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One longstanding and most fascinating endeavor of Science is trying to explain the complexity 

and genesis of the human body, animal body or plants. The answers to some questions often give 

rise to new questions. How does a whole body, a person emerge from a single cell? How does 

that single cell manage to activate the code that it contains to make hundreds of other kinds of 

cells, from fat cells to bone cells, from brain cells to lung cells, muscle cells, skin cells, vein 

cells…? Ultimately, from that one original cell, the human body will have about 30 trillion cells 

conducting an orchestra of different functions.  

Moreover, cells provided with positional clues form tissues, an organizational level intermediate 

between cells and a complete organism. Hence, a tissue is an assembly of cells that carry out a 

specific function. However, these cells are not necessarily identical, but emerge from the same 

origin cell, called a stem cell. What are stem cells? Where are they localized and how many 

kinds exist? In fact, stem cells are found in most, if not all, multicellular organisms. They are 

undifferentiated cells, characterized by the ability to ensure their self renewal through mitotic 

cell division and differentiating into a diverse range of specialized cell types. The main types of 

mammalian stem cells are: embryonic stem cells that are derived from blastocysts, and adult 

stem cells that are found in adult tissues. In a developing embryo, stem cells can differentiate 

into all of the specialized embryonic tissues. In adult organisms, stem cells and progenitor cells 

act as a repair system for the body, replenishing specialized cells, but also maintaining the 

homeostasis of organs in perpetual renewal, and amid them the regenerative organs, such as 

blood, skin or intestinal tissues. But what are the properties of these cells? How can they avoid 

accumulating mutations and genetic lesions throughout life in order to give rise to normal and 

healthy tissues? And how do these cells protect themselves from stressing agents?  

As we know, we are constantly exposed to genotoxic agents, whether environmental, such as the 

daily exposure to the UV sunlight and cosmic radiation, or anthropogenic. The latter includes 

some medical modalities such as diagnostic X-rays and radiotherapy. In both cases, the skin is 

the most exposed tissue of the body, due to its anatomical external localization. In this thesis, we 

will focus on the consequences of artificial sources of genotoxic stress on the skin, in particular 

the effects of ionizing radiation from radiotherapy. 

Generally, cancer is treated by a combination of modalities: surgery, chemotherapy and 

radiation. While all these modalities are commonly employed, over two-thirds of patients are 



3 

 

treated with radiation. Cancer treatments by radiotherapy frequently induce skin complications, 

possibly through their effects on keratinocyte stem cells. In order to confront the ionizing 

radiation amid other genotoxic agents, the cell has evolved a response system that induces cell 

cycle arrest to allow sufficient time to repair the incurred damage. The genotoxic stress response 

system also activates the appropriate DNA repair pathway, or, in the case of irreparable damage, 

induces apoptosis. Depletion of radiosensitive stem cells after radiotherapy or impairment in 

their self-renewal ability could lead to long term functional deficiencies. On the other hand, stem 

cell radioresistance could provide increased opportunity to accumulate the mutations required for 

cancer formation. Therefore, we herein investigated the response of keratinocyte stem and 

progenitor cells to the dose of 2Gy, corresponding to the dose delivered by fractions in 

radiotherapy. Our results demonstrated that, when subjected to ionizing radiation, keratinocyte 

stem cells were radioresistant, presenting enhanced DNA mechanisms and activated cell 

signaling pathways, in particular the FGF2 pathway. 

We will thus begin by listing some general features of stem cells in the first chapter. In the 

second chapter, we will describe the skin, its components and its functions. Afterward we will 

evoke the properties of the epidermal stem cells, responsible of the skin renewal in the chapter 3. 

We will then focus respectively in the chapter 5 and 6 of the introduction on describing DNA 

damage repair and the FGF2 signaling, that has been shown to be implicated in the response to 

ionizing radiation. 
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Chapter 1: Stem cells, the building blocks of the body 
 

I- General features on stem cells 

 

For centuries, we have known that certain animals can regenerate missing parts of their bodies. 

Human actually share this ability with animals like the starfish and the newt. Although we cannot 

replace a missing leg or a finger, our bodies are constantly regenerating blood, skin and other 

tissues. The identity of the powerful cells that allow us to regenerate some tissues was first 

revealed when experiments with bone marrow in 1960s established the existence of “stem cells” 

in our bodies and led to the development of bone marrow transplantation (Becker et al., 1963; 

Siminovitch et al., 1963), a therapy now widely used in medicine. Until recently, the broad types 

of mammalian stem cells are: embryonic stem cells that are derived from the inner cell mass of 

blastocysts, embryonic germ cells, and adult stem cells (also referred to as tissue-specific or 

somatic stem cells) that are found in adult tissues. 

In a developing embryo, embryonic stem cells, which can differentiate into all of the specialized 

embryonic tissues, proliferate by equal division where the two daughter cells produced by the 

division share the same stem cell characteristics. Tissue stem cells, on the other hand, divide 

through unequal division cycle in which one of the two daughters stays as a stem cell and the 

other a committed progenitor cell with more specialized functions. In this thesis, the terms 

progenitor and transit amplifying cell are used interchangeably. The progenitor cells divide 

further to increase in number and then differentiate into functional specialized cells such as a 

muscle cell, a red blood cell, or a brain cell. In this general scheme of tissue turnover, the stem 

cells are in general dormant yet have a less restricted division capacity while progenitors divide 

more rapidly with a limited proliferative capacity. The progression from stem cells to 

differentiated cells is usually unidirectional, but can be reversible under certain conditions such 

as when progenitors take over the position of lost stem cells (Loeffler et al., 1997). In any case, 

the volume of a tissue is maintained to a large extent by the balance of production and loss of 

cells. Also, the stem cells keep the unequal division throughout the life of an individual while the 

cells downstream of a progenitor are deemed to die eventually and this balance keeps the tissue 

mass of a body constant.  
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Thus, in adult organisms, stem cells along with the progenitors maintain the normal turnover of 

regenerative organs, such as blood, skin or intestinal tissues, but also act as a repair system for 

the body, replenishing specialized cells. In 2006, researchers made a breakthrough by identifying 

conditions that would allow some specialized adult cells to be “reprogrammed” genetically to 

assume a stem cell-like state. These cells are referred to as induced pluripotent stem cells (iPS 

cells) (Takahashi K and Yamanaka S., 2006). 

Definition of a stem cell 

In recent years, technological advances made it possible to isolate stem cells and molecular 

characteristics of the cells are now being investigated; two key properties required to define a 

stem cell are the following (Fig. 1): 

- Self-renewal: the ability to go through numerous cycles of cell division while maintaining 

the undifferentiated state. 

- Potency: the capacity to differentiate into specialized cell types. In the strictest sense, this 

requires stem cells to be either totipotent or pluripotent - to be able to give rise to any 

mature cell type, although multipotent or unipotent are sometimes referred to as stem 

cells. 

 

Figure 1: Stem cells self renewal and 

differentiation potential. 

 

Potency 

Potency specifies the differentiation 

potential of the stem cell. Totipotent 

(also known as omnipotent) stem cells 

can differentiate into embryonic and extraembryonic cell types. Such cells can construct a 

complete, viable, organism. These cells are produced from the fusion of an egg and sperm cell. 

Cells produced by the first few divisions of the fertilized egg are also totipotent. Pluripotent stem 

cells are the descendants of totipotent cells and can differentiate into nearly all cells, i.e. cells 

http://en.wikipedia.org/wiki/Cell_cycle
http://en.wikipedia.org/wiki/Cell_division
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derived from any of the three germ layers. Multipotent stem cells can differentiate into a number 

of cells, but only those of a closely related family of cells. Oligopotent stem cells can 

differentiate into only a few cells, such as lymphoid or myeloid stem cells. Unipotent cells can 

produce only one cell type, their own, but have the property of self-renewal which distinguishes 

them from non-stem cells (e.g. muscle stem cells). 

II- Embryonic stem cells 

Embryonic stem cells are pluripotent cells derived from embryos generated by in vitro 

fertilization. By about 5 days after fertilization, a multicellular microscopic ball of cells known 

as a blastocyst is formed. It contains all the material necessary for the development of a complete 

human being. The blastocyst is a hollow sphere made up of two cell types. An outer layer called 

the trophoblast eventually forms the placenta. An inner cluster of cells known as the inner cell 

mass becomes the embryo and is consisted of embryonic stem cells (Fig. 2).  

 

Figure 2: Structure of a blastocyst showing the inner cell mass from  

which ESC are derived. 

 

 

 

In normal development, the blastocyst implants in the wall of the uterus to become the embryo 

and continue developing into a mature organism. Its outer cells begin to form the placenta and 

the inner cell mass would begin to differentiate into the progressively more specialized cell types 

of the body. When the blastocyst is used for stem cell research, the cells from the inner cell mass 

are removed and placed in a culture dish where they give rise to embryonic stem cells. These 

cells are more flexible than tissue specific stem cells found in adults, as for they are able to 

differentiate into all derivatives of the three primary germ layers: ectoderm, endoderm, and 

mesoderm. These will collectivelly generate each of the more than 200 cell types in the adult 
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body. When given no stimuli for differentiation, (e.g. when grown in vitro), ES cells maintain 

pluripotency through multiple cell divisions.  

Sources of Embryonic Stem Cell 

Human embryonic stem cells offer great promise both for basic research and eventual use in the 

clinic. These cells can be derived from aborted fetuses, from embryos created through in vitro 

fertilization (IVF), and through a cloning technique called somatic cell nuclear transfer (SCNT). 

The largest potential source of blastocysts for stem cell research is from in vitro fertilization 

(IVF) clinics. When IVF is used for reproductive purposes, doctors typically fertilize all of the 

donated eggs in order to maximize their chance of producing a viable blastocyst that can be 

implanted in the womb. Because not all the fertilized eggs are implanted, this has resulted in a 

large bank of “excess” blastocysts that are currently stored in freezers around the country. The 

blastocysts stored in IVF clinics could prove to be a major source of embryonic stem cells for 

use in medical research and allogenic cell therapy (Fig. 3A). However, the genetic background of 

ES cells derived from embryos obtained by IVF will be different from the genetic background of 

the patient. Therefore, the tissues and organs derived from these cells will have also a different 

background from the patient, and this can lead to rejection of the transplanted tissues. A possible 

way around this problem would be to obtain embryonic stem cells by a technique known as 

somatic cell nuclear transfer, formally called therapeutic cloning. The technique of SCNT might 

eliminate this problem, allowing for the generation of replacement cells that have the same 

genetic information as a patient. 

The SCNT process offers another potential way to produce embryonic stem cells. It consists on 

removing the nucleus of the egg and with it, the genetic material of the donor. Next, a biopsy is 

taken from the patient, e.g. skin cell, and the nucleus of this cell, bearing the patient’s genetic 

material, is transferred into the empty egg (Fig. 3B). This egg, which now contains the genetic 

material of the skin cell, has the capacity to reprogram and form a blastocyst from which 

embryonic stem cells can be derived, except that these ES cells have the same genetic program 

as that of the patient. The stem cells that are created in this way are therefore copies or “clones” 

of the original adult cell because their nuclear DNA matches that of the adult cell. The point is 

that these cells, tissues and organs will be genetically compatible with the patient and will not be 

rejected. In 2004, Hwang et al. reported the first derivation of human embryonic stem cell line 
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using the technique of SCNT (Hwang et al., 2004; 2005). These new cell lines may provide an 

excellent in vitro model for studies on the effects that some genetic mutations present in the 

donor have on cell proliferation and differentiation (Verlinsky et al., 2005). 

 

A.      B. 

                       
Figure 3: Sources of embryonic stem cells: In Vitro Fertilization (A) versus Somatic Cell Nuclear Transfer (B). 

 

Properties of embryonic stem cells 

 

Several criteria have been proposed in order to better define ESC. However, each single 

embryonic stem cell should definitely fulfill all the properties cited below: 

- Derived from the inner cell mass of the blastocyst 

- Capable of undergoing an unlimited number of symmetrical divisions without 

differentiating. This ensures that the cells are capable of long-term growth and self-

renewal 

- Exhibit and maintain a stable diploid normal karyotype 

- They are pluripotent 

- Injecting the cells into a mouse with a suppressed immune system induces the formation 

of a benign tumor called a teratoma. Teratomas typically contain a mixture of many 
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differentiated or partly differentiated cell types, an indication that the embryonic stem 

cells are capable of differentiating into multiple cell types (Smith, 2001) 

- Clonogenic, that is a single ES cell can give rise to a colony of genetically identical cells 

- Can be induced to continue proliferating or to differentiate 

- Lacks the G1 checkpoint in the cell cycle. Unlike differentiated somatic cells, ES cells 

spend most of their time in the S phase of the cell cycle and do not require any external 

stimulus to initiate DNA replication 

- Do not show an X chromosome inactivation  

- Express some particular cell surface markers that are typically produced by 

undifferentiated cells, e.g. CD30 (surface receptor molecule found specifically on 

pluripotent stem cells), SSEA-3 (glycoprotein specifically expressed in early embryonic 

development and by undifferentiated pluripotent stem cells), SCF or c-Kit ligand 

(membrane protein that binds the receptor c-Kit and enhances proliferation of ES cells) 

- Express the transcription factors Oct4 and Nanog that are associated with maintaining ES 

cells in a proliferative non-differentiated state, capable of self-renewal (Niwa et al., 2000; 

Chambers et al., 2003; Mitsui et al., 2003). 

 

III- Human embryonic germ (EG) cells 

 

Human EG cells are derived from the fetal tissue. Specifically, they are isolated from the 

primordial germ cells, which occur in a specific part of the embryo/fetus called the gonadal ridge 

of the five to ten week fetus. Later in development, the gonadal ridge develops into the testes or 

ovaries and the primordial germ cells normally give rise to mature gametes (eggs and sperm). 

Embryonic stem cells and embryonic germ cells are pluripotent, but they are not identical in their 

properties and characteristics.  

Gearhart and his collaborators devised methods for growing pluripotent cells derived from 

human EG cells. The process requires the generation of embryoid bodies from EG cells, which 

consists of an unpredictable mix of partially differentiated cell types. The embryoid body-

derived cells resulting from this process have high proliferative capacity and gene expression 

patterns that are representative of multiple cell lineages. This suggests that the embryoid body 
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derived cells are stem cells capable of giving rise to a variety of differentiated cell types (Matsui 

et al., 1992). 

 

IV- Adult stem cells 

What are adult stem cells? 

Today, there is new evidence that stem cells are present in far more tissues and organs than once 

thought and that these cells are capable of developing into more kinds of cells than previously 

imagined. An adult or somatic stem cell is an undifferentiated cell, found among differentiated 

cells in a tissue and they typically generate an intermediate cell type or types before they achieve 

their fully differentiated state. The intermediate cell is called a precursor or progenitor cell. Such 

cells are usually regarded as “committed” to differentiating along a particular cellular 

development pathway (Fig. 4). The primary roles of adult stem cells in a living organism are to 

maintain and repair the tissue in which they are found (Holtzer, 1978; Leblond, 1964).  

 

 

Figure 4: Distinguishing Features of Progenitor/Precursor 

Cells and Stem Cells. A stem cell is an unspecialized cell 

that is capable of replicating or self renewing itself and 

developing into specialized cells of a variety of cell types. 

The product of a stem cell undergoing division is at least 

one additional stem cell that has the same capabilities of the 

originating cell. Shown here is an example of a 

hematopoietic stem cell producing a second generation 

stem cell and a neuron. A progenitor cell (also known as a 

precursor cell) is unspecialized or has partial characteristics 

of a specialized cell that is capable of undergoing cell 

division and yielding two specialized cells. Shown here is 

an example of a myeloid progenitor/precursor undergoing 

cell division to yield two specialized cells (a neutrophil and 

a red blood cell). 

 

Unlike embryonic stem cells, which are defined by their origin (the inner cell mass of the 

blastocyst), the origin of adult stem cells in some mature tissues is still under investigation. In 

order to be classified as an adult stem cell, the cell should be capable of self-renewal for the 

lifetime of the organism. Ideally, adult stem cells should also be clonogenic. In other words, a 

single adult stem cell should be able to generate a line of genetically identical cells, which then 
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gives rise to all the appropriate, differentiated cell types of the tissue in which it resides. In 

practice, a stem cell has to be highly clonogenic in vitro with long term proliferative capacities, 

or a purified population of candidate stem cells has to be capable of repopulating the tissue. An 

adult stem cell should also be able to give rise to fully differentiated cells that have mature 

phenotypes of the specific to the same or different tissue. The latter phenomenon is called 

plasticity. 

