

rejection through patient-specific applications. However, critical challenges such as the risk of teratoma 

formation, genomic instability, and potential immune responses remain primary hurdles for clinical 

translation. To optimize the safety and efficacy of these therapies, comprehensive preclinical research 

and the development of novel biotechnological strategies are essential. 

Keywords: Stem cells, regenerative medicine, clinical applications 

ÖZ 

Amaç: Kök hücreler, biyolojik sistemlerin gelişiminde kritik öneme sahip; kendi kendilerini yenileyebilen 

ve uygun ortamlarda farklı hücre tiplerine dönüşebilme (farklılaşma) potansiyeli olan özelleşmemiş öncül 

hücrelerdir. Embriyonik dokulardan kemik iliğine, göbek kordonundan yetişkin organlarına kadar pek 

çok dokuda bulunurlar. Bu hücreler, asimetrik bölünme mekanizması sayesinde bir yandan kök hücre 

havuzunun devamlılığını sağlarken diğer yandan doku onarımı ve yenilenmesi süreçlerinde merkezi rol 

üstlenirler. 

Gereç ve Yöntem: Çalışma kapsamında kök hücreler; farklılaşma potansiyellerine göre totipotent, 

pluripotent, multipotent, oligopotent ve unipotent olarak beş grupta sınıflandırılmıştır. Kaynaklarına göre 

ise embriyonik ve yetişkin kök hücreler olarak iki ana başlık altında ele alınmıştır.  
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Ayrıca, somatik hücrelerin yeniden programlanmasıyla elde edilen indüklenmiş pluripotent kök hücreler 

ve tümör oluşumundan sorumlu olan kanser kök hücrelerinin biyolojik özellikleri, yüzey belirteçleri 

(CD34, CD133, CD44 vb.) ve bölünme türleri literatür verileri ışığında analiz edilmiştir. 

Sonuç: Kök hücreler; rejeneratif tıp ve doku mühendisliği alanında lösemi, Parkinson, diyabet ve kalp 

hastalıkları gibi pek çok dejeneratif sürecin tedavisinde devrimsel bir terapötik potansiyel taşımaktadır. 

İndüklenmiş pluripotent kök hücreler teknolojisi, embriyonik hücre kullanımına bağlı etik sorunları aşma 

ve hastaya özgü bağışıklık reddi riskini azaltma noktasında büyük avantajlar sunmaktadır. Ancak, 

özellikle pluripotent hücrelerin teratom oluşturma riski, genetik stabilite sorunları ve bağışıklık sisteminin 

nakledilen hücreleri reddetme olasılığı klinik uygulamaların önündeki temel engellerdir. Kök hücrelerin 

tedavideki güvenliğini optimize etmek için daha kapsamlı preklinik çalışmalara ve yeni biyoteknolojik 

stratejilere ihtiyaç duyulmaktadır. 

Anahtar Sözcükler: Kök hücre, rejeneratif tıp, klinik uygulamalar 

WHAT IS A STEM CELL? 

Stem cells occupy a critically important position in 

the development and maintenance of biological 

systems. Stem cells are undifferentiated precursor 

cells that possess the capacity for self-renewal 

and the potential to differentiate into various 

specialized cell types either in appropriate culture 

conditions or within the body. Stem cells are found 

in embryonic tissues as well as in adult or fetal 

tissues such as bone marrow, adipose tissue, 

dental pulp, blood, amniotic fluid, and umbilical 

cord tissue (1). Stem cells are capable of both 

proliferation and differentiation into multiple cell 

types. They are broadly classified under two main 

categories based on their differentiation potential 

and their origin (Figure-1). 

 

Figure-1. Classification of stem cells according to 

differentiation potential and origin. 

Characteristics of Stem Cells 

Self-Renewal 

Due to their unspecialized nature, stem cells have 

the capacity to divide, renew themselves, and, 

when required, differentiate into tissue- and organ-

specific progenitor cells. These defining 

characteristics enable stem cells to persist within 

the organism in a dynamic equilibrium. Self-

renewal is defined as the ability of stem cells to 

generate at least one new stem cell during each 

division cycle, thereby maintaining the continuity 

of the stem cell pool. This process most commonly 

occurs through asymmetric cell division, in which 

one daughter cell enters a differentiation pathway 

while the other retains stem cell properties and 

contributes to the maintenance of the stem cell 

pool. Through this finely balanced mechanism, 

stem cells can sustain their long-term existence 

without depletion and play a central role in tissue 

renewal and repair processes (2). 