Stem cells in history  

The history of research on adult stem cells began about 50 years ago. In the 1960s, researchers 

discovered that the bone marrow contains at least two kinds of stem cells (Till and McCulloh, 

1961) (Fig. 5). One population, called hematopoietic stem cells, forms all the types of blood cells 

in the body. A second population, called bone marrow stromal stem cells (also called 

mesenchymal stem cells, or skeletal stem cells by some) was discovered a few years later. These 

non-hematopoietic stem cells make up a small proportion of the stromal cell population in the 

bone marrow, and can generate bone, cartilage, fat, cells that support the formation of blood, and 

fibrous connective tissue. But it wasn’t until 1988 that those stem cells were isolated as pure 

populations (Spangrude et al., 1988). Why did it take so long? The techniques for identifying 

stem cells have only recently been developed. Partly, this is because adult stem cells are, by their 

very nature, inconspicuous in shape, size, and function. They also tend to hide deep in tissues 

and are present only in very low numbers, making their identification and isolation like finding a 

needle in a haystack. Adult stem cells are thought to reside in a specific area of each tissue 

(called a “stem cell niche”). As previously mentioned, advances in cell sorting techniques in 

combination of identifying a variety of cell surface markers facilitated isolation of tissue stem 

cells in recent years. These surface proteins constitute a type of “molecular ID” for different 

individual cell types. Unfortunately, not all stem cells can now be identified in this manner 

because no defined markers for all stem cell types have yet been identified, and combinations of 

markers are being currently used.  
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Figure 5: The bone marrow stem cells and their various lineages. 

General characteristics of adult stem cells 

As mentioned above, a stem cell is defined by it self-renewal capacity over very long periods of 

time, while producing cell progeny that mature into more specialized, organ-specific cells. Adult 

or somatic stem cells are undifferentiated cells found in mature tissues. They maintain tissue 

homeostasis, and particularly the normal turnover of regenerative organs but also act as a repair 

system to replenish the tissue in case of cell loss.  

Quiescence 

One of the essential mechanisms that are characteristic of stem cells is quiescence, which is 

possible because a functional hierarchy exists in many tissues. The most primitive cells, 

responsible for the long-term renewal of the tissue, divide at a low frequency. Thus accumulation 

of replication errors is reduced in the stem cell population. The high proliferation rate necessary 

for the tissues which have a high turnover is insured by the direct progeny of the stem cells, the 

progenitors, which divide actively. These progenitors are regularly eliminated by the process of 

terminal differentiation. 
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Stem cell kinetics 

It has been proposed that adult stem cells accomplish their dual tasks of self-renewal and 

generating differentiated progeny under the paradigm of asymmetric cell kinetics. That is, when 

an adult stem cell divides, it produces an identical adult stem cell, and a transient amplifying (or 

progenitor) cell (Fig. 6). This division is asymmetric because the two resulting cells have 

unequal kinetic and differentiating potentials. The adult stem cell daughter will continue to self-

renew, whereas the transit amplifying daughter undergoes expansion and differentiation. 

Eventually it will terminally differentiate into the specialized cell types that make up that 

particular tissue compartment. In this way, a relatively small number of stem cells can generate 

the multitude of cells needed to maintain a tissue. 

 

Figure 6: Stem cell division kinetics. 

The term “symmetric cell kinetics”, on the other hand, denotes situations in which a cell divides 

to produce two functionally identical daughter cells with equal proliferative potential (Fig. 6). 

Embryonic stem cells divide with symmetric kinetics, whereas adult stem cells normally divide 

with asymmetric cell kinetics. However, adult stem cells may reversibly switch to symmetric cell 

kinetics during times in which the stem cell pool needs to be expanded or replenished, such as 

during body growth or wound healing. Asymmetric cell kinetics, combined with symmetric cell 

kinetics induction when needed, allow adult stem cells to maintain homeostasis within a tissue 

throughout the lifetime of an organism. In tissues that experience high cell turnover rates, such as 

the intestinal epithelium, terminally differentiated cells are continually lost from the system, and 

they are continually replenished by adult stem cells cycling asymmetrically (Marshman et al., 

2002). Evidence that adult stem cells divide with an asymmetric division has been demonstrated 

in many different contexts, such as neural stem cells (Morshead et al., 1998), intestinal stem cells 

(Yatabe et al., 2001), hematopoietic stem cells (Brummendorf et al., 1998; 1999; Huang et al., 
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1999; Takano et al., 2004), rat liver stem cells (Lee et al. 2003). It is possible that the molecular 

distinction between symmetric and asymmetric divisions lies in differential segregation of cell 

membrane proteins, such as receptors, between the daughter cells (Beckmann et al., 2007).  

Immortal strand co-segregation  

As discussed, adult stem cells are self-renewing, capable of generating differentiating progeny, 

and possess asymmetric cell division. It has been proposed that adult stem cells possess a fourth 

characteristic, namely, immortal strand co-segregation. This theory is described below. 

Assuming that asymmetrically cycling adult stem cells are responsible for replenishing the 

tissues of the body throughout the lifetime of an organism, the issue of maintaining genomic 

stability arises. It has been estimated that for the intestinal epithelia alone, normal tissue 

maintenance requires roughly 10
13

 cell divisions in the lifespan of a rat, and 10
16

 cell divisions in 

a human (Cairns, 1975). Spontaneous mutations are known to occur at a rate of at least 10
-8

 per 

nucleotide per generation in humans (Crow, 1995; Kondrashov, 2003). Given these figures, it is 

expected that at least 10
8
 spontaneous mutations will occur over the lifetime of a human being, 

again in intestinal epithelia tissues alone. Similar numbers of mutations are expected to occur in 

other tissues with similar turnover rates. One might further predict that this overwhelming 

number of spontaneous mutations would inevitably lead to the development of cancer, and the 

serious malfunction of the cells of the body. However, a correspondingly high incidence of 

cancer has not been empirically observed. 

In 1975, John Cairns formulated the immortal strand co-segregation theory to explain why this 

high rate of spontaneous mutation does not lead to a correspondingly high incidence of cancer. 

He proposed that adult stem cells protect their genomic code by selectively retaining 

chromosomes containing “immortal” DNA template strands over successive generations (Cairns, 

1975). This nonrandom segregation of chromosomes ensures that newly synthesized DNA 

strands are always passed onto transit amplifying daughter cells, while the original templates, or 

immortal DNA strands, remain perpetually in the stem cell. By using this mechanism, adult stem 

cells avoid the accumulation of spontaneous mutations arising from unrepaired replication errors 

(Cairns, 2002). Instead, the spontaneous mutations, which occur only on newly synthesized 

strands, are passed onto transient amplifying daughter cells, and eventually lost from the system 

http://en.wikipedia.org/wiki/Receptor_%28biochemistry%29
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due to terminal differentiation and turnover. Thus, by maintaining the genomic fidelity of adult 

stem cells, the overall integrity of the tissue compartment is protected. However, the direct 

association between template strand segregation and mutation frequency or cancer incidence is 

not well established (Rando, 2007). Figure 7 shows a schematic example of immortal strand co-

segregation for an adult stem cell with three chromosomes. 

 

Figure 7: Schematic example for immortal strand co-segregation and random chromosome segregation. Squares 

represent transient amplifying cells. In the immortal strand theory, for each chromosome, one strand, depicted in 

gray, is the immortal template strand. Following S phase, each of the original strands has been replicated and is 

paired with a newly synthesized strand. During mitosis, the theory dictates that the chromosomes containing 

immortal strands are non-randomly co-segregated to the adult stem cell daughter, whereas the other chromosomes 

go to the transient amplifying daughter. On the contrary, the conventional view of random chromosome segregation 

is that chromosomes are randomly segregated when cells undergo mitosis. 

Notwithstanding the immortal strand hypothesis is not completely disproved, however, failure to 

demonstrate template strand segregation in specific cell populations brought important 

uncertainty to this hypothesis. Although it is suggested that the template strands can segregate 

non-randomly to daughter cells by template age, to date, no definitive evidence is high-

lightening the biochemical mechanisms by which template strands differing in replicative age 

might be differentially recognized and segregated (Rando, 2007).   

Chromatin remodelling 

Chromatin structure can influence gene function by affecting the accessibility of regulatory 

proteins to their target site and by modulating the affinity of transcriptional regulators with their 

targets. A different process between stem cells and progenitors is the chromatin remodelling. The 

nuclear organization of stem cells seems to be globally open and permissive for gene expression 
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but as stem cells differentiate they compact different regions of the genome. In pluripotent 

embyronic stem (ES) cells, chromatin is globally decondensed, enriched in active histone marks. 

As cells differentiate, regions of condensed heterochromatin form, silencing histone marks 

accumulate, and structural chromatin proteins become more stably associated with chromatin. ES 

cell chromatin has been reported to be more dynamic than chromatin in differentiated cells 

(Meshorer et al., 2006; Buszczak and Spradling, 2006). 

The possibility that chromatin-remodelling proteins regulate access to DNA to prevent stem-cell 

differentiation is an attractive theory that has already been proposed for some types of stem cell. 

Xi and Xie tested whether this applies in the ovary of Drosophila melanogaster, which contains 

both germline stem cells (GSCs) and somatic stem cells (SSCs). The authors concluded that two 

chromatin remodeling factors ISWI and DOM are needed for self-renewal, to prevent GSCs and 

SSCs from differentiating (Xi and Xie, 2005).  

In all likelihood, chromatin seems to hold some of the keys to understanding stem cells and 

unlocking their potential. The next step will be to describe in detail the factors that contribute to 

the maintenance of the stem cell state, particularly the role of chromatin-remodelling proteins, 

chromatin-associated proteins and histone-modifying proteins. 

 

Stem cell markers  

As I have mentioned above, each cell type has a certain combination of markers on their surface 

that makes them distinguishable from other kinds of cells. These markers enabled the isolation 

and characterization of stem cells. In many cases, a combination of multiple markers is used to 

identify a particular stem cell type, for example the CD34+Sca1+Lin- profile permits the 

identification of mesenchymal stem cells. One approach for using markers as a research tool is 

with a technique known as fluorescence- activated cell sorting (FACS).  

Another common method to isolate stem cells is the use of the Hoechst dye, a fluorescent dye 

that binds DNA. Stem cells generally exclude the dye and stains lightly compared with other cell 

types. The isolated cell population is rather termed a Side Population (SP) with characteristics of 

stem cells. An example of SP is noted in chapter 3. 
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Adult stem cell plasticity or transdifferentiation 

It was not until recently that anyone seriously considered the possibility that stem cells in adult 

tissues could generate the specialized cell types of another type of tissue from which they 

normally reside. For example, studies have shown that blood stem cells (derived from 

mesoderm) may be able to generate both skeletal muscle, cardiac muscles, liver (also derived 

from mesoderm) and neurons (derived from ectoderm). And, reciprocally, neural stem cell lines 

cultured from adult brain tissue may differentiate to form hematopoietic cells (Bjornson, 1999). 

Collectively, studies on plasticity suggest that stem cell populations in adult mammals are not 

fixed entities, and that after exposure to a new environment, they may be able to populate other 

tissues and possibly differentiate into other cell types. Yet studies proposing such “plasticity” of 

adult somatic stem cells remain highly controversial, and in general, existing evidence suggests 

that in vivo such unexpected transformations are exceedingly rare (Wagers and Weissman, 

2004). Also, it is not yet clear to what extent plasticity can occur in experimental settings, and 

how, or whether, the phenomenon can be harnessed to generate tissues that may be useful for 

therapeutic transplantation. 

V- What are the similarities and differences between embryonic and adult 

stem cells? 

Although there has been some debate concerning the relative merits of studying adult and 

embryonic stem cells, both are thought to have great potential for therapeutic applications and 

for the illumination of our biological understanding. Human embryonic and adult stem cells each 

have advantages and disadvantages regarding potential use for cell-based regenerative therapies. 

One major difference between adult and embryonic stem cells is their different abilities in the 

number and type of differentiated cell types they can generate. Embryonic stem cells can become 

all cell types of the body because they are pluripotent. Adult stem cells are thought to be limited 

to differentiating into different cell types of their tissue of origin or sometimes into cells of 

another type of tissue in which they normally reside. Moreover, tissues derived from embryonic 

and adult stem cells may differ in the likelihood of being rejected after transplantation. Adult 

stem cells, and tissues derived from them, are currently believed less likely to initiate rejection 

after transplantation. This is because a patient’s own cells could be expanded in culture, coaxed 

into assuming a specific cell type (differentiation), and then reintroduced into the patient. A 
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summary about attributes, limitations and ethical concerns of different sources for stem cells is 

raised in the table below (Table 1). 

 Embryonic Stem Cells Adult Stem cells 

Attributes 

 

In Vitro Fertilization (IVF) 

. Can produce all cell types 

. Relatively easy to identify, 

isolate, maintain, and grow in 

the laboratory 

. Large source of “excess” 

blastocysts from IVF clinics 

 

Nuclear transfer 

. Can produce all cell types 

. Relatively easy to identify, 

isolate, maintain, and grow in 

the laboratory 

. Stem cells may be 

genetically matched to patient 

 

Adult tissues 

. Demonstrated success in 

some treatments 

. Stem cells may be 

genetically matched to 

patient 

Limitations . Limited number of cell lines 

available for federally funded 

research 

. Risk of creating teratomas 

(tumors) from implanting 

undifferentiated stem cells 

. Not yet achieved with 

human cells 

. Risk of creating teratomas 

(tumors) from implanting 

undifferentiated stem cells 

. Produce limited number 

of cell types 

. Not found in all tissues 

. Difficult to identify, 

isolate, maintain, and grow 

in the laboratory 

Ethical concerns . Destruction of human 

blastocysts 

. Donation of blastocysts 

requires informed consent 

. Destruction of human 

blastocysts 

. Donation of eggs requires 

informed consent 

. Concern about 

misapplication for 

reproductive cloning 

. No major ethical 

concerns have been raised 

. IPS could be used for 

reproducutive cloning 

since whole animals have 

been obtained from an IPS 

cell line, thus concern 

about misapplication for 

reproductive cloning 

 

Table 1: Comparison of the different sources of stem cells. 

 

 VI- What are induced pluripotent stem cells? 

The presence of pluripotent adult stem cells has long been a subject of scientific debate; 

however, research has demonstrated that pluripotent stem cells can be directly generated from 

adult fibroblast cultures (Takahashi and Yamanaka, 2006). These are not adult stem cells, but 
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rather adult reprogrammed cells (e.g epithelial cells) endorsed with pluripotent capabilities.
 

Shinya Yamanaka and his colleagues used the transcription factors Oct3/4, Sox2, c-Myc, and 

Klf4 in their experiments to reprogram cells derived from adult skin tissue in plurioptent cells  

akin to embryonic stem cells. This may enable the generation of patient specific ES cell lines that 

could potentially be used for cell replacement therapies. One issue with this work is that the 

generated ES cell lines were prone to develop cancer due to the use of Myc, which is a known 

oncogene. Therefore, Junying Yu, James Thomson and colleagues (Choi et al., 2009) used a 

different set of factors, Oct4, Sox2, Nanog and Lin28, and carried out their experiments using 

cells from human foreskin. Mouse iPSCs were first reported in 2006, and human iPSCs were 

first reported in late 2007. Mouse iPSCs demonstrate important characteristics of pluripotent 

stem cells, including expressing stem cell markers, forming tumors containing cells from all 

three germ layers, and being able to contribute to many different tissues when injected into 

mouse embryos at a very early stage in development. Human iPSCs also express stem cell 

markers and are capable of generating cells with characteristic of all three germ layers. Although 

additional research is needed, iPSCs are already useful tools for drug development and modeling 

of diseases, and scientists hope to use them in transplantation medicine. This breakthrough 

discovery has created a powerful new way to “de-differentiate” cells whose developmental fates 

had been previously assumed to be determined. In addition, tissues derived from iPSCs will be a 

nearly identical match to the cell donor and thus probably avoid rejection by the immune system. 

VII- Stem cells therapies: what is the recipe for success?  

Given their unique regenerative abilities, stem cells offer new potentials for treating diseases. 

Some examples of potential treatments include regenerating bone using cells derived from bone 

marrow stroma, developing insulin-producing cells for type-1 diabetes, and repairing damaged 

heart muscle following a heart attack with cardiac muscle cells. However, much work remains to 

be done in the laboratory and the clinic to understand how to use these cells for cell-based 

therapies to treat disease, which is also referred to as regenerative or reparative medicine. Stem 

cells can now be grown and transformed into specialized cells with characteristics consistent 

with cells of various tissues such as muscles or nerves through cell culture. Highly plastic adult 

stem cells from a variety of sources, including umbilical cord blood and bone marrow, are used 

in medical therapies. Embryonic cell lines and autologous embryonic stem cells generated 

http://en.wikipedia.org/wiki/Foreskin
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through therapeutic cloning have also been proposed as promising candidates for future 

therapies. However, it is noteworthy that the status of the human embryo and human embryonic 

stem cell research is a controversial issue as, with the present state of technology, the creation of 

a human embryonic stem cell line requires the destruction of a human embryo. Right now, only 

few diseases are treatable with stem cell therapies because up to date, regeneration of only few 

types of tissues is possible. However, the success of the most established stem cell-based 

therapies, blood and skin transplants (Shi et al., 2006; Riedel et al., 2008), gives hope that 

someday stem cells will allow the development of therapies for a variety of diseases previously 

thought to be incurable.  
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Chapter 2: Skin, the protector shield of the body 

I- The skin 

The skin is the outer covering of the body forming the essential part of the integumentary 

system. It is made up of multiple layers of mesodermal origin, and guards the underlying 

muscles, bones, ligaments and internal organs. It covers between 1.5 and 2 m
2
 and comprises 

about 15 to 20% of the total body weight. It ranges in thickness from 0.5 to 4.0 mm, depending 

on location. The skin is far more than just the outer covering organ; it is considered as the human 

body’s first line of defense, and performs several essential functions. 

Functions  

Due to its anatomical localization, the skin provides a physical barrier that protects underlying 

tissues from physical abrasion, bacterial invasion, dehydration, and ultraviolet (UV) radiation 

(Eckert, 1989; ProKsch et al., 2008). Besides providing a layer of protection, the skin serves 

many functions as well as playing a vital role in homeostasis (Madison, 2003). This includes 

maintaining a constant body temperature via the acts of sweating or shivering and by making us 

aware of external stimuli through information perceived within the Merkel cells located within 

the epidermis. Actually, in response to high environmental temperature or strenuous exercise, the 

evaporation of sweat from the skin surface helps lower an elevated body temperature to normal. 

In response to low environmental temperature, production of sweat is decreased, which helps 

conserve heat. Changes in the flow of blood to the skin also help regulate body temperature. 

Besides removing heat and some water from the body, sweat is as well the vehicle for excretion 

of small amount of salts and several organic compounds. The skin also contains abundant nerve 

endings and receptors that defect stimuli related to temperature, pressure and pain. It is a storage 

center for lipids and water, as well as a means of synthesis of vitamin D in the epidermal layer of 

skin, specifically in the stratum basale and stratum spinosum (Norman, 1998). It also houses 

extensive networks of blood vessels that carry 8 to 10 % of the total blood flow in a resting adult. 

Aging 

Skin can stretch and grow and envelopes additional mass of body as and when required, such as 

during pregnancy or development of edema. However, as skin ages, it becomes thinner and more 
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easily damaged. Intensifying this effect is the decreased ability of the skin to heal itself as a 

person ages. There are two distinct types of aging. The intrinsic aging (natural aging process) 

caused by the genes we inherit. For instance, aging skin is noted by a decrease in volume and 

elasticity, a slower collagen production, receives less blood flow and lower glandular activity. 

Moreover, the dead skin cells do not shed as quickly and turnover of new skin cells may decrease 

slightly. The other type of aging is known as extrinsic aging and is caused by environmental 

factors, such as exposure to the sun’s rays, smoking, etc. 

II- Anatomy of the skin 

The skin consists of three 

distinct compartments 

(Fig.8): the hypodermis, 

lowermost layer mainly 

used for fat storage; the 

dermis, a connective tissue 

layer that provides 

mechanical strength; and 

the epidermis, the 

outermost epithelial layer 

that provides waterproofing 

and protection. 

 

 

 

 

 

  

 

Figure 8: A section of skin with various accessory organs. 

Hypodermis 

The hypodermis (subcutaneous layer) lies between the dermis and underlying tissues and organs.  

It connects the skin to underlying bones and muscles and it is highly innervated and vascularized. 
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It also provides thermal insulation, and absorbs shocks from impacts to the skin. It consists of 

loose connective tissue and elastin. The main cell types are adipocytes (the hypodermis contains 

50% of body fat that serves as padding and insulation for the body), macrophages and 

fibroblasts. The size of this layer varies throughout the body and from person to person. 

Dermis 

The dermis is the next layer starting from the hypodermis. It is composed of connective tissue 

containing collagen and elastic fibers. The cells in the dermis include a majority of fibroblasts, 

macrophages, and adipocytes within a gelatinous matrix containing collagen, elastic, and 

reticular fibers. The structure provides strength, extensibility (the ability to be stretched), 

and elasticity (the ability to return to its original form). The dermis is very thick in the palms 

and soles and very thin in the eyelids. Blood vessels, nerves, pressure receptors, glands, and hair 

follicles are embedded in the dermis. It is tightly connected to the epidermis by a basement 

membrane. Its main roles are to regulate temperature and to supply the epidermis with nutrient 

saturated blood. Furthermore, the dermis defends the body against infectious invaders that can 

pass through the thin epidermis, the first defense against disease. The dermis is also subdivided 

into two divisions, the upper papillary dermis, and the lower reticular layer (Grosshans, 1977).  

The papillary region is composed of loose areolar connective tissue. It is characterized by small 

bundles of small-diameter collagen fibrils and oxytalan fibers. Mature elastic fibers are usually 

not found in normal papillary dermis but they are common in photoaged skin. The papillary 

dermis is rich in fibroblasts, macrophages and mast cells. It also contains vascular networks that 

have two important functions: the first being to support the avascular epidermis with vital 

nutrients and secondly to provide a network for thermoregulation. It is named for its fingerlike 

projections called papillae, which extend toward the epidermis. The papillae provide the dermis 

with a "bumpy" surface that interdigitates with the epidermis, strengthening the connection 

between the two layers of skin. Some dermal papillae also contain tactile receptors called 

corpuscles of touch (Meissner's corpuscles), nerve endings that are sensitive to touch. Dermal 

papillae cause ridges in the overlying epidermis. It is these ridges that leave fingerprints on 

objects that are handled. 
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The reticular dermis consists of dense irregular connective tissue composed primarily of large-

diameter collagen fibrils organized into large, interwoven fiber bundles. Mature elastic fibers 

form a superstructure around the collagen fibers. The combination of collagen and elastic fibres 

in the reticular region provides the skin with strength, extensibility, and elasticity. Spaces 

between the fibres are occupied by a small quantity of adipose tissue, roots of the hair follicles, 

nerves, oil glands, and the ducts of sweat glands. Varying thicknesses of the reticular region 

contribute to differences in the thickness of skin (Tortora and Grabowski, 1993). 

Extracellular matrix 

Extracellular matrix (ECM) of interstitial tissue is formed by complex and intricate networks in 

which protein molecules are precisely organized. 

Collagen is the most abundant structural component of the ECM, and the dermis mainly consists 

of type I and type III collagens (75% of dry weight), but also contains other types of collagens 

(V and VII). The type I collagen fibers provide mechanical strength while type III collagen gives 

the flexibility of the tissues. Approximately 80 to 90 % of collagen is type I and 8 to 12% is type 

III collagen.  

The elastic fibers (2-4% of dry weight) are found throughout the dermis between the collagen 

bundles. The elastic fiber is a complex structure containing elastin, microfibrillar proteins and 

proteoglycans. 

Proteoglycans (PGs) and glycosaminoglycans (GAGs) are the molecules of the “ground 

substances” that surrounds and embeds the fibrous components. They can account up to 0.2% 

dry weight of the dermis. They can bind up to 1000 times their own volume and thus regulate the 

water-binding capabilities of the dermis and influence dermal volume and compressibility.  

Fibronectin (in the dermal matrix), laminin (restricted to basement membrane), thrombospondin, 

vitronectin and tenascin are glycoproteins found in the dermis and, like the PGs/GAGs, they 

interact with other matrix components and with cells through specific integrin receptors. 

Fibronectin is insoluble, filamentous glycoprotein synthesized in the skin by both epithelial and 

mesenchymal cells. The fibroblast is a mesenchymally derived cell that migrated through the 

tissue and is responsible for the synthesis and degradation of connective tissue proteins and a 
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number of soluble factors. Fibroblasts become highly proliferative in wound healing and during 

formation of hypertropic scars. 

Dermal-epidermal junction 

The dermal-epidermal junction (DEJ) is a basement membrane zone that forms the interface 

between the epidermis and the dermis. DEJ provides adhesion and dynamic interface between 

them, thus determining the overall structural integrity of the skin. It serves as a support for the 

epidermis, determines the polarity of growth, directs the organization of the cytoskeleton in basal 

cells, provides developmental signals, and serves as a semipenetrable barrier. 

The DEJ can be subdivided into three supramolecular networks: the hemidesmosome-anchoring 

filament complex, the basement membrane itself, and the anchoring fibrils (Fig. 9). The 

hemidesmosome-anchoring filament complex binds basal keratinocytes to the basement 

membrane. The lamina lucida is the primary location of several noncollagenous glycoproteins 

(laminins, entactin/nidogen and fibronectin) which bind to other matrix molecules or cells, and 

promote adhesion between the epidermal cells and the lamina densa. The lamina densa is mainly 

composed of type IV collagen. It functions as a barrier/filter that restricts passage of molecules 

with a molecular mass ≥ 40 KDa, but it allows the passage of migrating and invading cells under 

normal (i.e. melanocytes and Langerhans cells) and pathological (i.e. lymphocytes and cancer 

cells) conditions. The anchoring fibrils penetrate into the deepest zone of the DEJ. In addition to 

the interstitial collagens (type I, II, V and VI) and procollagens (type I and III), the first fibers of 

elastic fiber system are present in this zone. The oxytalan fibers originate from the lamina densa 

and insert into the planar networks of elastic fibers organized at the junction between papillary 

and reticular dermis. 
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Figure 9: A section of dermal-epidermal junction. 

Epidermis 

Epidermis is the outermost layer of the skin. It forms the waterproof, protective wrap over the 

body's surface and is made up of stratified squamous epithelium with an underlying basal lamina. 

The epidermis contains no blood vessels, and cells in the deepest layers are nourished by 

diffusion from blood capillaries extending to the upper layers of the dermis. The main type of 

cells that make up the epidermis are keratinocytes, melanocytes, Langerhans cells and Merkel 

cells.  

 About 90% of the epidermal cells are keratinocytes. They produce the protein keratin that 

helps waterproof and protect the skin and underlying tissues. Mature keratinocytes at the 

skin surface are dead and filled almost entirely with keratin. Anchoring junctions called 

desmosomes weld keratinocytes to one another. 

 Melanocytes, which produce the pigment melanin, comprise about 8% of the epidermal 

cells. Their long, slender projections extend between and transfer granules of melanin to 

keratinocytes. Melanin (melan = black) is a brown-black pigment that contributes to skin 

color and absorbs ultraviolet (UV) light. Once inside keratinocytes, the melanin granules 
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cluster to form a protective veil over the nucleus, on the side toward the skin surface. In 

this way they shield the genetic material from damaging UV light. 

 The third type of cells in the epidermis is the Langerhans cell. These cells arise from 

bone marrow and migrate to the epidermis. They are phagocytic macrophages that 

interact with other white blood helper T cells that extravasate etcetc in immune responses 

and are easily damaged by UV radiation. 

 A fourth type of cell found in the epidermis is called a Merkel cell. These cells are 

located in the deepest layer (stratum basale) of the epidermis of hairless skin, where they 

are attached to keratinocytes by desmosomes. Merkel cells make contact with the 

flattened portion of the ending of a sensory neuron (nerve cell), called a tactile (Merkel) 

disc, and are thought to function in the sensation of touch. 

Epidermis is divided into several layers where cells are formed through mitosis at the innermost 

layers. They move up the strata changing shape and composition as they differentiate and 

become filled with keratin. They eventually reach the top layer called stratum corneum and are 

sloughed off, or desquamated. This process is called keratinization and takes place within weeks 

(27 days). This keratinized layer of skin is responsible for keeping water in the body and keeping 

other harmful chemicals and pathogens out, making skin a natural barrier to infection. 

Four or five distinct layers of cells form the epidermis (Fig. 10). In most regions of the body the 

epidermis is about 0.1 mm thick and has four layers. In regions where exposure to friction is 

greatest, such as in the palms and soles, the epidermis is thicker (1 to 2 mm) and has five layers. 

Constant exposure of thin or thick skin to friction or pressure stimulates formation of a callus, an 

abnormal thickening of the epidermis. 

 

  

Figure 10: A section of the epidermal 

layers 
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The five layers (strata), from the deepest to the most superficial, are: 

 Stratum basale: It is the bottom layer in the epidermis and is responsible for constantly 

renewing epidermal cells. This single layer of cuboidal to columnar cells contains stem 

cells, which are capable of continued cell division, and melanocytes. The stem cells 

multiply, producing keratinocytes. Half of these cells stay in the basal layer and are 

responsible of replenishing this layer. The other half differentiates while moving up 

toward the surface and become part of the more superficial layers. The nuclei of the 

keratinocytes degenerate, and the cells die. Eventually, the cell remnants are shed from 

the top layer of the epidermis. Other stem cells in the stratum basale migrate into the 

dermis and give rise to sweat and oil glands and hair follicles. The stratum basale is 

sometimes referred to as the stratum germinativum to indicate its role in germinating new 

cells.  The stratum basale also contains tactile (Merkel) discs that are sensitive to touch 

 Stratum spinosum: This layer of the epidermis contains 8 to 10 rows (sheets) of 

polyhedral (many sided) cells that fit closely together. The cells here appear to be 

covered with prickly spines (spinosum prickly) because the cells shrink apart when the 

tissue is prepared for microscopic examination. At each spinelike projection, filaments of 

the cytoskeleton insert into desmosomes, which tightly join the cells to one another. Long 

projections of the melanocytes extend among the keratinocytes, which take in melanin by 

phagocytosis of these melanocyte processes. 

 Stratum granulosum: The third layer of the epidermis consists of three to five rows of 

flattened cells that develop darkly staining granules of a substance called keratohyalin. 

This compound is the precursor of keratin, a group of proteins found in the epidermis and 

encoded by the KRT gene family. Keratin forms a barrier that protects deeper layers from 

injury and microbial invasion and makes the skin waterproof. The nuclei of the cells in 

the stratum granulosum are in various stages of degeneration. As their nuclei break down, 

the cells can no longer carry on vital metabolic reactions, and they die. 

 Stratum lucidum: Normally, only the thick skin of the palms and soles has this layer (Fig. 

11). Stratum lucidum consists of three to five rows of clear, flat, dead cells that contain 
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droplets of an intermediate substance that is formed from keratohyalin and is eventually 

transformed to keratin. 

 

Figure 11: A section of the 

stratum lucidum in thick skin vs 

epidermis without stratum 

lucidum. 

 

 

 Stratum corneum: This layer consists of 25 to 30 rows of flat, dead cells completely filled 

with keratin. These cells are continuously shed and replaced by cells from deeper strata. 

The stratum corneum serves as an effective barrier against light and heat waves, bacteria, 

and many chemicals.  

In the process of keratinopoiesis, cells newly formed in the basal layers undergo a developmental 

process as they are pushed to the surface. As the cells relocate, they accumulate keratin. At the 

same time the cytoplasm, nucleus, and other organelles disappear, and the cells die. Eventually, 

the keratinised cells slough off and are replaced by underlying cells that, in turn, become 

keratinised. The whole process by which a cell forms in the basal layer, rises to the surface, 

becomes keratinised, and sloughs off takes two to four weeks. The stratification is concurrent 

with a Ca
2+

-dependant differentiation process and the layer specific expression of structural and 

enzymatic markers. 

Epidermal growth factor (EGF) is a protein hormone that stimulates growth of epithelial and 

epidermal cells during tissue development, repair, and renewal.  

Accessory Organs of the Skin 

The following accessory organs are embedded in the skin:  

Hairs are elongated filaments of keratinized epithelial cells that arise and emerge from the 

skin of mammals. Hair is composed of the following structures (Fig. 12): 

 The hair shaft is the portion of the hair that is visible on the surface of the skin 
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 The hair root is the portion of the hair that penetrates the skin (epidermis and dermis)  

 The hair follicle is the sheath that surrounds the hair in the skin 

 The bulb is the base of the hair follicle 

 The matrix is the bottom of the hair follicle (located within the bulb). Here, cells are 

actively dividing, producing new hair cells. As these cells differentiate, they produce 

keratin and absorb melanin from nearby melanocytes. As younger cells are produced 

below them, the more mature cells are pushed upward, where they eventually die. 