Stemness Markers in Stem Cells 

The concept of “stemness” refers to the 

fundamental cellular and molecular characteristics 

that distinguish stem cells from other cell types. It 

encompasses a unique set of biological properties 

that enable stem cells to persist over long periods 

without undergoing differentiation. The stemness 

state is characterized by specific gene expression 

profiles, post-translational protein modifications, 

and the presence of distinct cell surface 

molecules. These biological signatures are 

commonly reflected in unique gene expression 

patterns, post-translational modifications, and 

specific surface markers. 

Markers used in the identification of stem cells 

may participate in signal transduction, regulate 

cell–cell interactions, or contribute structurally to 

the cytoskeleton. Many of these markers are 

classified under the immunological “Cluster of 
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Differentiation (CD)” system. Each CD molecule 

provides valuable information regarding stem cell 

type, maturation stage, and biological function. 

Owing to these properties, CD markers serve as 

critical tools for distinguishing different cell 

populations in both basic research and clinical 

applications (3). 

Types of Stem Cell Division 

Stem cells are thought to divide in two 

fundamental ways to generate differentiated cells 

(Table-1). 

Table-1. Comparison of intrinsic and extrinsic 

mechanisms in asymmetric stem cell division. 

Intrinsic Mechanisms Extrinsic Mechanisms 

Asymmetric 

distribution of proteins 

and RNAs 

Local niche-derived signals 

(e.g., JAK–STAT, BMP, 

Notch) 

Intracellular polarity 

formation and spindle 

orientation 

Physical contact (niche 

interaction and adhesion 

proteins) 

Unequal distribution of 

organelles 

Differential signal 

reception based on cell 

position 

Centrosome 

asymmetry (old 

vs. new centrosome) 

Activation of surface 

receptors in only one 

daughter cell 

Epigenetic modifications 

(DNA methylation, 

histone changes) 

Differences in oxygen and 

metabolite distribution 

(hypoxia, etc.) 

 Asymmetric division 

o Environmental asymmetry 

o Division asymmetry 

 Symmetric division 

Asymmetric Division 

Asymmetric cell division is an evolutionarily 

conserved fundamental mechanism that enables 

the generation of cellular diversity. For stem cells 

to maintain tissue integrity and regenerative 

capacity, self-renewal is essential; otherwise, 

tissues risk depletion of their proliferative and 

repair potential. Stem cells preserve the delicate 

balance between self-renewal and differentiation 

through asymmetric division. Asymmetric stem 

cell division is generally determined by the 

unequal distribution of extrinsic and/or intrinsic 

regulators. In both cases, the orientation of the 

mitotic spindle plays a crucial role by aligning the 

plane of cell division with pre-established extrinsic 

or intrinsic asymmetries, thereby ensuring an 

asymmetric outcome following stem cell division 

(4). In other words, asymmetric cell division is a 

dynamic process regulated and sustained by the 

microenvironment (niche), cell–cell contacts, 

adhesion molecules, intercellular junction 

complexes, extracellular matrix components, 

growth factors, and signaling pathways. This 

multilayered regulatory mechanism enables stem 

cells to ensure long-term tissue homeostasis 

(Figure-2). 

 

Figure-2. Types of stem cell division. (Image generated 

specifically for this study using an AI tool). 

Environmental Asymmetry 

Asymmetric stem cell division is regulated not only 

by intrinsic cellular mechanisms but also by 

extrinsic fate determinants originating from the 

stem cell niche. The characteristics of the 

microenvironment in which stem cells reside play 

a decisive role in determining cell fate; cells 

located in different microenvironments tend to 

acquire distinct fates. Components of the 

extracellular matrix, neighboring cells, and 

secreted proteins within the niche contribute to the 

regulation of stem cell number and tissue 

homeostasis. However, it is also recognized that 

cell fate outcomes resulting from environmental 

asymmetry are not always deterministic and may, 

in some cases, be influenced by stochastic 

mechanisms. In this context, the incorporation of 

at least one daughter cell into the stem cell pool 
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following environmentally asymmetric division is a 

fundamental principle for maintaining stem cell 

continuity (2). 

 Regulatory role of the niche: A classical 

example is provided by germline stem cells 

(GSCs) in the Drosophila testis. GSCs retain 

their stem cell properties as long as they 

remain in contact with niche cells known as 

“hub cells.” Following division, the daughter cell 

that moves away from the niche enters the 

differentiation pathway. 

 Signal gradients: Another contributor to 

environmental asymmetry is the restricted 

delivery of niche-derived signals to only one 

daughter cell. Signaling pathways such as 

JAK–STAT, BMP, Notch, and Wnt play 

essential roles in this process. The gradient 

formed by signaling molecules affects only the 

cell adjacent to the niche, allowing it to self-

renew, while the other daughter cell, which 

does not receive the signal, proceeds toward 

differentiation. 

 Physical contact and adhesion: Physical 

interaction between the stem cell and the niche 

represents another mechanism influencing cell 

fate determination. This interaction is primarily 

mediated by adhesion molecules and 

contributes to asymmetric division by guiding 

the orientation of the mitotic spindle. 

 Localized receptor expression and signal 

reception: Another important element in 

environmental asymmetry is the regional 

distribution of cell surface receptors. During 

division, only the membrane region facing the 

niche contains receptors capable of receiving 

signals. This localized signaling enables one 

daughter cell to maintain stem cell 

characteristics while the other undergoes 

differentiation. For example, in the Notch–

Delta signaling pathway, which is contact-

dependent, the cell receiving Notch activation 

retains stem cell properties, whereas the cell 

that does not receive the signal enters 

differentiation (4). 

Division Asymmetry 

Asymmetric division of stem cells should be 

considered as an integrated model involving both 

intrinsic and extrinsic signals. Intrinsic 

mechanisms encompass cellular components and 

molecular processes inherent to the cell that 

contribute to the emergence of asymmetry during 

division. These intrinsic regulatory mechanisms 

can be classified into asymmetric localization of 

molecules, establishment of cell polarity and 

polarity-dependent protein complexes, orientation 

and positioning of the mitotic spindle, and 

asymmetric distribution of organelles (Figure-2). 

 Prior to division, certain transcription factors, 

RNA molecules, and proteins are directed 

toward specific poles within the cell. This 

targeting process is regulated by motor 

proteins and cytoskeletal elements. For 

example, in Drosophila neuroblasts, fate-

determining molecules such as Numb, 

Prospero, and Brat accumulate at only one 

pole of the cell. Following division, these 

molecules are inherited by only one daughter 

cell, directing it toward differentiation. 

 The establishment of cell polarity in stem cells 

provides the structural orientation required for 

asymmetric division. Polarity-regulating protein 

complexes determine the plane of division and 

specify which daughter cell will inherit 

particular molecules. Proper establishment of 

the polarity axis is critical for accurate cell fate 

determination. 

 Correct positioning of the mitotic spindle is 

essential for successful asymmetric division. 

Intrinsic regulatory proteins align the spindle 

according to cell polarity, ensuring the targeted 

segregation of fate determinants. 

Mispositioning can result in symmetric rather 

than asymmetric division, potentially leading to 

depletion of the stem cell pool or 

tumorigenesis. 

 Another key mechanism involved in 

asymmetric division is the unequal distribution 

of cellular organelles. Asymmetric inheritance 

of organelles such as centrosomes, 

mitochondria, and endosomes can influence 

cell fate. Typically, the “old” centrosome is 

retained in the stem cell, while the “new” 

centrosome is inherited by the differentiating 

daughter cell. This contributes to maintenance 

of cell cycle stability in stem cells and reduces 

accumulation of mutations (4). 

Symmetric Division 

In symmetric stem cell division, stem cells exhibit 

two types of symmetric outcomes: a proliferative 

division resulting in the formation of two stem cells, 

and a differentiative division resulting in the 

formation of two differentiated cells. Decisions 

between differentiation and proliferation are 

thought to be regulated by numerous signals 
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originating from surrounding tissues as well as 

from the stem cells themselves. Regulation of the 

stem cell cycle is considered to play a significant 

role in controlling stem cell renewal (5).  

One of the factors affecting stem cells is the 

concept of "Omic". The concept of omics makes a 

holistic evaluation by considering the genetic, 

physiological and metabolic mechanisms of a cell 

in its entirety (31,32).  

When stem cells and omics data are combined, 

the following questions and areas of study are 

answered: 

Cell Fate: How the stem cell decides what to 

differentiate 

 Risk of Cancer: The biggest fear in stem cell 

treatments is that the cells will turn into 

tumors. Genomic analyses can detect this risk 

in advance. 

 Personalized Medicine: By creating an omics 

profile of stem cells taken from the patient, 

personalized drug tests can be performed 

Basic omics concepts and stem cell relationships 

can be listed as follows:  

-omics 
Effect on Stem 
Cells 

Study Field 

Genomics  

Genetic 
sequences and 
mutations that 
determine the fate 
of cells  

DNA structure 
and variations  

Transcriptomics 
Active genes that 
keep stem cells 
pluripotent  

RNA, levels of 
gene 
expression  

Proteomics  

Proteins 
synthesized by 
stem cells against 
environmental 
factors. 

All of the 
proteins 
produced. 