The keratin they leave behind contributes to the growth of the hair. The color of the 

hair is determined by the pigments absorbed from the melanocytes 

 The arrector pili is a smooth muscle that is attached to the hair follicle. When the 

muscle contracts, the hair becomes erect; in humans, “goose bumps” are produced.  

 

Figure 12: The different structures composing the hair follicle  

 

Nails are keratinized epithelial cells. The semilunar lighter region of the nail, the lunula, is 

the area of new nail growth. Below the lunula, the nail matrix is actively producing nail 

cells, which contribute to the growth of the nail.  
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Sudoriferous (sweat) glands secrete sweat. Sweat consists of water with various salts and 

other substances. They play key roles in the thermoregulation and homeostasis of the human 

body. There are four kinds of sudoriferous glands: 

 Eccrine glands occur under most skin surfaces and secrete a watery solution through 

pores (openings at the skin surface), which serve to cool the skin as it evaporates are 

coiled tubular structures derived from the epidermis. They are distributed over the 

entire skin surface and are particularly abundant on the palms of the hands, soles of 

the feet, and on the forehead 

 Apocrine glands occur under skin surfaces of the armpits and pubic regions and, 

beginning with puberty, secrete a solution in response to stress or sexual 

excitement. The solution, more viscous than that secreted by eccrine glands, is 

secreted into hair follicles 

 Ceruminous glands secrete cerumen (earwax) into the external ear canal. Wax 

helps to impede the entrance of foreign bodies 

 Mammary glands produce milk that is secreted through the nipples of the breasts.  

Sebaceous (oil) glands are found next to the upper region of the hair follicle, producing 

lipids and sebum for skin surface lubrification (Fuchs, 2008). They secrete sebum, an oily 

substance, into hair follicles or sometimes through skin surface pores. Sebum inhibits 

bacterial growth and helps prevent drying of hair and skin. An accumulation of sebum in the 

duct of a sebaceous gland produces whiteheads, blackheads (if the sebum oxidizes), and 

acne (if the sebum becomes infected by bacteria). 

 

III- Differentiation of skin keratinocytes and markers 

We will focus in this thesis on the skin keratinocytes which represent almost 90% of the 

epidermal cells. Differentiation of skin keratinocytes is a complex process strictly linked to the 

structural organization of the stratified squamous epithelium. This process involves an ordered 

sequence of defined morphological changes which is accompanied by the sequential expression 

and modification of specific differentiation products. Maturation and differentiation in human 

epidermis can be evaluated by the determination of synthesis in the expression of cell surface 
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antigens, receptors and epidermis lipids. Differentiation-related structural proteins that are best 

defined included keratins, filaggrin and involucrin which are expressed and modified in a 

specific sequence which closely parallels the morphological changes in human epidermis. 

Stratum corneum       ------------›  Keratins 1, 10 

Stratum granulosum  ------------›  Keratins 1, 10, Filaggrin 

Stratum spinosum       ------------›  Keratins 1, 10, Involucrin 

Stratum basale            ------------›  Keratins 5, 14 

Basal cells are marked by the existence of hemi-desmosome which become desmosomes in the 

more differentiated cells of the spinous, granular and cornified layers. Cells of the spinous layer 

remain metabolically active, although they no longer synthesize DNA. They cease 

manufacturing K5 and K14 and replace them with K1 and K10. It is believed that an increase in 

permeability of the keratinocyte membrane allows an influx of calcium which activates 

epidermal transglutaminase. This enzyme catalyzes the cross-linking envelope protein. In the 

final stage of terminal differentiation, lytic enzymes destroy the remaining organelles, leaving 

only the cell envelope containing keratin macrofibrils (Blumenberg et al, 1992). 

 The hemi-desmosome is the major attachment structure of the epidermal basal cell. It is a 

central part of a supramolecular structure that appears to link the keratins of stratified 

epithelia, such as epidermis, to collagens of the mesenchyme. 

 The keratins are a group of water-insoluble cytoskeletal proteins that form intermediate 

sized (10nm) filaments in all epithelia. In human epithelia, 19 different keratins have 

been identified and usually 2 to 10 of these keratins are found in a particular epithelium, 

the subset varying according to the epithelia cell type and its stage of development and 

differentiation. All human epithelia keratins can be divided into two subfamilies, type I 

(acidic) and type II (neutral to basic) based on their isoelectric point. The keratins K1 and 

K10 are particularly well established markers for differentiation; they are among the 

earliest biochemical indicators of the onset of epidermis differentiation. In normal skin, a 

sequence of keratin changes occurs as the keratinocyte moves from the basal layer 

through the spinous and granular layers to the cornified layer. 



33 

 

- K5/14: the basal layer cells of the human epidermis express the primary keratin 5 

(basic) and 14 (acidic). 

- K1/10: on leaving the basal layer secondary keratins 1 (basic) and 10 (acidic) 

additionally appear (Ryle et al, 1989); this latter keratin pair (K1/10) being 

characteristic of differentiation. 

- K6/16: in situations of faster cell turnover or epidermal hyperproliferation (such as 

wound healing) suprabasal expression of K6 and 16 occurs. 

- K7/19 and 8/18: they are expressed by simple epithelia cells that in the skin are 

represented by secretory cells (sweat glands). 

- K19: is expressed in sweat gland secretory cells and in squamous cell carcinomas. 

- K4/13: are present suprabasally in stratified, uncornified epithelium of the mucus 

membrane and in squamous cell carcinomas. 

- K7: is only expressed in sebaceous gland epithelial cells in the absence of other 

“simple epithelial keratins” K8, K18 and K19. 

 Involucrin: in the terminal differentiation process cells undergo a programmed cell death 

during which a cross-linked envelope (or marginal band) is formed by Ca
2+

, involucrin 

and other cornified envelope proteins. 

 Small proline rich (SRP) proteins: SPR genes are strongly induced during the normal 

process of keratinocyte differentiation. SPR proteins are incorporated into the cornified 

envelope. 

 Filaggrin: is the major constituent of the keratohyalin granules in the granular layer.  

 Type IV collagen: is secreted by epidermal cells in the basement membrane. 

 Laminin: is expressed during embryonic vasculogenesis and angiogenesis (Aumailley et 

al., 1991). Major cell-matrix interactions occur via laminin which anchors to basement 

membrane by forming bridges to collagen IV. 
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 Fibronectin: is generally weakly expressed even by differentiated cell lines. 

 Vimentin: it is an intermediate filament predominantly present in mesenchymal cells. 

These filaments seem to be dynamic structures that may play significant roles in cellular 

activities. Vimentin expression was postulated to be linked with cellular shape changes, 

currently associated with cellular proliferation, migration and differentiation; all of these 

processes requiring cell attachment and spreading, and all of these activities are involved 

in vivo during epithelia wound healing (SundarRaj et al, 1992). 

IV- Skin cancer 

Skin cancer, also known as skin neoplasia, is a malignant growth of the skin which can have 

many causes. The most common skin cancers are basal cell carcinoma (BCC), squamous cell 

carcinoma (SCC), and melanoma, each of which is named after the type of skin cell from which 

it arises. Skin cancer generally develops in the epidermis (the outermost layer of skin), so a 

tumor is usually clearly visible. This makes most skin cancers detectable in the early stages. 

Unlike many other cancers, including those originating in the lung, pancreas, and stomach, only 

a small minority of those afflicted will actually die of the disease. Skin cancer represents the 

most commonly diagnosed cancer. Melanoma is less common than basal cell carcinoma and 

squamous cell carcinoma, but it is the most serious. There are a variety of different skin cancer 

symptoms. These include changes in the skin that do not heal, ulcering in the skin, discolored 

skin, and changes in existing moles, such as jagged edges to the mole and enlargement of the 

mole. 

Skin cancer has many potential causes, these include: 

 Smoking tobacco and related products that can double the risk of skin cancer (Morita, 

2007).  

 UV: The BCC and SCC (nonmelanoma skin cancers) often carry a UV-signature 

mutation (such as mutations of p53 and PTCH gene, two candidate tumor suppressor 

genes for BCC and C→T transitions at dipyrimidine sites and CC→TT tandem 

mutationsfor both BCC and SCC (Runger, 2008)) indicating that these cancers are 

caused by UV-B radiation via the direct DNA damage. The crucial risk factor for 
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these skin cancers is disabling of p53 gene. However, the malignant melanoma is 

predominantly caused by UV-A radiation via the indirect DNA damage, which is 

caused by free radicals and reactive oxygen species 

 Chronic non-healing wounds, especially burns. These are called Marjolin's ulcers 

based on their appearance, and can develop into squamous cell carcinoma 

 Genetic predisposition 

 Human papilloma virus (HPV), often associated with squamous cell carcinoma 

 Therapeutic radiation, such as that given for treating other forms of cance 

 Age: Most skin cancers appear after age 50, but the sun's damaging effects begin at 

an early age. Therefore, protection should start in childhood in order to prevent skin 

cancer later in life. 

BCC (Fig. 13) are the most common type of tumors. They are present on sun-exposed areas of 

the skin, especially the face. BCC appears usually as a small, crusty bump on the face, head and 

neck or as a flat pink or brown colored lesion on sun-exposed extremities. Stratum basale cells 

proliferate and invade dermis and hypodermis. They are slow growing and they rarely 

metastasize, and rarely cause death. They are easily treated with surgery or radiation.  

SCC (Fig. 13) are common, but much less common than basal cell cancers. SCC may appear as a 

firm, red nodule or as a rough, scaly lesion. These lesions may itch and bleed readily. They 

metastasize more frequently than BCCs. Even then, the metastasis rate is quite low, with the 

exception of SCCs of the lip, ear, and in immunosuppressed patients. It is hypothesized that they 

arise from keratinocytes of stratum spinosum. They most often arise on scalp, ears, and lower lip. 

They are treated by radiation therapy or removed surgically. 
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Figure 13: Basal cell carcinoma vs Squamous cell carcinoma. 

Melanomas are the least frequent and most dangerous of the 3 common skin cancers. They arise 

from the melanocyte cells. They frequently metastasize, and are deadly once spread. Chance of 

survival is poor if the lesion is over 4 mm thick.They are treated by wide surgical excision 

accompanied by immunotherapy. They are resistant to chemotherapy and have the following 

characteristics (ABCD rule): 

 A: Asymmetry; the two sides of the pigmented area do not match  

 B: Border is irregular and exhibits indentations  

 C: Color (pigmented area) is black, brown, tan, and sometimes red or blue  

 D: Diameter is larger than 6 mm (size of a pencil eraser)  

Less common skin cancers include: Dermatofibrosarcoma protuberans, Merkel cell carcinoma, 

Kaposi's sarcoma, keratoacanthoma, spindle cell tumors, sebaceous carcinomas, microcystic 

adnexal carcinoma, Pagets's disease of the breast, atypical fibroxanthoma, leimyosarcoma, and 

angiosarcoma. 

V- Renewal of the skin 

Every day we shed the outermost layer of our skin and replace it from within with new skin cells. 

In order to maintain its protective role, skin has to generate new cells constantly to replace the 

terminally differentiated squames. This implies the existence of adult stem cells in skin, like in 

all self-renewing tissues (Watt and Hogan, 2000; Gambardella and Barrandon, 2003; Fuchs et 

al., 2004). The mechanisms that govern this process have been suggested by two different 

models (Barthel and Aberdam, 2005; Fuchs, 2008): symmetric division and asymmetric division 

model. In the latter, the stem cell produces one daughter cell retaining the stem cell 

characteristics and a progenitor cell, also called transit-amplifying (TA) cell. After a certain 

number of divisions, TA cells detach from the basement membrane before going through 

differentiation into a more mature cell, then migrate upwards and form the different layers of the 

epidermis. This complex migration and differentiation process lasts from four to six weeks. The 

microenvironment that helps in the survival, the maintenance of stemness and the expansion of 

http://en.wikipedia.org/wiki/Cell_differentiation
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adult stem cells is termed the niche (Schofield, 1978; Watt and Hogan, 2000; Nilsson and 

Simmons, 2004; Mitsiadis et al., 2007; Jones and Wagers, 2008). The niche of the stem cells 

responsible for homeostatic repopulation of the interfollicular epidermis is the basal layer (Ito et 

al., 2005; Levy et al., 2005; Clayton et al., 2007).  
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Chapter 3: Epidermal stem cells, the indispensable source of skin 

cells  
 

As we have mentioned previously, mammalian epidermis is maintained by self renewal of stem 

cells and terminal differentiation of their progeny. The outermost cornified layers of the 

interfollicular epidermis (IFE) are continuously shed from the surface of the skin and are 

replenished through epidermal stem cells and proliferation of cells in the basal layer.  

I- Epidermal stem cells 

To replenish the tissue in case of cell loss, to maintain tissue homeostasis and to ensure self-

renewal, epidermal stem cells can undergo two types of cell division. Symmetric division gives 

rise to two identical daughter cells both endowed with stem cell properties. An asymmetric 

division, on the other hand, produces one daughter cell retaining the stem cell characteristics and 

a progenitor cell, which can undergo a limited number of cell divisions before going through 

differentiation into a more mature cell, and migrating to the upper layers of the epidermis (Fig. 

14). However, progenitor (or transient amplifying) cells may not be a distinct cell population, but 

rather a part of a continuum between cells of high self-renewal probability and cells that have 

initiated terminal differentiation (Jones et al., 2007; Niemann and Watt, 2002). 

 

                                                                                                                                                                                                                                                                             

 
 

Figure 14: Asymmetric division of epidermal stem cells, giving rise to a stem cell and a progenitor cell committed to 

deferentiation. 

 

Perhaps the most universally accepted criteria for keratinocyte stem cells are that they are 

normally undifferentiated and slow-cycling in vivo; that they can self-renew and are responsible 

for the long-term maintenance of the tissue; that they can regenerate the tissue; and that they 

Early 

progenitors 

Differentiation 

Stem cells 

Late 

progenitors 

Differentiation 

http://en.wikipedia.org/wiki/Cell_differentiation
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have a high proliferative potential. They have the ability to initiate colonies in specific culture 

conditions (Rheinwald and Green, 1975) exhibiting strong growth potential in vitro (Barrandon 

and Green, 1987b). The slow-cycling attribute is of a great importance because it preserves the 

cell’s proliferative potential and minimizes DNA replication errors. The slow cycling cells can 

be identified experimentally as the “label-retaining cells” (LRCs). This is done by long-term 

labeling of all the cells with a DNA precursor such as 
3
H-thymidine or bromodeoxyuridine 

(BrdU), followed by a chase period. Tissue stem cells are quiescent and will retain a DNA 

synthesis label, while the label is diluted out in more mature dividing cells during the chase 

period. These cells retaining the label over long period of time are LRCs and have been 

identified as stem cells (Morris RJ., Potten CS., 1994, Cell Prolif). Murine interfollicular 

keratinocyte stem cells were the first stem cell population to be visualized in situ as so called 

LRCs (Bickenbach, 1981; Mackenzie and Bickenbach, 1985). The LRC approach was also used 

in the original identification of hair follicle stem cells in the bulge region by Cotsarelis et al. 

(1990). Recent evidence suggests however that LRCs could be an underestimation of the actual 

stem cell pool (Barker et al., 2007). The epidermis and its appendages contain keratinocyte stem 

cells that are able to initiate colonies in vitro (Rheinwald and Green, 1975; Rochat et al., 1994). 

Through clonal analysis using manual Pasteur pipette, Barrandon and Green (1987b) subdivided 

those keratinocytes colony-forming cells (K-CFCs) in three classes according to their expansion 

potential in culture: holoclones, meroclones and paraclones. Holoclones consistently founded 

large keratinocyte colonies with the greatest cell regenerative capacity in long-term culture, and 

therefore are thought to arise from stem cells. Paraclones gave rise to aborted colonies and 

underwent differentiation. Meroclones had an intermediate proliferative capacity between 

holoclones and paraclones, and therefore are supposed to arise from TA cells.  

 

II- Stem cell-like Side Population 

As stem cells are very important to the organism it is not surprising that they are thought to have 

very efficient membrane pumps to enable them to protect themselves from influx of potentially 

harmful chemicals. Certain cell types are known to have highly efficient pumps for the dyes 

Rhodamine 123 and Hoechst 33342 (a DNA-binding dye that binds preferentially to A-T rich 

regions of DNA) in particular. This property is also exploited in the identification of putative 

stem cells in a variety of human and murine cell types. Although Hoechst is able to enter live 
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cells, it is also actively pumped out by ABC (ATP-Binding Cassette) transporters which include 

p-glycoprotein and ABCG2 in human cells.  These transporters may also be specifically inhibited 

by agents such as verapamil and reserpine. Margaret Goodell's group (Goodell et al., 1996) was 

the first to identify a population of cells in bone marrow that appears particularly effective at 

pumping out the Hoechst dye.  These 'side population' or SP cells have been shown to possess 

stem cell characteristics (a lineage negative phenotype, enriched long-term culture initiating 

cells). The “side population” of Hoechst33342
dim

 epidermal cells has been identified by many 

laboratories (Terunuma et al 2003, Triel et al 2004). However, Larderet et al. (Larderet et al., 

2006) have shown that the SP human keratinocytes isolated from primary cultures exhibited an 

increased colony-forming efficiency and produced more actively growing colonies in short-term 

cultures. They also demonstrated that in long-term cultures, these cells exhibited an extensive 

expansion potential, and kept the long term capacity to form a pluristratified epidermis when 

seeded on a dermal substrate.  