Epigenomics  

It controls which 
genes are "on" or 
"off" (methylation, 
etc.) without the 
DNA sequence 
changing 

DNA 
modifications 

Metabolomics 
Use of the cell's 
energy sources  

Metabolic 
products 

Multipotent stem cells are defined as cells 

capable of differentiating only into specific cell 

types associated with their tissue of origin. For 

instance, hematopoietic stem cells give rise to 

myeloid and lymphoid lineages, whereas 

mesenchymal stem cells differentiate into 

osteogenic, chondrogenic, and adipogenic 

lineages and play roles in tissue regeneration 

(Figure-3). 

 
Figure-3. Development of stem cell types in the human 

body. (Image generated specifically for this study using 

an AI tool). 

Oligopotent stem cells can differentiate into only 

a few cell types; examples include myeloid 

progenitor cells, lymphoid progenitor cells, and 

intestinal stem cells. 

Unipotent stem cells are capable of proliferating 

and replacing aging cells but possess the potential 

to differentiate into only a single cell type (6). 

Stem Cells According to Their Sources 

Based on source, stem cells are divided into 

embryonic and adult stem cells. The adult stem 

cell population includes hematopoietic, 

mesenchymal, and organ-specific resident cells. 

Hematopoietic and mesenchymal stem cells, in 

particular, have attracted the greatest interest in 

clinical and experimental studies. In addition to 

these conventional sources, fetal tissues and 

post-mortem-derived isolations are also 

considered potential materials for cellular 

therapies (1). 

Embryonic Stem Cells 

Embryonic stem cells (ESCs) originate from the 

inner cell mass of preimplantation-stage 

blastocysts and possess pluripotent capacity. 

These cells are known to spontaneously 

differentiate in vitro to form “embryoid bodies” 

containing tissues derived from all three primary 

germ layers (7). Their pluripotent properties make 

ESCs highly attractive for therapeutic applications. 

One of the most important features of ESCs is 

their ability to self-renew, allowing them to 
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maintain viability and functionality during long-

term culture (Figure-4). 

 

Figure-4. Generation of induced pluripotent stem cells 

and their reprogramming via viral vectors, followed by 
differentiation potential into the three germ layers 
(Image generated specifically for this study using an AI 
tool). 

ESCs can be isolated from early embryos of 

humans, mice, and certain non-human primates 

during the preimplantation period. Under both in 

vivo and in vitro conditions, they have the potential 

to differentiate into numerous cell types derived 

from fetal and adult tissues. Owing to their broad 

differentiation capacity, ESCs hold significant 

therapeutic potential in regenerative medicine, 

particularly in tissue repair and organ 

regeneration. Furthermore, they represent a 

valuable resource in scientific research for 

disease modeling, elucidation of cellular 

mechanisms, and investigation of genetic 

processes (8). 

Adult Stem Cells 

Adult stem cells (ASCs), also referred to as 

somatic stem cells, are undifferentiated cell 

populations localized in various tissues of the 

adult organism and responsible for regulating 

tissue repair mechanisms. These cells reside in 

specialized microenvironments known as niches, 

which support their self-renewal capacity and 

ensure the physiological integrity of tissues such 

as bone, skin, and blood. Adult stem cells can be 

isolated from multiple organ systems, including 

the brain, heart, stomach, muscle, and skin. 

Although they exhibit more limited plasticity 

compared to embryonic stem cells (ESCs), they 

are preferred in clinical translation due to 

advantages such as a lower risk of tumorigenicity 

and higher bioavailability. Their ability to be used 

in both autologous and allogeneic settings further 

enhances their strategic importance in 

regenerative medicine. Owing to their tissue-

specific regenerative potential and contribution to 

cellular homeostasis, adult stem cells represent 

promising therapeutic agents in the treatment of 

numerous degenerative conditions, particularly 

orthopedic and cardiovascular diseases (8). 

Hematopoietic Stem Cells 

Hematopoietic stem cells (HSCs) constitute the 

hierarchical origin of the adult hematopoietic 

system and are responsible for hematopoiesis. 

Primarily residing in the bone marrow niche, these 

cells are not limited solely to blood cell production; 

under appropriate conditions, they can 

differentiate into tissues derived from different 

germ layers, including muscle, skeletal tissue, 

nervous tissue, liver, and vascular endothelium. 

This phenomenon is described in the literature as 

the transdifferentiation capacity of HSCs (2). 

Although CD34 is the standard surface marker 

used for the identification of HSCs, it is not 

expressed in all HSC populations. In this context, 

the CD133 antigen serves as an important 

complementary marker for distinguishing CD34-

negative stem cells. In the adult organism, HSCs 

typically remain in a quiescent state and give rise 

to multipotent progenitor cells through periodic 

asymmetric divisions, which subsequently 

differentiate into mature blood and immune 

system cells. While the HSC pool maintains 

homeostasis via symmetric division, aging and 

alterations in interactions with the bone marrow 

niche lead to a progressive decline in their 

hematopoietic regenerative capacity (9). 