III- Different types of skin stem cells 

The physiologic function and homeostasis of the skin are maintained by at least six different 

types of adult stem cells, able to generate more than twenty-five lineages (Fig. 15). Epidermal 

stem cells have been the most extensively studied last decades. They are located in four different 

regions of the skin: the basal layer of the epidermis for the stem cells giving rise to interfollicular 

stratified epidermis (Fig. 15, 1), the sebaceous gland for the stem cell generating the sebaceous 

lineage (Fig. 15, 2), the upper region of the hair follicle called the bulge (Fig. 15, 3 and 5), the 

lower region of the hair follicle (Fig. 15, 6) and the sweat gland for its own lineage (Fig. 15, 4). 

Among the sites containing stem cells which generate epidermal lineages, the bulge region of the 

hair follicle contains the highest number of easily accessible stem cells (Kobayashi et al., 1993; 

Rochat et al., 1994). Stem cells are distributed more sparsely in the interfollicular epidermis, as 

well as in both sebaceous and sweat glands. They are therefore more difficult to study in the 

latter locations. Hair follicle stem cells are able to generate the entire hair follicle, sebaceous 

glands and the epidermis under certain conditions such as wound healing (reviewed by Potten, 

2004 and Cotsarelis, 2006). It is also interesting to note that an important part of the innervations 

of the skin terminates around the bulge region of the hair follicle. (Botchkarev et al., 1999). The 

presence of a melanocyte stem cell niche in the hair follicle bulge from where they migrate down 
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to the hair bulb to fulfil their pigmentation function has been described by Nishimura et al., 

2002. Mesenchymal stem cells can be found at the lower end of the hair follicle called the bulb. 

Then, haematopoietic, neural and endothelial stem cells are present in the dermis (Toma et al., 

2001; Amoh et al., 2004; Amoh et al., 2005) and are necessary throughout life. Mature neurons 

can be differentiated from skin-derived multipotent stem cells (Gingras et al, 2007). In the skin, 

major signalling pathways like Wnt/β-catenin (Silva-Vargas et al., 2005; Watt et al., 2006), Shh, 

Notch (Nicolas et al., 2003) and BMPs are implicated in intercellular communication and in stem 

cell fate determination. TNFα and EGF act on migration of epithelial stem cells (Barrandon and 

Green, 1987a). This particular aspect of epidermal stem cell biology has recently been 

extensively reviewed (Blanpain and Fuchs, 2006; Alonso and Fuchs, 2003). 

 

 

Figure 15: Location of stem cells in the 

skin. Skin stem cells are located in the 

epidermis, the hair follicles, the sweat 

glands and the dermis generating more 

than 25 lineages. Epidermal stem cell (1), 

sebaceous stem cell (2), hair follicle stem 

cell (3), sweat gland stem cell (4), 

melanocyte stem cell (5), mesenchymal 

stem cell (6), neural stem cell (7), and 

endothelial stem cell (8). From Brouard 

and Barrandon, 2003. 

 

 

It has been accepted for many years that the epidermis contains stem cells that are responsible for 

replacing the differentiated cells of the IFE, HFs and SGs. However it has recently become 

apparent that there are multiple populations of stem cells (Brouard and Barrandon, 2003).  

Stem cells in the interfollicular epidermis (IFE) 

It has been noted that within the basal layer of the epidermis there is heterogeinity in cell cycle 

time, and this is consistent with the fact that stem cells divide infrequently, while the progenitor 

cells undergo a certain number of cell division before withdrawing from the cell cycle and 

undergoing terminal differentiation in the suprabasal cell layers. Lineage tracing experiments 

performed in both human and mouse epidermis demonstrated that the IFE is organized into 
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discrete units of proliferation, known as epidermal proliferative units (EPU) (Ghazizadeh and 

Taichman, 2001; Kolodka et al., 1998; Mackenzie, 1997; Ro and Rannala, 2005, Jensen et al., 

2009). Nevertheless, the model that IFE is organized into self-limiting EPU is not supported by 

recent lineage tracing and clonal analysis (Clayton at al., 2007; Jones et al., 2007). In the basal 

layer of human and mouse IFE, there is proliferative potential heterogeneity between stem and 

progenitor cells. This was demonstrated by the clonal growth assays of cultured human 

epidermal cells (Barrandon & Green, 1987; Jones & Watt, 1993; Jones et al, 1995), and therefore 

has led to the identification of a number of markers that enrich for highly clonogenic cells, the 

putative stem cells, including high expression of β1 integrins and the EGF receptor antagonist 

Lrig1 (Jensen & Watt, 2006; Jones & Watt, 1993; Jones et al, 1995, 2007). These markers 

enabled the clustering of stem cells (Jensen & Watt, 2006; Jensen et al, 1999; Jones et al, 1995) 

within a specific microenvironment protecting them against terminal differentiation stimuli, such 

as Notch activation (Estrach et al, 2007; Jensen et al, 1999; Lowell et al, 2000; sGurdon, 1988). 

Hair follicle (HF) stem cells 

Within the hair follicle, the best characterized stem cell compartment lies in the bulge, the lower 

permanent part of the hair follicle (Cotsarelis et al., 1989, 1990; Oshima et al., 2001). Mouse 

bulge cells express a number of markers, including K15 and CD34 (Lyle et al., 1998; Morris et 

al., 2004). Markers expressed in the human bulge have also been documented, including CD200, 

follistatin and frizzled homologue 1 (Ohyama et al., 2006). The hair follicle (HF) is organized 

into different concentric layers of cells. In contrast to the continuous renewal of the IFE, HF 

alternates cycles of growth and degeneration. At the end of morphogenesis, when HF reach their 

final size, matrix cells located at the base of the HF cease to proliferate, and undergo apoptosis, 

which induces the degeneration of the lower two-thirds of the HF. After this degenerative stage 

(catagen phase), HF stem cells (SC) enter in a quiescent stage (telogen phase). At the start of the 

first hair cycle, quiescent bulge SC are stimulated by signals coming from the underlying 

mesenchyme, they exit from the SC niche, and proliferate actively to provide the cells that will 

re-form the new hair (anagen phase). The mature hair follicle contains seven concentric layers of 

differentiated cells: the outer root sheath, which is contiguous to the basal layer of the IFE, the 

companion layer, 3 layers of cells forming the inner root sheath, which forms the channel of the 

hair and 3 layers of cells forming the hair shaft. The matrix cells located at the base of the hair 
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follicle represent the transient-amplifying cells of the HF, which differentiate into the inner root 

sheath and the hair shaft cells (Blanpain and Fuchs, 2006). When bulge cells were transplanted 

onto immunodeficient mice, bulge cells can differentiate into all cell lineages of the skin 

epidermis including HF, IFE and SG, demonstrating that bulge region contains stem cells with 

different potential lineages (Oshima et al., 2001). This was also demonstrated by clonal analysis 

of bulge stem cells (Blanpain et al., 2004; Claudinot et al., 2005) and by fate mapping studies 

(Ito et al., 2007; Morris et al., 2004; Tumbar et al., 2004). Interestingly, these studies also 

demonstrate that during adult homeostasis, there is a little if any contribution of bulge SC to the 

maintenance of IFE (Levy et al., 2005; Morris et al., 2004). However, upon wounding, bulge SC 

are activated, and migrate rapidly toward the skin lesions and participate actively in the repair of 

epidermis (Ito et al., 2007; Levy et al., 2007; Nowak et al., 2008; Taylor et al., 2000). After the 

completion of epidermal repair, the flux of bulge cells stops, and the bulge cells that had 

migrated in the IFE will progressively disappear overtime (Ito et al., 2007). 

Infundibulum or upper isthmus stem cells 

Recently, another population of SC was identified in the infundibulum (the portion of the 

epidermis that connects the HF to the IFE), a region located above the bulge but below the SG, 

within the upper isthmus (UI) (Nijhof et al., 2006). These cells were identified by their 

expression of MTS24 a cell surface marker (Nijhof et al., 2006); they also have low α6-integrin 

expression and lack CD34 and Sca-1 (Jensen et al., 2008, 2009). Moreover, transplanted UI cells 

reformed all three epidermal lineages (HF, IFE and SG) suggesting that UI SC may even be 

multipotent SC (Jensen et al., 2008; Nijhof et al., 2006). Further studies are needed to better 

characterize the respective contributions of these newly identified epidermal SC to the overall 

skin epidermis homeostasis. 

Sebaceous gland (SG) stem cells 

In addition to the bulge and IFE SC, there is accumulating evidence that other types of epidermal 

progenitors participate in the homeostasis of other epidermal compartments such as the SG. 

Transplantation experiments have suggested the existence of unipotent sebaceous lineage 

progenitors (Ghazizadeh and Taichman, 2001). One proposed marker of SG stem cells is the 
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transcriptional repressor, Blimp1 (Horsley et al, 2006). Although Blimp1 is also expressed in the 

IFE and HF (Lo Celso et al, 2008), loss of Blimp1 primarily affects the SG (Horsley et al, 2006) 

inducing increased Myc expression and thus SG hyperplasia and enhanced proliferation in the 

bulge stem cell compartment. It is proposed that when normal SG homeostasis is perturbed by 

loss of Blimp1, bulge stem cells are mobilized to migrate upwards and replenish the SG 

compartment (Horsley et al, 2006). 

Junctional zone stem cells 

Lrig1 was identified as a marker of human IFE stem cells by single cell gene expression profiling 

(Jensen & Watt, 2006). In adult mouse epidermis, the Lrig1 positive population is located in the 

junctional zone between the IFE, SG and bulge (Fig. 19) and expresses Lgr6 but not Lgr5 and 

CD34. In skin reconstitution assays, the Lrig1 positive population is as effective as CD34 

positive bulge cells in giving rise to IFE, SG and HF. However, lineage tracing shows that in 

homeostatic conditions these junctional zone stem cells are only bipotent, contributing to the SG 

and IFE (Jensen et al, 2009). 

IV- Markers 

Defining markers for stem cells is one of the major controversies in the field. Various studies 

focused their attention on the identification of a molecular expression pattern that is specific to 

epidermal stem cells. α6 integrin high and CD71 low (Tani et al., 2000), CD34 (Trempus et al., 

2003; Blanpain et al., 2004), Keratin 15 (Lyle et al., 1998), CD133 (Yu et al., 2002), MTS24 

(Nijhof et al., 2006) and p63 (Pellegrini et al., 2001) have been considered potential stem cells 

markers. Technique to determine a universal stem cell trait include the use of Hoechst staining so 

as to isolate a side population of cells which exhibit stem cell-like characteristics (Dunnwald et 

al., 2001; Liang and Bickenbach, 2002; Redvers et al., 2006). None of the methods described 

above allows a pure enrichment of the stem cell population. Epidermal stem cells isolation using 

markers has not reached a consensus yet and this issue deserves further investigation. 

Although several characteristics such as capacity of self-renewal and multipotency have been 

defined for the epidermal SCs, the determination of a specific marker or combination of markers 

that would assist in their direct identification within the epidermis is still focus of much interest. 
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Below we summarize results on some specific factors and signaling pathways that have been 

used in the enrichment of a cell population with epidermal SCs. 

Integrins  

Notwithstanding the important structural and regulatory roles that integrins (β1 and α6β4) have 

in the epidermis, there are questions with regard to their specific role as SC markers. In the 

epidermis, basal cells are maintained in a spatio-temporal orientation by attachment to the basal 

lamina through hemidesmosomes, anchorages formed by laminin 5 from the basal lamina and 

integrin α6β4 that are intracellularly linked to the keratin cytoskeleton (Borradori and 

Sonnenberg, 1999). The α6β4 integrin is associated with the basal surface, whereas the α2β1 and 

α3β1 integrins are associated with the lateral (mainly) and basal (minor) surfaces of epidermal 

basal cells (DeLuca et al., 1990). 

Li et al. (1998) reported that high levels of α6 integrin and low expression of the transferrin 

receptor is a combination that identifies epidermal SCs characterized by a long-term proliferative 

capacity. Basal keratinocytes with the cell surface phenotype α6
bri

CD71
dim

 exhibit many 

characteristics predicted of epidermal stem cells such as quiescence, small blast-like 

morphology, and the greatest long-term cell regenerative output in vitro. This isolation strategy 

using the latter combination of markers was the only one for which serial transplantation 

potential could be demonstrated, as the human α6
bri

CD71
dim

 keratinocytes could participate in 

three serial epidermis reconstructions in immune-compromised mice (Terunuma et al., 2007). 

Furthermore, an interesting study demonstrated that the rapidly adhering (integrin bright, 

Adh
+++

) cells from neonatal human epidermis could be fractionated into cells with greater 

proliferative potential in vitro on the basis of low levels of EGF receptor expression (Fortunel et 

al., 2003). Fortunel compared the tissue regenerative capacity of the Adh
+++

EGFR
hi

 versus the 

Adh
+++

EGFR
low

 cells in organotypic cultures, and found that the cells capable of tissue renewal 

were within the EGFR
low

 population, suggesting enrichment for keratinocyte stem cells. 

Another proposed epidermal SC marker is β1 integrin, which is expressed throughout the basal 

layer of the epidermis, and its expression is downregulated in keratinocytes that have initiated 

the differentiation program. Utilizing human keratinocytes and IFE, it is possible to enrich for 

cells with SC qualities by selecting those with high levels of β1 integrin expression (Jones and 
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Watt, 1993; Jones et al., 1995). Furthermore, these cells were identifiable as rapidly adhering 

keratinocytes, represent stem cells owing the absence of K10 staining and lack of BrdU 

incorporation ex vivo, indicating their slow-cycling status (Jensen et al., 1999). 

p63 

p63 belongs to the p53 family of transcription factors, with p53 having a well-established role as 

a tumour suppressor gene (Yang et al., 2002). The role for p63 in epidermis was demonstrated by 

ablating it during embryonic development. This leads to prenatal lethality with a lack of all 

stratified epithelia, (Yang et al., 1999; Mills et al., 1999) and to human ectodermal dysplasias 

(Celli et al., 1999; van Bokhoven et al., 2001). The implications are that functional p63 is 

essential for commitment of the ectoderm to epidermal lineages (Mills et al., 1999) and/or for 

maintenance of the epidermal SC population necessary for epithelial morphogenesis and renewal 

(Yang et al., 1999; Pellegrini et al., 2001). p63 is expressed mainly in the basal layer of the 

epidermis, predominantly as the ΔNp63α isoform (the N-terminal transactivation domain is 

absent) (Yang et al., 1998). 

Wnt signaling, β-catenin and c-Myc 

β-Catenin is a multifunctional protein that plays important roles during embryonic development 

and neoplasia as a mediator of the Wnt signaling pathway. When the Wnt pathway is quiescent, 

β-catenin participates only in adherens junctions. When β-catenin moves into the cytoplasmic 

compartment it gets phosphorylated and targeted for ubiquination and degradation. Under certain 

circumstances, such as the activation of the Wnt pathway, phosphorylation of cytoplasmic β-

catenin is inhibited, leading to an accumulation of stabilized cytoplasmic protein. As a 

consequence, enough β-catenin can translocate to the nucleus where it binds Tcf/Lef 

transcription factors and regulates transcription (Fig. 16) (Merrill et al., 2001; Jamora and Fuchs, 

2002; Alonso and Fuchs, 2003; Jamora et al., 2003). Using diverse mouse models it was 

demonstrated that the Wnt pathway is involved in regulating SC fate decisions, with the level of 

β-catenin correlating with different epidermal SC fates (Huelsken et al., 2001). One of the 

downstream targets of the β-catenin transcriptional pathway is the oncogene c-Myc (Honeycutt 

and Roop, 2004). c-Myc is required for transition from the G1 to the S phase of the cell cycle 

and it promotes the proliferation of epidermal TA cells. However, deregulation of c-Myc 
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transcription depletes epidermal SCs, with the consequent inability of SCs to react to injury 

(Waikel et al., 1999, Arnold and Watt, 2001, Frye et al., 2003). Furthermore, targeted 

overexpression of c-Myc in basal keratinocytes leads to impairment of keratinocyte migration 

and inhibition of wound healing (Waikel et al., 2001). The majority of genes suppressed by c-

Myc in epidermis encode cell adhesion and cytoskeleton proteins, resulting in profound changes 

in keratinocyte adhesion and motility. Lastly, c-Myc can redirect epidermal cells to exit the SC 

compartment and differentiate into sebocytes and IFE at the expense of the hair lineages (Frye et 

al., 2003), uncovering an additional role for c-Myc in epidermal SC fate determination.  