The hematopoietic system is characterized by a 

highly organized hierarchy that ensures the 

production and homeostasis of blood cells. The 

hematopoietic stem and progenitor cell (HSPC) 

pool within the bone marrow microenvironment 

serves as the common source of all myeloid and 

lymphoid lineages. Based on biological potential, 

this pool is classified into three subsets: long-term 

HSCs (LT-HSCs), short-term HSCs (ST-HSCs), 

and multipotent progenitors (MPPs). In the 

hierarchical cascade, MPPs differentiate into 

common lymphoid and common myeloid 

progenitors, ultimately giving rise to mature 

lymphoid cells such as B and T lymphocytes or 

myeloid effector cells such as erythrocytes and 
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neutrophils that enter the peripheral circulation 

(10). 

The self-renewal ability, multilineage 

differentiation potential, and interactions with the 

bone marrow niche render HSCs indispensable 

tools in the treatment of numerous hematological 

disorders. Through transplantation, damaged or 

suppressed hematopoietic systems can be 

reconstituted, restoring immune cell diversity. 

Consequently, dysfunctional or pathological blood 

cell production is replaced by healthy 

hematopoietic activity. HSC transplantation, 

commonly known as bone marrow transplantation, 

is widely employed in the treatment of many 

severe blood disorders, particularly hematological 

malignancies. By effectively resetting the patient’s 

hematopoietic and immune systems, this 

approach enables the restoration of normal 

physiological function, facilitating not only the 

elimination of diseased cells but also the 

reestablishment of a functional blood and immune 

system (11). 

Mesenchymal Stem Cells 

Mesenchymal/stromal stem cells (MSCs) are a 

multipotent cell population that plays a critical role 

in tissue regeneration. Although primarily of 

mesodermal origin, MSCs can also be isolated 

from tissues derived from other germ layers, 

including the brain, spleen, liver, kidney, thymus, 

and lung. These cells are characterized by a 

distinct profile of positive (CD73, CD90, CD105) 

and negative (CD14, CD19, CD34, CD45, HLA-

DR) surface markers, their ability to differentiate 

into osteoblasts, chondrocytes, and adipocytes, 

and their secretion of various growth factors, 

cytokines, and chemokines. The substances 

secreted by MSCs play key roles in 

immunomodulation, as well as cell migration, 

proliferation, and differentiation (12). 

The potent immunomodulatory effects of MSCs 

and their ability to migrate toward sites of 

inflammation or tumors are well documented in the 

literature. This immunoregulatory potential is 

central to the control of immune responses and 

disease progression. Studies have demonstrated 

that MSCs participate in tumor progression, 

particularly in metastatic processes. Moreover, 

their tumor-homing capacity has positioned them 

as promising cellular vehicles for the targeted and 

selective delivery of anticancer agents. Recent 

findings indicate that MSCs may exert both tumor-

promoting and tumor-suppressive effects in 

cancer biology, prompting deeper investigation 

into MSC-based anticancer therapies (13). 

Organ-Specific Stem Cells 

The list of adult organs and tissues reported to 

contain stem cells continues to expand with 

ongoing research. These include the brain, spinal 

cord, dental pulp, blood vessels, skeletal muscle, 

epidermal layer of the skin, gastrointestinal tract, 

cornea, retina, liver, and pancreas. Tissue-specific 

stem cells are typically rare within their respective 

organs. Their primary function is to repair tissue 

damage or replace lost cells following injury or cell 

death within the tissue in which they reside (14). 

Induced Pluripotent Stem Cells 

Induced pluripotent stem cells (iPSCs), defined as 

embryonic stem cell–like cells generated through 

the reprogramming or dedifferentiation of somatic 

cells, were first developed in 2006 by Takahashi 

and Yamanaka. iPSCs possess self-renewal and 

pluripotency properties similar to ESCs. In their 

pioneering work, Takahashi and Yamanaka 

successfully reprogrammed mouse embryonic 

fibroblasts and adult mouse fibroblasts into 

pluripotent stem cells. During this process, 24 

genes presumed to be essential for ESC identity 

were analyzed, and only four genes were 

identified as sufficient to generate ESC-like cells 

from fibroblasts. Reprogramming was achieved 

with low efficiency through the expression of 

transcription factors encoded by Oct3/4, Sox2, 

Klf4, and c-Myc (15). 

The development of iPSCs introduced a new 

paradigm in regenerative medicine. Compared to 

ESCs, iPSC technology offers significant ethical 

advantages, as it does not involve the destruction 

of human embryos. Additional advantages include 

their human origin, ease of use, ability to 

differentiate into nearly all cell types, absence of 

major ethical concerns, and—most importantly—

the possibility of minimizing or eliminating immune 

rejection through the use of patient-specific 

iPSCs. 