 

Figure 16: In the absence of active WNT (a), -catenin is degraded, and prospective target genes are in a repressed 

state. If WNT signalling (b) is active, -catenin degradation is reduced. As -catenin accumulates, it enters the 

nucleus, binds to T-cell factor (TCF)- and lymphoid enhancer-binding protein (LEF)-family transcription factors and 

activates transcription. The components shown are described in more detail in the text; additional pathway 

components are described on web sites that are linked to the main text. APC, adenomatous polyposis coli; -cat, -

catenin; CBP, CREB-binding protein; CK, casein kinase; DKK, Dickkopf; DSH, Dishevelled; GBP, GSK3-binding 

protein; GSK, glycogen synthase kinase; LRP, LDL-receptor-related protein; P, phosphorylation; sFRP, secreted 

Frizzled-related protein; TCF,  T-cell factor (Randall T et al., 2004). 
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Rac-1 

Rac-1 is thought to be essential for stem cell maintenance and its loss results in their depletion. 

In fact, the deletion of Rac-1 has been shown to cause an initial increase in epidermal 

proliferation followed by an impressive reduction in interfollicular epidermal tissue, particularly 

the proliferative basal layer, as well as hair follicles and sebaceous gland tissue (Benitah et al, 

2005). 

Delta1: ligand of Notch1 

Notch1 is a receptor expressed in all the layers of the IFE, with higher levels of expression in the 

suprabasal layers, and is thus thought to play a role in the differentiation of the cells. In fact, the 

activation of Notch1, due to the interaction with one of its ligands, Delta1, induces the 

transcription of several genes implicated in the developmental processes. Unlike Notch1, Delta1 

is found overexpressed in the basal layer, with an expression two fold higher in the stem cells 

than in the progenitors (Lowell et al., 2000). Therefore, it is thought that Delta1 have a paracrine 

effect inducing the differentiation of the neighboring cells (Rangarajan et al., 2001). These 

findings tend to consider Delta1 as a marker of epidermal stem cells. 

V- Skin stem cells and therapeutic applications 

Why are epidermal stem cells so important for patient health? Tissue-engineering skin has been 

one of the most promising fields of biomedical research for years (McNeil, 2007). The scope of 

skin cell therapy extends from healing large full thickness burns to treating blistering diseases, 

incurable skin ulcers, vitiligo, melanomas, psoriasis and pathologic wound healing. Many 

disabling genetic skin diseases could benefit from cell therapy. These diseases often result from 

structural protein deficiency and may be cured by insertion of a functional gene in expanded 

autologous epidermal stem cells (Chen et al., 2002). Interesting results have been achieved by 

Mavilio et al. (2006) in a pioneering clinical trial, who corrected a patient’s junctional 

epidermolysis bullosa for the first time. Another application for epidermal stem cells that has 

been used for already more than 25 years is the treatment of severely burned patients. The 

autologous skin grafting, consisting in the removal of a piece of skin from unaffected tissue and 

its transplantation to the wound area, is the most viable and technique for the treatment of 

extensive skin injuries. Nevertheless, this approach has important limitations: only a limited 
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fraction of the skin can be repaired by this method and it creates additional injuries at the donor 

sites. For these reasons, researchers look for alternative methods to treat severe skin injuries. In 

the eighties, Green and colleagues discovered that human keratinocyte SC could be propagated 

in vitro when culture on fibroblast feeder cells (Green et al., 1979; Rheinwald and Green, 1975, 

1977). The fibroblasts of the feeder layer create, through the secretion of extracellular matrix and 

growth factors, an artificial niche particularly suitable for the proliferation of epidermal stem 

cells. These cultured human keratinocyte SC can therefore differentiate and reform a functional 

skin barrier that can be transplanted into patients. The grafted skin is well differentiated and 

similar to non-grafted skin except for the lack of epidermal appendages (hair follicle, sweat and 

sebaceous glands), leading to important mechanical, functional and aesthetic concerns. Hair 

follicle morphogenesis and regeneration are critically dependent on the interaction between 

epidermal SC and specialized cells from the underlying mesenchyme, called the dermal papilla 

(DP) cells (Jahoda et al., 1984). To achieve HF regeneration in grafted epidermal sheets coming 

from cultured epidermal SC, DP cells will need to be transplanted together with epidermal cells. 

Recently progress has been accomplished to this end by the purification and genetic profiling of 

DP cells (Rendl et al., 2005), and the identification of BMP-6 as one of the critical factors 

expressed by DP cells to maintain its hair follicle inducing activity in vitro and in vivo (Rendl et 

al., 2008). An important amount of work remains to be undertaken in order to understand the 

complex mesenchymo-epithelial interactions leading to the morphogenesis of epidermal 

appendages. 

VI- Epidermal stem cells plasticity 

Although the differentiation potential of adult SC is usually restricted to mature cells of their 

tissue of origin (Wagers et al., 2002; Wagers and Weissman, 2004), nuclear reprogramming of 

more committed cells into pluripotent SC can be now achieved using different methods 

(Hochedlinger and Jaenisch, 2006; Yamanaka, 2007). Nuclear transfer of isolated epidermal cells 

demonstrated that multipotent bulge SC could be more easily reprogrammed to pluripotent state 

than more committed epidermal cells (Li et al., 2007). Epidermal stem cells have the potential to 

regenerate epidermis, and if stimulated adequately, develop different cell types and tissues 

(Liang and Bickenback, 2002). It was reported that human skin-derived stem cells are capable of 

neural differentiation (Bellichi et al., 2004, Joannides et al., 2004). Furthermore, keratinocytes 
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derived from embryonic stem cells seeded on extracellular matrix in the presence of bone-

morphogenic protein-4 (BMP-4) or ascorbate can form an epidermal equivalent with its stratified 

epithelium (Coraux et al., 2003). A major breakthrough came with the demonstration that 

exogenous addition of only four transcription factors (Oct4, Sox2, Myc and Klf4) were able to 

reprogram mature differentiated cells including fibroblast (Takahashi et al., 2007; Takahashi and 

Yamanaka, 2006), lymphocytes (Hanna et al., 2008) or liver cells (Aoi et al., 2008) into 

pluripotent embryonic SC, with the ability to differentiate into all cells of the body. The higher 

efficiency of bulge SC to be reprogrammed to pluripotent state by nuclear transfer (Li et al., 

2007), together with their enormous expansion potential in vitro (Barrandon, 2007), suggest that 

bulge cells or other keratinocyte SC could be the ideal source of cells for nuclear reprogramming 

into pluripotent embryonic stem cells and the re-differentiation of these cells toward the cell 

types such as neurons, cardiac cells, hepatocytes, or pancreas cells that are defective or missing 

in human diseases. 

VII- Response to injury and the wound healing process 

In normal skin, the epidermis and dermis exists in steady-state equilibrium, forming a protective 

barrier against the external environment. Once the protective barrier is broken, the normal 

(physiologic) process of wound healing is immediately set in motion. The entire process is a 

complex series of events that begin at the moment of the injury and can continue for weeks or 

months, depending on the depth, size, type and location of the wound. The classical model of 

wound healing is divided into several sequential phases. However, the last phase, the 

epithelialization, implicates the migration of keratinocytes. During this step, cells migrate from 

the wound margins, divide and ultimately seal the wound. Epithelialization can only occur in the 

presence of viable vascular tissue. Epithelial cells will not migrate across a dry surface or 

necrotic tissue. Therefore, these cells play an important role in the wound healing process.  

The keratinocyte activation cycle 

Keratinocytes present the body first line of defense from the outside environment and as such 

they are the first responders to injury; keratinocytes become activated by secreting and 

responding to various cytokines and growth factors, such as epidermal growth factor (EGF), 

keratinocyte growth factor (KGF), interleukin-8 (IL-8), interferon γ (IFNγ), tumour necrosis 
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factor α (TNFα) and transforming growth factor β (TGFβ) (Werner et al, 1994; Zambruno et al, 

1995; Abraham and Klagsburn, 1996; Nanney and King, 1996). During the process of tissue 

repair, keratinocytes also undergo significant changes of their junctions and adhesion molecules 

(such as expression of vitronectin, fibronectin receptors and integrin α5β1) in order to allow the 

keratinocyte migration (Cavani et al, 1993; Haapasalmi et al, 1996; Singer and Clark, 1999). One 

of the markers of activated epidermal keratinocytes is the expression of keratins K6 and K16 

(Jiang et al, 1993; Komine et al, 2000; 2001) (Fig. 17). It was more likely believed that, because 

of their mitotic ability, basal keratinocytes rather than keratinocytes already committed to 

differentiation take part during wound healing (Galvin et al, 1989). However, recent studies 

showed that epidermal stem cells, transient amplifying and early differentiated cells have the 

ability of forming a fully differentiated stratified epidermis both in vivo and in vitro (Li et al, 

2004). Nonetheless, a differentiated keratinocyte regenerative potency cease once keratinocytes 

process profilaggrin to filaggrin indicating irreversible commitment to terminal differentiation 

(Presland et al, 2001). Once the wound healing is completed, ending of the keratinocyte 

activation cycle can be induced by factors such as corticosteroids. The latter act as dominant 

inhibitors to EGF leading to suppression of K6/K16 expression as well as keratinocyte migration 

(Lee and Tomic-Canic, 2002; Muller-Decker et al, 2002). 

 

Figure 17: In the acute wound, keratinocytes become activated (pink), and release/respond to various pro-

inflammatory cytokines and growth factors. In response to these stimuli, keratinocytes from the basal and suprabasal 

layers start proliferating and migrating. Red triangles demarcate the point of irreversible commitment of 

keratinocytes to differentiation after which they are unable to participate in the wound healing response (Morasso 

and Tomic-Canic, 2005). 

 

Other types of injury to which stem cells have evolved a response system include endogenous 

damage as well as exogenous damage such as UV and ionizing radiation. We will focus herein 

on the response of the stem cells to ionizing radiation.  
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Chapter 4: Stem cells response to ionizing radiation 
 

I-General features on ionizing radiation  

Ionizing radiation consists of subatomic particles or electromagnetic waves that are energetic 

enough to detach electrons from atoms or molecules, ionizing them. The occurrence of ionization 

depends on the energy of the impinging individual particles or waves, and not on their number. 

Examples of ionizing particles are energetic alpha particles, beta particles, and neutrons. The 

ability of electromagnetic waves (photons) to ionize an atom or molecule depends on their 

wavelength. Radiation on the short wavelength end of the electromagnetic spectrum (X-rays, and 

gamma rays) is ionizing. Ionizing radiation comes from radioactive materials, X-ray tubes, 

particle accelerators, and is present in the environment. It is invisible and not directly detectable 

by human senses. It has many practical uses in medicine, research, construction, and other areas, 

but presents a health hazard if used improperly. Exposure to radiation causes damage to living 

tissue, resulting in skin burns, radiation sickness and death at high doses and cancer, tumors and 

genetic damage at low doses. 

Alpha (α) radiation consists of a fast moving Helium-4 (
4
He) nuclei and is stopped by a sheet of 

paper. Beta (β) radiation, consisting of electrons, is halted by an aluminium plate. Gamma (γ) 

radiation, consisting of energetic photons, is eventually absorbed as it penetrates a dense 

material. Neutron (n) radiation consists of free neutrons which are blocked using light elements, 

like hydrogen, which slow and/or capture them. 

The amount of damage done to living tissue by ionizing radiation is more closely related to the 

amount of energy deposited rather than the charge. This is called the absorbed dose. 

 The Gray (Gy), with units J/kg, is the SI unit of absorbed dose, which represents the 

amount of radiation required to deposit 1 joule of energy in 1 kilogram of any kind of 

matter. 

 The rad (Roentgen absorbed dose), is the corresponding traditional unit which is 0.01 J 

deposited per kg. 100 rad = 1 Gy. 

http://en.wikipedia.org/wiki/Systeme_International
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Equal doses of different types or energies of radiation cause different amounts of damage to 

living tissue. For example, 1 Gy of alpha radiation causes about 20 times as much damage as 1 

Gy of x-rays. Therefore the equivalent dose was defined to give an approximate measure of the 

biological effect of radiation such as the Sievert (Sv). 

 II- Sources 

Natural background exposure 

Natural background radiation comes from four primary sources: cosmic radiation, solar 

radiation, external terrestrial sources, and radon. 

Human-made radiation sources 

Natural and artificial radiation sources are similar in their effects on matter. Medical procedures, 

such as diagnostic X-rays, nuclear medicine, and radiation therapy are by far the most significant 

source of human-made radiation exposure to the general public. Some of the major radionuclides 

used are I-131, Tc-99, Co-60, Ir-192, and Cs-137. These are rarely released into the environment. 

The public also is exposed to radiation from consumer products, such as tobacco (Polonium-

210), building materials, combustible fuels (gas, coal, etc.), ophthalmic glass, televisions, 

luminous watches and dials (Tritium), airport X-ray systems, smoke detectors (Americium), road 

construction materials, electron tubes, fluorescent lamp starters, and lantern mantles (Thorium).  

In a nuclear war, gamma rays from fallout of nuclear weapons would probably cause the largest 

number of casualties. Immediately downwind of targets, doses would exceed 300 Gy per hour. 

As a reference, 4.5 Gy (around 15,000 times the average annual background rate) is fatal to half 

of a normal population, without medical treatment. Occupationally exposed individuals are 

exposed according to the sources with which they work. The radiation exposure of these 

individuals is carefully monitored with the use of pocket-pen-sized instruments called 

dosimeters. 
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 III- Biological and medical applications 

In every day life, radiation is mainly used for radiation therapy, medical screening and 

sterilization of tools, equipment and food. Electrons, x rays, gamma rays or atomic ions may be 

used in radiation therapy to treat malignant tumors (cancer). Furthermore, just like in industrial 

application, x rays can also be used in radiography to create images of hard-to-image objects, 

such as inside one's body. However, although ionizing radiation has many applications, overuse 

can be hazardous to human health. For example, at one time, assistants in shoe shops used X-

rays to check a child's shoe size, but this practice was halted when it was discovered that ionizing 

radiation was dangerous. 

Effects of ionizing radiation on cells 

The biological effects of radiation result mainly from the damage done to DNA. This may result 

in a variety of outcomes including: 

- Cells experience DNA damage and are able to detect and repair the damage. 

- Cells experience DNA damage and are unable to repair the damage. These cells may go 

through the process of programmed cell death, or apoptosis, thus eliminating the potential 

genetic damage from the larger tissue. 

- Cells experience a nonlethal DNA mutation that is passed on to subsequent cell divisions. 

This mutation may contribute to the formation of a cancer. 

Damaged DNA not only affects the cell’s ability to fulfill its differentiated role and produce 

specific proteins, but, more importantly, it affects the cell’s ability to replicate and the integrity 

of that replication. If a cell with damaged DNA still manages to replicate, the DNA of the 

daughter cells will be damaged, like that of the parent cell. If DNA is the critical target, it is 

logical, that for different stages of the cell cycle to have different degrees of sensitivity to 

radiation because the amount of DNA in the cell changes during the cell cycle. Cells are least 

sensitive to radiation during the synthesis (S) phase, presumably because cells’ machinery for 

repairing DNA damage is most active and attainable during this phase, and they are most 

sensitive to radiation during mitosis (M phase) because the DNA has been replicated and the cell 
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is dividing. Rapidly dividing cells spend more time in the M phase and are, therefore, more 

sensitive to radiation than cells that divide infrequently or not at all. 

Other observations at the tissue level are more complicated. In some cases, a small radiation dose 

reduces the impact of a subsequent, larger radiation dose. This has been termed an 'adaptive 

response' and is related to hypothetical mechanisms of hormesis. 

Hormesis 

Radiation hormesis is the unproven theory that a low level of ionizing radiation (i.e. near the 

level of Earth's natural background radiation) helps "immunize" cells against DNA damage from 

other causes (such as free radicals or larger doses of ionizing radiation), and decreases the risk of 

cancer. The theory proposes that such low levels activate the body's DNA repair mechanisms, 

causing higher levels of cellular DNA-repair proteins to be present in the body, improving the 

body's ability to repair DNA damage. This assertion is very difficult to prove in humans (using, 

for example, statistical cancer studies) because the effects of very low ionizing radiation levels 

are too small to be statistically measured amid the "noise" of normal cancer rates. 