Human iPSCs have been generated from a wide 

range of somatic cell sources, including dermal 

fibroblasts, pancreatic beta cells, neural stem 

cells, mature B lymphocytes, hepatocytes, 

keratinocytes, and umbilical cord blood cells (16). 

The use of iPSCs in disease modeling has 

enabled significant advances in modern medicine. 

Researchers can model disease-specific 

phenotypes in vitro using iPSCs derived from 
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affected individuals, thereby facilitating the 

development of novel therapeutic strategies. This 

approach also allows for the evaluation of drug 

efficacy and safety. However, despite their 

promise in personalized medicine, challenges 

remain, particularly in securing sufficient funding 

for research. Another major limitation is that, 

similar to ESCs, iPSCs carry a risk of teratoma 

formation due to their self-renewal and 

pluripotency properties (17). 

One of the primary causes of this risk is the 

involvement of OSKM transcription factors (Oct4, 

Sox2, Klf4, c-Myc), which are also active in many 

tumor cells. Additionally, viral vectors such as 

retroviruses and lentiviruses used for factor 

delivery may trigger tumorigenesis due to genomic 

integration risks. Consequently, iPSCs possess 

teratoma-forming potential owing to their ESC-like 

characteristics, including self-renewal, clonal 

expansion, and high pluripotency (18). 

Advances in reprogramming methods have led to 

the preferential use of episomal vectors, mRNA, 

miRNA, protein transduction, and chemical 

compounds. Nevertheless, these approaches 

remain limited by low reprogramming efficiency 

and applicability largely restricted to specific cell 

types, such as dermal fibroblasts (17). 

Cancer Stem Cells 

Cancer stem cells (CSCs), also referred to as 

cancer-initiating cells or tumor stem cells, are 

small, long-lived subpopulations of cancer cells 

with excessive self-renewal and tumorigenic 

potential. These cells are capable of differentiation 

and maintain their self-renewal capacity through 

multiple intracellular signaling pathways, including 

Wnt/β-catenin, Notch, TGF-β, and Hedgehog 

signaling (Figure-5).  

 

Figure-5. Formation of cancer stem cells (image 

generated specifically for this study using an AI tool). 

Currently, three main theories exist regarding the 

origin of cancer stem cells: 

1. CSCs may arise from normal tissue-specific 

stem cells following genetic and epigenetic 

alterations that disrupt proliferation control. 

2. Differentiated cells with normally limited 

lifespans may reacquire stem cell properties 

and transform into CSCs. 

3. Fusion events between normal stem cells and 

differentiated cells may generate hybrid cells 

with cancer-initiating stem-like properties (19). 

One prevailing hypothesis posits that CSCs 

originate directly from normal stem cells. Due to 

their long lifespan, stem cells have a greater 

propensity to accumulate genetic mutations over 

time, rendering them more susceptible to 

malignant transformation. In this model, CSCs 

sustain their proliferative capacity by hijacking 

regulatory signaling pathways responsible for 

normal stem cell self-renewal. Many CSCs 

express stem cell–associated markers such as 

CD133 and ALDH1 (20). Supporting evidence 

includes experiments demonstrating leukemia 

development in immunodeficient mice following 

transplantation of CSCs isolated from patients 

with acute myeloid leukemia (AML), clearly 

illustrating their tumor-initiating capacity (21). 

Another hypothesis suggests that CSCs originate 

from progenitor cells—partially differentiated cells 

with limited self-renewal capacity but higher 

abundance in tissues. Although these cells 

possess less self-renewal potential than stem 

cells, their prevalence has led some researchers 

to consider them potential cancer-initiating cells 

(22). 

A third possibility involves the dedifferentiation of 

fully differentiated cells, which acquire stem cell–

like characteristics following the accumulation of 

genetic mutations. Through this process, 

terminally differentiated cells gain self-renewal 

capacity, extended lifespan, and tumor-initiating 

potential, contributing to cancer development (2). 