Bystander effect 

Traditional cell damage is currently based on the theory that a cell is damaged only if radiation 

traverses the cell. Damage to the DNA can include base damage, SSB, DSB, and crosslinks 

within the DNA. Also, damage to the cell can be shown through activation of specific proteins, 

serious chromosomal damage such as micronuclei formation or chromatin bridges, cell cycle 

arrest, or cell death via apoptosis or necrosis when damage cannot be repaired. It has been 

traditionally thought that damage must occur to the nuclear DNA in order to have cell damage. 

However, in the past decade, there has been evidence by several independent research groups 

that indicates higher damage within cell cultures than expected based on the number of cells 

traversed by the radiation, and the term bystander effect has been coined (Nagasawa and Little, 

1999; Lyng at al., 2000). The bystander effect is the observation that non-irradiated cells near a 

cell traversed by radiation also express biological responses such as DSB, micronuclei, genomic 

instability, and cell cycle arrest. The bystander effect was first shown by Nagasawa and Little 

when they irradiated only 1% of the cell population with alpha-particules but saw chromosome 
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damage via sister chromatid exchanges in up to 30% of the cell population (Nagasawa and Little, 

1999). 

IV- Radiosensitivity 

Radiosensitivity is the relative susceptibility of cells, tissues, organs or organisms to the harmful 

effect of ionizing radiation. It is thought that cells are least sensitive when in the S phase, then 

the G1 phase, then G2 phase and the most sensitive in the M phase of the cell cycle. This is 

described by the law of Bergonie and Tribondeau, formulated in 1906: "X-rays are more 

effective on cells which have a greater reproductive activity." From their observation, they 

concluded that quickly dividing tumor cells are generally more sensitive than the majority of 

body cells. This is not always true. Tumor cells can be hypoxic and therefore less sensitive to X-

rays that mediate most of their effects through free radicals produced by ionizing oxygen. Very 

sensitive cells are also oocytes and lymphocytes, although they are resting cells and do not meet 

the criteria described above. The reasons for their sensitivity are not clear. 

The damage of the cell can be lethal (the cell dies) or sublethal (the cell can repair itself). The 

effects on cells can be deterministic and stochastic. 

Deterministic effects have a threshold of irradiation under which they do not appear and are the 

necessary consequence of irradiation. The damage they cause depends on the dose: they are 

sublethal from 0,25 to 2 Sv (a less pronounced form of disease), lethal from 2 to 5 Sv (a certain 

percent of population dies in 60 days), above 5 Sv the majority of people die in 60 days and 

above 6 to 7 all people die. Of course, these effects depend also on many other factors, genetic 

variations, like age, sex, health, tissue etc. 

Stochastic effects are coincidental and cannot be avoided. They don't have a threshold. These can 

be divided into somatic and genetic. Among the somatic effects, secondary cancer is the most 

important. It develops because radiation causes DNA mutations directly and indirectly. Direct 

effects are those caused by ionizing particles and rays themselves, while the indirect are those 

that are caused by free radicals, generated especially in water and oxygen radiolysis. The genetic 

confer the predisposition to cancer to the offspring. The process is not well understood. 
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V- Stem cells radiation response 

Current models of mechanisms for radiation-induced cancer have had limited impact on the 

understanding of individual risks in specific contexts. Improvements in this situation requires the 

identification of target cells within tissues, understanding of radiation responses of these cells, 

and the cell-cell interactions that control the potential of these target cells to progress in the 

carcinogenic process. These issues are important and the newly emerging stem cell biology 

provides a real opportunity to clarify these issues especially that stem cells have long been 

proposed to be the targets to ionizing radiation, and thus at the core of carcinogenesis 

development. Therefore, we will discuss in our following review the response of different stem 

cell types to ionizing radiation, and how these long term reservoirs of cells in tissues, maintain 

simultanely homeostasis and genomic integrity. 
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Abstract 

Stem cells have been described in most adult tissues, where they play a key role in maintaining 

tissue homeostasis. As they self-renew throughout life, accumulating genetic anomalies can 

compromise their genomic integrity and potentially give rise to cancer. Stem cells (SCs) may 

thus be a major target of radiation carcinogenesis. In addition, unrepaired genotoxic damage may 

cause cell death and stem cell pool depletion, impairing lineage functionality and accelerating 

aging. Developments in SC biology enabled the characterization of the responses of stem cells to 

genotoxic stress and their role in tissue damage. We here examine how these cells react to 

ionizing radiation (IR), and more specifically their radiosensitivity, stress signalling and DNA 
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repair. We first review embryonic SCs, as a paradigm of primitive pluripotent cells, then three 

adult tissues, bone marrow, skin and intestine, capable of long-term regeneration and at high risk 

for acute radiation syndromes and long-term carcinogenesis. We discuss IR disruption of the fine 

balance between maintenance of tissue homeostasis and genomic stability. We show that stem 

cell radiosensitivity does not follow a unique model, but differs notably according to the turnover 

rates of the tissues.  

Keywords: adult stem cells; embryonic stem cells; ionizing radiation; genomic stability; 

apoptosis; DNA repair. 

Introduction 

The presence of stem cells has been demonstrated at various development stages in normal 

mammalian tissues, which allowed characterizing embryonic, foetal and adult stem cells. 

Embryonic stem cells are taken from the embryo at four to five days after fertilization. Cells 

from foetal tissues, for example cord blood cells or germ cells isolated from the gonadal ridge, 

are isolated from five to ten week foetuses. Finally, adult stem cells can be found in various 

tissues of fully developed children or adults, and particularly in organs showing continuous 

regeneration. Adult stem cells are defined as undifferentiated cells that can self-renew over very 

long periods of time, while producing cell progeny that mature into more specialized, organ-

specific cells [1-4]. They maintain long-term tissue homeostasis, the physiological process 

responsible for internal stability in renewing organs, including a constant number of cells. In 

normal conditions, most adult stem cells are slow cycling, resting in the G0 phase of the cell 

cycle. When they divide, it is through an asymmetric process, which produces one daughter cell 

with SC properties and one progenitor or transit-amplifying cell, undergoing a limited number of 

cell divisions before differentiation [5]. Asymmetric cell division allows adult stem cells to 

maintain homeostasis within a tissue throughout the lifetime of an organism, whereas a switch to 

symmetric cell division occurs when the stem cell pool needs to be expanded, or replenished, 

such as during body growth or wound healing. Hierarchical models have been proposed for 

several tissues, including blood, skin (Fig.1) and intestinal tissue (Fig. 2), where tissue 

homeostasis entirely depends on rare, quiescent cells, which are vastly outnumbered by the 

dividing progenitor population, from which the differentiated cells are formed [6].  

http://en.wikipedia.org/wiki/Cell_differentiation
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As adult SCs self-renew throughout life, accumulating genetic alterations can compromise their 

genomic integrity and potentially give rise to cancer. Stem cells may thus be a major target for 

genetic and epigenetic changes leading to radiation carcinogenesis [7]. Genomic instability is a 

hallmark of cancer development, with several putative mechanisms, including inaccurate repair 

of DNA lesions [8,9] or telomere dysfunction [10] coupled with failure to stop cells progressing 

through their cycle. SCs may possess specific characteristics to avoid genomic instability. Some 

cell responses are efficient to decrease the risk of cell transformation, such as massive 

elimination of damaged cells, but can compromise lineage functionality. On the opposite, 

radiation resistance resulting in survival of cells with unrepaired damage can favor long-term 

accumulation of genetic anomalies. Response of adult stem cells to a genotoxic stress like 

ionizing radiation must then be a fine balance between maintenance of tissue homeostasis and 

genomic integrity. This review addresses normal stem cells’ response to ionizing radiation, 

focusing on intrinsic radiosensitivity, which measures early radiation toxicity, and on long-term 

consequences of radiation exposure. An excellent review on cancer stem cells has been recently 

published [11]. We first review embryonic stem cells as a paradigm of primitive pluripotent 

cells, and then three adult tissues, blood, skin and intestine, which are all capable of long-term 

regeneration and at high risk for acute radiation syndromes and long-term carcinogenesis.   

 

Figure 1: Hierarchical organization of human epidermis.  

The keratinocyte stem and progenitor cells both reside in the basal layer of interfollicular epidermis. In the classical 

model of cell hierarchy, KSCs undergo asymmetric cell division in order to maintain self renewal, giving rise to one 

stem cell and one progenitor cell. The latter divides in the basal compartment before committing to terminal 
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differentiation and migrating to the upper layers of the epidermis. Keratinocyte stem cells have been found more 

resistant (R) to ionizing radiation than their direct progeny, the keratinocyte progenitors (S), suggesting that the 

former would be responsible for the long-term effects of IR, whereas the latter would account for the early effects.  

 

 

Figure 2: Hierarchical organization of small intestine.  

After exposure to ionizing radiation, potential Lgr5+ stem cells and stem cells described at the position +4 of the 

mouse intestinal crypt were found more sensitive than the progenitor cells in the mouse small intestine. R: resistant 

to radiation S: sensitive to radiation. A human crypt photograph is shown, kindly provided by MC Vozenin-Brotons.  

1. Embryonic stem cells 

Embryonic stem (ES) cells are transient cells present in the blastocyst, a structure formed at day 

5 after fertilization in early human embryogenesis. They differentiate into the three germ layers 

and can form any of the over 200 cell types found in the body, thus governing all further 

embryonic development. When derived in tissue culture, ES cell lines produce rapidly 

proliferating cells keeping self-renewal and pluripotency [12-14]. ES cells never undergo 

asymmetric cell divisions when kept under culture conditions that maintain an undifferentiated 

state. Interestingly, mouse ES cells have a very short G1 phase of approximately 1.5 hr, 

indicating that newly formed cells can enter another phase of DNA replication very shortly after 

exit from mitosis. ES cells have been widely studied as a model of pluripotent SCs, and for their 

potentials in gene and cell therapy. They must have robust mechanisms to ensure genomic 
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integrity under DNA damage, to avoid propagating DNA errors. One such mechanism is 

facilitated apoptosis of cells accumulating high mutational burden. Thus mouse ES cells are 

more sensitive to IR than embryonic fibroblasts [15]. P53-independent induction of apoptosis 

appears to be the major cell death pathway, although one study reported p53-dependency [16]. 

Another mechanism to eliminate damaged cells is differentiation, as treatment with DNA-

damaging agents can result in p53-induced differentiation of mouse ES cells by suppressing 

Nanog expression [17]. ES cell DNA damage response differs from that of somatic cells in 

several aspects, including the lack of radiation-induced G1 checkpoint after irradiation [18]. 

Another important mechanism of ensuring genomic integrity can be activated DNA repair. One 

study reported that mouse ES cells may be more efficient in single DNA strand break repair than 

their somatic counterparts [19]. Surprisingly, another study described that mouse ES cells failed 

to rejoin half of the DNA double strand breaks induced by ionizing radiation, due to a low level 

of DNA-PKcs activity [15]. These apparent discrepancies may be due to the unique chromatin 

architecture of mouse ES cells, with a high global decondensation, making chromatin vulnerable 

and hence limiting the use of the classical methods used to study DNA damage [20]. 

Discrepancies may also be related to heterogeneity of the different cell lines, which has been 

found at several levels, including transcriptional control of gene expression [21,22] and 

epigenetic state [23]. Accordingly, mouse ES cell DNA repair remains to be better characterized.  

As shown for mouse cells, human ES (hES) cell survival is also significantly decreased by IR 

through an apoptotic process [24]. However, the DNA damage response of human ES cells 

differs from mouse cells by several aspects. Thus hES cells activate cell cycle arrest in G2 and 

p53-dependent apoptosis [24,25]. Human ES cells exhibit also enhanced DNA repair [26] as 

genome protection mechanisms. They have high levels of DNA-PKcs after irradiation, thus 

repairing double DNA strand breaks [15].  

In summary, the major reaction of mouse and human ES cells to genotoxic exposure is massive 

cell death, which favors the maintenance of genomic stability. However, efficient DNA repair 

may ensure normal embryonic development from surviving cells, at least in human ES cells. In 

the future, it will be a key issue to characterize stress responses of the induced pluripotent stem 

(iPS) cells, as they may become a major source of cells for regenerative therapy.  
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2. Bone-marrow stem cells 

Adult bone marrow contains two major types of SC: hematopoietic (HSCs) and mesenchymal 

(MSCs). HSCs reside in adult bone marrow, a self-renewing tissue driven by a few stem and 

early progenitor cells (HPCs) that asymmetrically self-renew and differentiate into the three 

blood-cell types: leucocytes, erythrocytes and thrombocytes [27,28]. Radiation biology played an 

historical role in defining these cells, as Till and McCulloch [1] provided the first evidence for 

their existence through grafting experiments in lethally irradiated mice, and radiation remains a 

potent tool to dissect SC status [29]. A functional hierarchy is thought to exist in the 

hematopoietic compartment, with specific markers for each type of lineage, making them a 

general model for SC research. When in their niche, HSCs are quiescent in the G0 phase of the 

cell cycle, which is necessary for long-term population maintenance [30]. Although this 

hierarchical model is extensively used, it has been challenged by some authors, notably 

questioning self-renewal and quiescence [31-33].  

The use of IR in cancer patients revealed that they critically affect the hematopoietic system. 

Human progenitor cells are particularly sensitive to IR toxicity, exhibiting linear dose-dependent 

decrease in survival, whereas the stem cells are more resistant and repopulate bone marrow 

[34,35]. A fine assessment of radiosensitivity per differentiation stage is available in mouse. The 

most primitive cells identified, cells with marrow-repopulating ability, showed the highest 

degree of radioresistance to X-rays. Radiosensitivity tends to rise during early HSC to HPC 

transition in mouse bone marrow, and sequentially tends to fall selectively with further lineage-

restriction and progenitor cell maturation [36] [37]. Thus HSCs are moderately radioresistant 

(Do values in the range of 1.13-1.18 Gy), less mature CFU-S day 12 and more mature CFU-S 

day 7 have Do values of 0.94 Gy and 0.71 Gy respectively; and more mature, lineage restricted 

myeloid progenitors have significantly elevated Do values (~1.2-1.6 Gy). One possible 

mechanism of HSCs relative resistance is increased antioxidant defense, as they contain lower 

levels of reactive oxygen species than myeloid progenitors, and activate antioxidant metabolism 

via FoxO transcription factors [38].  

Long-term radiation injury has been characterized in the mouse bone marrow. Exposure of 

C57BL/6 mice to a sublethal dose (6.5 Gy) of total body irradiation induced a quantitative and 

qualitative reduction of HSCs, resulting from induction of senescence and impairment of HSC 
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self-renewal via activation of the p53/p21 and p16/Rb pathways [39]. A few months after IR, 

HSCs cycle ten times more vigorously than non-irradiated cells, which accelerates HSC ageing, 

thus increasing spontaneous mutation [40]. Besides senescence, phenotypic changes [41], 

impaired reconstitution, increased apoptosis and accumulated DNA damage were reported in 

mouse HSCs as long-term effects of radiation exposure. Interestingly, bystander effects were 

observed in the hematopoietic stem cells. Transplantation of a mixture of irradiated and non-

irradiated bone marrow cells distinguishable by a cytogenetic marker showed a genomic 

instability among the irradiated cells, and surprisingly, in the progeny of non-irradiated 

hematopoietic stem cell, implicating the bystander mechanism, possibly through long-term 

production of inflammatory-type damaging signals [42,43]. In conclusion, genomic stability in 

bone marrow is ensured by rapid elimination of damaged progenitor cells, but tissue homeostasis 

is compromised, resulting in hematopoietic syndrome, one of the most serious early radiation 

effects. The more primitive HSCs are more radioresistant, thus repopulating the damaged bone 

marrow. DNA repair has not been well described in HSCs, but may not be optimum, as the IR-

induced risk of cancer development is very high for the hematopoietic tissue. DNA double-strand 

break repair through non-homologous end-joining appears necessary to stem cell maintenance, as 

mice deficient for DNA ligase IV show a progressive loss of haematopoietic stem cells and bone 

marrow cellularity during ageing [44].  

Another type of stem cells, the mesenchymal stem cells (MSCs), resides in the bone marrow. 