CSC markers are molecular indicators used to 

identify tumor-resident cell subpopulations 

capable of self-renewal and tumor formation 

(Table-2). 
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Table-2. Cancer Stem Cell Markers 

Marker Description Cancer Types 

CD133 (PROM1) Surface glycoprotein Colorectal, brain, pancreas, ovary, lung, prostate 

CD44 Cell adhesion and migration molecule Breast, head and neck, ovary, pancreas, colon 

ALDH1 Aldehyde dehydrogenase 1 Breast, colon, lung, liver, ovary 

CD24 Cell surface glycoprotein Breast, pancreas, ovary 

CD90 
(Thy-1) 

Cell membrane glycoprotein Liver, pancreas, glioma 

EpCAM Epithelial cell adhesion molecule Colon, breast, prostate, ovary 

CD34 Hematopoietic stem cell marker Leukemia and some solid tumors 

CD117  
(c-KIT) 

Receptor tyrosine kinase GIST, leukemia 

Nestin Intermediate filament protein Neurogenic tumors, brain tumors 

OCT4, SOX2, NANOG Pluripotency transcription factors Various solid tumors, germ cell tumors 

Similarities and Differences Between Cancer 

Stem Cells and Normal Stem Cells 

Cancer stem cells (CSCs) and normal stem cells 

(NSCs) share several biological similarities. Both 

possess unlimited proliferative capacity and self-

renewal ability, regulated through common 

signaling pathways such as Wnt/β-catenin, Notch, 

and Sonic Hedgehog. They express similar 

surface receptors, including CD133, CXCR4, and 

α6 integrin, and utilize comparable telomere 

maintenance mechanisms. Morphologically, both 

exhibit a high nuclear-to-cytoplasmic ratio and 

increased expression of anti-apoptotic genes (23). 

Despite these similarities, NSCs and CSCs differ 

significantly in origin, function, and behavior. 

NSCs are present at low frequencies in specific 

adult tissues, whereas CSCs exist as rare 

subpopulations within tumors of the breast, lung, 

liver, gallbladder, and brain. NSCs originate from 

embryonic or adult stem cell pools, while CSCs 

may arise from stem cells or progenitor cells 

undergoing genetic or epigenetic alterations. 

NSCs exhibit controlled self-renewal and orderly 

differentiation, whereas CSCs display 

uncontrolled proliferation and aberrant 

differentiation, driving tumor formation. CSC 

niches are characterized by abnormal signaling 

that promotes tumor growth, unlike the supportive 

homeostatic niches of NSCs. 

Genetically, NSCs are chromosomally stable, 

typically diploid, and possess long telomeres, 

whereas CSCs often exhibit aneuploidy, 

chromosomal instability, and shortened 

telomeres. In terms of therapy response, NSCs 

show moderate sensitivity to conventional 

treatments, while CSCs demonstrate marked 

resistance. Functionally, NSCs maintain tissue 

homeostasis and repair, whereas CSCs drive 

tumor growth, recurrence, progression, and 

resistance to apoptosis and standard therapies 

(23,24). 

Clinical Applications of Stem Cells 

Regenerative medicine encompasses innovative 

stem cell–based therapeutic approaches aimed at 

repairing tissues and organs damaged by disease, 

trauma, or aging. Stem cells offer the potential to 

move beyond palliative treatments by addressing 

the underlying causes of disease. Initially central 

to basic biological research, stem cells are 

increasingly utilized as model systems in 

toxicology studies. Currently, various stem cell 

transplantation approaches are employed in the 

treatment of diseases such as thalassemia major, 

sickle cell anemia, multiple myeloma, acute 

leukemias, Crohn’s disease, acute and chronic 

renal failure, and type 2 diabetes. In addition, 

following high-dose chemotherapy or radiotherapy 

for certain solid tumors, stem cells from healthy 

donors are administered to eliminate residual 

tumor cells and reconstitute the immune system 

(25). 

Significant progress has also been made in 

dermatology, where stem cell–based therapies 

have demonstrated success in managing 

autoimmune alopecia areata. Furthermore, stem 

cells are widely used in orthopedics, tissue 

engineering, and veterinary medicine for both 

experimental and clinical purposes (26). 
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Promising preclinical and clinical studies are 

ongoing in myocardial repair, liver regeneration, 

corneal and tracheal reconstruction, Alzheimer’s 

disease, and spinal cord injury. 

Among neurological disorders, Parkinson’s 

disease remains one of the most intensively 

studied targets of stem cell therapy. Parkinson’s 

disease arises from insufficient dopamine 

secretion due to dysfunctional dopaminergic 

neurons. Since the 1990s, studies have 

demonstrated the generation of new neurons from 

neural stem cells capable of differentiating into all 

neural cell types. These cells have been explored 

for the treatment of degenerative diseases such 

as Parkinson’s disease, ALS, stroke, and 

traumatic brain and spinal cord injuries. Strategies 

include transplantation of differentiated neural 

cells derived in vitro or activation of endogenous 

repair mechanisms through growth factors and 

trophic signals. Neural progenitor cells are most 

commonly used in these approaches. 

The first cell transplantation for Parkinson’s 

disease was performed in Mexico in 1980 using 

chromaffin cells from the adrenal gland, yielding 

short-term benefits. Subsequent fetal tissue 

transplantation studies produced variable 

outcomes but raised ethical concerns, leading to 

exploration of alternative sources, including 

porcine fetal tissue, which did not yield favorable 

results (27). Research continues using ESCs, 

HSCs, and umbilical cord–derived stem cells for 

neural applications. 

Gene therapy using stem cells represents another 

major research area, particularly for 

cardiovascular diseases, arthritis, and Alzheimer’s 

disease. HSCs are commonly preferred due to 

their accessibility and efficient differentiation into 

blood cells, facilitating transgene delivery. HSC-

based gene therapies are also used in organ 

transplantation, hematological disorders, and 

immune deficiencies (26). 

Another emerging strategy involves the 

administration of ESC-derived cardiomyocytes to 

patients with heart disease, resulting in reduced 

scar formation, enhanced angiogenesis, and 

improved cardiac function. iPSCs are also being 

investigated for cardiac regeneration and 

restoration of myocardial function (8). 

Overall, stem cell applications in oncology, 

regenerative medicine, and disease treatment 

represent a rapidly expanding and innovative field. 

Recent studies suggest that stem cells may be 

harnessed for targeted cancer therapies, immune 

system modulation, and cellular reprogramming. 

Their immunomodulatory properties also offer 

promising options for managing autoimmune 

diseases and graft-versus-host disease (28). 

Stem cell studies with current approaches; With 

the combination of organoid systems and CRISPR 

technologies, it has now moved from just "cell 

production" to "building miniature organ and 

disease models in the laboratory". Organoid 

studies are used in drug testing, personalized 

medicine and monitoring embryonic development 

processes by mimicking the structure and function 

of a real organ, which stem cells (usually iPSC or 

adult stem cells) self-organize in a three-

dimensional culture environment (33,34).  

CRISPR/Cas9 technology allows us to edit the 

genetic code of stem cells and can be used to 

model disease by creating a specific mutation in a 

healthy stem cell (for example, the cystic fibrosis 

gene), monitoring how that disease develops in a 

laboratory environment. It can be used in gene 

therapy studies by correcting the faulty gene in 

stem cells taken from a patient with a genetic 

disease with CRISPR and returning the cells to the 

patient (35,36). 

Other Stem Cell Sources and Ethical 

Considerations 

In addition to embryonic and adult tissues, stem 

cells can be obtained from fetal tissues. Stem cells 

derived from the placenta, umbilical cord, and 

amniotic fluid are classified as fetal stem cells. 

Compared to ESCs, fetal stem cells offer notable 

clinical advantages, particularly the absence of 

ethical and legal concerns, as they can be 

collected without harming the fetus. Since these 

tissues are typically discarded after birth, 

accessibility is high, making fetal stem cells 

promising candidates for clinical research (14). 

The increasing popularity of stem cell research 

has intensified challenges in donor availability. 

Ethical concerns surrounding embryonic and fetal 

cell isolation, along with insufficient adult donors, 

complicate transplantation efforts. Stem cells 

isolated from postmortem donors may offer a 

partial solution; however, adult and cadaver-

derived stem cells generally exhibit lower 

differentiation potential than embryonic or fetal 

stem cells. Current research has demonstrated 

the isolation of MSCs, adipose-derived stem cells, 

neural stem cells, retinal progenitor cells, iPSCs, 

and HSCs from postmortem donors. 
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The time window for cadaveric stem cell collection 

depends on cell type and storage conditions. 

Since cadaver-derived stem cells are a relatively 

new research area, many variables related to 

prolonged postmortem intervals (PMI) remain 

unexplored. Heparinization during organ 

procurement may also affect stem cell viability. 

MSCs stored at 4°C can retain viability and 

differentiation potential for up to seven days 

postmortem, while storage of arterial tissue in 

liquid nitrogen can preserve MSC properties for up 

to five years. Adipose-derived stem cells may 

survive and retain differentiation capacity for up to 

seven days after death. However, a major 

limitation of cadaver-derived stem cells in clinical 

applications is the gradual decline in differentiation 

potential during in vitro processing (29). 

Ethical debates surrounding stem cell research 

largely stem from the derivation of ESCs, which 

involves the use of human embryos and 

challenges the moral status attributed to 

embryonic life. These concerns have driven 

interest in alternatives such as iPSCs, which are 

generated from somatic cells without embryo 

destruction. Another ethical issue involves the risk 

of uncontrolled proliferation and tumor formation 

following stem cell transplantation, underscoring 

the need for rigorous preclinical and animal 

studies prior to clinical use. 

A further challenge is immune rejection, whereby 

the recipient’s immune system recognizes 

transplanted cells as foreign. Although current 

immunosuppressive strategies offer some benefit, 

there remains a need for advanced 

biotechnological approaches to optimize stem cell 

acceptance and function (30). 
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