Their major role is to participate in establishing the HSC stem cell niche [45]. MSCs are primed 

to differentiate into several types of mesenchymal cells, including osteocytes, chondrocytes, 

myocytes and adipocytes [46]. Under appropriate experimental conditions, they can also 

differentiate into non mesenchymal cells, for instance neural, epithelial, and endothelial-like 

cells, thus exhibiting a great plasticity [47,48]. In the bone marrow, hierarchical organization has 

not been found in the mesenchymal compartment, which is not highly self-renewing, and 

mesenchymal cells do not express well-defined markers. When exposed to IR, human MSCs 

were found resistant both in vitro [49,50] and in vivo [50]. Thus the dose required to reduce the 

fraction of surviving cells to 37% was 2 Gy for hMSCs [49]. In mice subjected to whole-body 

irradiation at a dose of 10.5 Gy, a significant number of mesenchymal stem cells (P S cells) 

remained among the bone marrow cells after 6 days, but the hematopoitic stem cells were almost 

undetectable by flow cytometry [51]. MSCs exhibit high antioxidant elimination of reactive 
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oxygen species, and active double-strand break repair. They activate cell cycle checkpoints in 

response to IR, induce ATM phosphorylation, and repair double-strand breaks by homologous 

recombination and non-homologous end-joining. In conclusion, the immediate radiation 

responses of MSCs favor maintenance of bone-marrow homeostasis.  

3. Skin 

Skin is one of most sensitive tissues to ionizing radiation, and particularly epidermis. Despite 

improvements in radiation techniques [52], skin changes can be experimented by up to 95% of 

radiotherapy patients [53], and radiation toxicity cases are increasing after interventional 

radiology [54]. Thus the cellular origin of this sensitivity has been searched at the level of stem 

and progenitor cells. Skin is a potent stem cell reservoir. Different types, including epidermal, 

melanocyte, mesenchymal and neural SCs, generating more than 25 lineages, contribute to the 

harmonious development and function of the skin [55]. Epidermal SCs first attracted attention, 

being important for cell and gene therapy and because of the high frequency of skin carcinoma. 

Interfollicular epidermis, the stratified epithelium covering human skin and protecting against 

external damage, is a tissue with a high turn-over rate, which is life-long maintained via 

keratinocyte SC (KSC) self-renewal. These KSCs, located in the basal epidermis, are 

undifferentiated and slow cycling cells in homeostatic conditions, but can switch to a highly 

proliferative state when stimulated. Their direct progeny, the keratinocyte progenitors, ensure 

short-term epidermis maintenance, dividing in the basal compartment and migrating to upper 

layers as differentiated cells (Fig. 1). The fraction of cycling cells (S+G2M) was 1.9% in 

populations of keratinocytes enriched in stem cells as compared to 14% in progenitors [56]. 

Epidermis is thus renewed every 28 days through the high turnover of keratinocyte progenitors. 

However, the classical model of cell hierarchy in epidermis has been recently challenged, 

notably questioning the role of the progenitor population in mouse skin tail [57,58]. This SC 

reservoir has been exploited clinically for over 20 years, but functionally and molecularly 

remains little understood. For example, no available cell-surface markers allow purification of 

human basal keratinocyte sub-populations with homogeneous identity. However, enrichments in 

specific cell fractions are possible by using combinations of membrane markers and flow 

cytometry, without altering cell growth potential (Fortunel, Exp Dermatol 2010, in press). Thus 

P. Kaur isolated populations enriched for human keratinocyte stem and progenitor cells using a 
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combination of integrin α6 (Itg α6) and transferrin receptor CD71 (CD71) [59]. This strategy 

was the only one for which serial transplantation potential could be demonstrated, as human 

Itgα6
bri

/CD71
dim

 keratinocytes could participate in three serial epidermis reconstructions in 

immuno-compromised mice [60].  

We used the same combined markers to isolate human keratinocyte populations from 

interfollicular epidermis and characterize their response to gamma-rays. We found that slow 

cycling keratinocyte SCs showed no massive cell death after exposure to the clinically relevant 

dose of 2 Gy. The XTT assay revealed 30% mortality in progenitors at 72 hours after exposure 

and none in the stem cells, and colony assays showed that 82 % of SCs survived at 2 weeks, as 

compared to only 29% for the progenitors [56]. SCs developed several resistance mechanisms, 

including cell apoptosis repression and stress signaling activation. Importantly, several types of 

DNA repair activities were increased in these cells (Fig. 3), both in homeostatic conditions and 

after IR. On the contrary, keratinocyte progenitors were highly sensitive to a 2 Gy dose, 

exhibiting reduced DNA repair (Harfouche et al, submitted). That epidermal SCs are protected 

from apoptosis was also found in human keratinocytes rapidly adhering to collagen type IV, 

expressing beta-1, alpha-6 integrins and p63 and protected from apoptosis via an integrin 

signaling pathway in a Bcl-2 dependent manner [61]. In conclusion, more primitive keratinocytes 

favor tissue integrity after IR, with reduced cell death and active repair mechanisms. It will be 

important to characterize long-term IR effects in these cells, as rapid but faulty repair could 

participate to genomic instability and the induction of the late effects of radiation exposure, such 

as skin fibrosis [62] and carcinoma [63]. In contrast, keratinocyte progenitors favor elimination 

of damaged cells. This massive cell death can explain the high epidermal sensitivity to IR and 

the rapid perturbations of tissue homeostasis, as seen in the early skin syndrome, which can be 

observed after radiotherapy in sensitive patients or after accidental exposure. However, as 

resistant progenitors exhibit poor DNA repair, they may be also at high risk for skin 

carcinogenesis.  
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Figure 3: γ-H2AX foci formation and repair in human keratinocytes.  γ-H2AX assay is commonly used to evaluate 

DSBs formation and repair. After irradiation, histone H2AX is rapidly phosphorylated on Ser139, in the chromatin 

micro-environment surrounding a DNA double strand break. The γ-H2AX foci are detected using an anti-phospho-

H2AX antibody coupled to Cy3 fluorochrome (red). The nucleus is visualised using the DAPI dye (blue). When 

DSBs are repaired, the number of γ-H2AX foci decreases, thus reflecting the repair kinetics of DSBs.  

 

Response to IR was also characterized in mouse melanocyte SCs [64]. Hair graying, a typical 

sign of aging in mammals, is caused by incomplete melanocyte stem cell (MeSC) maintenance 

with age. A dose of 5 Gy on skin is necessary and sufficient for stable induction of hair graying. 

Surprisingly, the DNA-damage response triggers MeSC differentiation into mature melanocytes 

in the niche, rather than inducing apoptosis or senescence. The resulting SC depletion leads to 

irreversible hair graying. The stress signaling pathway of ATM controls this engagement towards 

differentiation rather than DNA repair pathways, as ATM deficiency sensitizes mouse MeSCs to 

ectopic differentiation. In conclusion, two different skin SC types respond differently to IR. 

Damaged keratinocytes rapidly repair DNA damage to initiate a survival pathway, whereas the 

damaged melanocytes are eliminated by cell differentiation, perhaps because melanocyte 

populations are not involved in continuous tissue regeneration.  
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4. Intestine 

Radiation biology was the initial field where intestinal stem cells have been explored, because 

ionizing radiations induce an acute toxicity known as the gastrointestinal syndrome. Thus mice 

receiving greater than 14 Gy die between 7 and 12 days due to damage to the small intestine. 

This high sensitivity has been related to the fact that small intestinal mucosa is the organ with the 

fastest cell turnover in the body. In the murine small intestine, the epithelium renews every 5 

days, due to the vigorous proliferation occurring within the crypt compartment. Studies 

performed in the mouse small intestine allowed characterizing intestinal regeneration [65-67]. A 

candidate stem cell population has first been localized in position +4 to 6 from the bottom of the 

crypt (Fig. 2). These actively cycling cells, with a turnover of 24 hours, were found highly 

sensitive to IR, undergoing apoptosis after doses as low as 1 cGy. After 1 Gy, 40% of apoptotic 

cells were found at 4 hours at positions 3-6. Crypt progenitors, in positions +6 to 15, exhibited a 

turnover of 12-16 hours and were more resistant [3]. However, recent genetic evidence showed 

that crypt-base columnar cells intermingling with Paneth cells were intestinal SCs [68]. These 

new candidate stem cells called CBC cells are characterized by the marker Lgr5. Although less 

radiosensitive than the cells described by Potten et al., Lgr5-positive cells are also more sensitive 

than small intestine progenitors and have a cycling time of 24 hours. Although radiation toxicity 

can be observed at low doses, loss of crypts is observed for high radiation doses, because crypts 

are not sterilized unless all stem cells are killed, which occurs above 8 Gy [66]. The mechanism 

of crypt SCs’ high radiosensitivity may be pro-apoptotic protein accumulation after genotoxic 

stress, implicating tumor suppressor p53 and ATM [69] and pro-apoptotic PUMA protein [70] 

pathways.  

In the mouse large intestine, the crypts are significantly larger, while the average cell cycle time 

of progenitors is significantly longer the in the small intestine (about 18 h). Stem cells are 

located at positions 1-2 at the base of the crypt, and their radiation response differs from that of 

the small intestine, as apoptotic index is reduced in the colon (6% as compared to 10.5% in the 

small intestine after 1 Gy) [3]. The highest frequency of IR-apoptosis in the midcolon was 

observed at the crypt bottom, where the SCs are located [68], decreasing gradually up the crypt 

[71]. Both colon SCs and progenitors are more IR-resistant than small intestine cells. Crypt SC 

radiosensitivity can be measured by clonogenicity after exposure. In this assay, colon crypt 
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clonogens are more resistant to acute doses than those of the small intestine [72,73]. Importantly, 

apoptosis saturates at around 1 Gy in the small intestine, whereas it continues to rise with doses 

from 1 to 8 Gy in the colon, again showing increased apoptosis resistance. Explanations for these 

differences may be more efficient p53 signaling, DNA repair and G2-phase checkpoint delay in 

the large than in the small intestine [74]. Another explanation could be high Bcl2 anti-apoptotic 

protein expression in colon progenitors [70,75]. Interestingly, IR-induced cancer risk is lower in 

the small than in the large intestine, indicating a link between cell resistance and decreased 

genomic stability. It is surprising that small intestine SCs, with a 24h cell cycle and large 

division potential (1,000 divisions in the lifetime of a laboratory mouse), are not more prone to 

carcinogenic genetic change. Altruistic suicide through apoptosis is a protective mechanism, 

removing DNA damaged cells. Cairns [76] also suggested that SCs evolved specific protective 

mechanisms against replication-induced errors, possibly by segregating old and new DNA 

strands at mitosis. Experiments in mouse small intestine support such selective DNA segregation 

in SCs [77].  

Thus, the main intestinal SC response to IR is massive cell death, with progenitors ensuring 

tissue maintenance, which is different from the hematopoietic system and the skin. However, 

most well-established data are restricted to apoptosis and crypt regeneration in the mouse 

intestine, notably due to difficulty in culturing crypt intestinal cells. Recent developments in 

long-term crypt cell culture, where single sorted Lgr5 SCs can initiate crypt–villus organoids, 

will enable more mechanistic studies on mouse cells [78]. Notably, DNA repair processes have 

not been characterized, although some data suggested that intestinal stem cells lack the ability to 

undergo DNA repair [79]. Human models are also clearly needed in intestinal stem cell radiation 

biology.  

Discussion 

Stem cell research is a rapidly moving field of science that investigates self-renewing cells in 

adult and embryo. Many adult SCs have been identified, all crucial in supplying mature cells 

during normal homeostasis and tissue regeneration. A singular challenge today is to understand 

how they protect their genome from endogenous and exogenous injury. This protection is of a 

great importance for stem cell therapy, because expansion of stem cells to create cell banks 

requires genomic stability. This is also a key issue in the field of cancer and aging. Radiation, 
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which already contributed in defining the concepts of stem cells, is an ideal tool to address 

genomic stability.  

We here examine how stem cells manage the radiation risk, in the ES model and in three adult 

tissues capable of long-term regeneration. Characterizing normal tissue SC response is hindered 

by the variety of tissue organization and the lack of basic knowledge, as the different stem and 

progenitor cell populations remain poorly described, except in hematopoietic tissue. 

Nevertheless, the outline of how SCs respond to IR and maintain genomic stability can be 

established (Fig. 4), notably in tissues with high turnover rate, where SCs have been best 

characterized.  

 

Figure 4: Tissue stem cell responses to ionizing radiation.  

Cells have evolved a response system to the damage caused by ionizing radiation that is initiated by detection of the 

damage, inducing cell cycle arrest and repair processes, or elimination of the damaged cells. The different types of 

cell responses have been grouped according to early or late occurrence, involving either protection mechanisms (in 

blue) or pathological processes (in white). The consequences of radiation exposure in terms of carcinogenesis, aging 

and morbidity are more severe in the stem cell populations, due to their role as a long-term reservoir for tissue 

regeneration. We show in the present review that stem cell radiosensitivity does not follow a unique model, but 

differs notably according to the turnover rates of each tissue.  
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The prime effect of ionizing radiation on SCs is cytotoxicity. IR ruptures adult tissue 

homeostasis, inducing radiation syndromes, described in hematopoietic tissue (for doses higher 

than 2 Gy, TBI), in intestinal tissues (8 Gy), and in skin (12 Gy). It appears that a major 

mechanism of these syndromes is a rapid and massive cell death in stem and/or progenitor cell 

populations, which can follow either apoptotic or necrotic pathways. Interestingly, in bone 

marrow and skin, the more primitive cell populations appear more radioresistant than their direct 

progeny, the tissue progenitors, which points on these progenitors as direct targets for the early 

radiation syndromes. Stem cells radioresistance permits rapid repopulation and maintenance of 

tissue homeostasis. The differential radiosensitivity is partly due to the difference in turnover 

rates between these two cell populations. On the opposite, long-term perturbations mostly result 

from SC defects. SC depletion can be induced by reproductive death [69], resulting in premature 

ageing, as in HSCs [40], and uncontrolled terminal differentiation, as in melanocyte SCs [64]. 

Intestine differs from bone marrow and skin concerning stem cell sensitivity. In that tissue, stem 

cells are very sensitive, the progenitors resisting higher doses, and thus maintaining tissue 

integrity. This specificity can be related to the extremely high turnover of intestine, which 

requires highly cycling stem cells, whereas bone marrow and skin SCs are slow cycling cells. 

But if stem cells are so sensitive, how do they repopulate intestine? C Potten suggested that 

intestinal progenitors might dedifferentiate, and so acquire a stem cell-like phenotype. Although 

provocative, this hypothesis should be examined, as dedifferentiation processes from progenitors 

to stem cells have been recently described, notably in mouse germinal tissue [80].  

In contrast to its strong cytotoxicity, IR is a relatively weak carcinogen. Elimination of damaged 

stem and progenitor cells by apoptotic, necrotic or reproductive death definitively prevents long-

term consequences of damage. Moreover, surviving SCs have developed protection mechanisms. 

Some are specific to SCs such as chromatin structure. For example, the nuclear organization of 

ES cells is globally open and permissive for gene expression, becoming more compact at 

different regions of the genome with differentiation. The open conformation allows different 

proteins to interact easily with chromatin [81], a very important process which could facilitate 

signaling of cell cycle arrest and DNA repair in damaged cells. Relationships between chromatin 

organization and DNA repair was investigated in mouse ES cells, with their unique chromatin 

structure [20], but remains poorly characterized in most adult SCs. It will be a major issue in the 

field.  
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Genome protection may also involve processes found in differentiated cells but enhanced in SCs, 

such as high basal oxidative metabolism and activated antioxidant defenses [38,49]. As IR 

toxicity mainly involves reactive oxygen species, strong defenses may be activated in SCs by 

radiation exposure. Finally, a key mechanism in genomic stability is rapid and efficient DNA 

repair with accurate upstream stress signaling pathway activation. However, these processes are 

still poorly described in most somatic tissue SCs.  

Conclusion 

In the three adult tissues reviewed, which are all capable of long-term regeneration and 

characterized by a hierarchical organisation, two types of radiation response emerge from the 

literature. In a first type, observed in bone marrow and skin, tissue maintenance is favoured, as 

the rare stem cells appear more resistant than their daughter cells, the progenitors. The fact that 

both tissues are high risk for carcinogenesis suggests that genomic stability is not optimum, 

although DNA repair may be enhanced in these stem cells. The second type of response is found 

in the intestine. Small intestine exhibits a specific response, favouring genomic stability, as crypt 

stem cells are more sensitive than the progenitors. This tissue is not at high risk for 

carcinogenesis. Thus, in the three adult tissues where stem cells have been best characterized, 

stem cell radiosensitivity does not follow a unique model to describe the balance between 

maintenance of tissue homeostasis and genomic stability. The particular response of intestine 

may be related to its very high turn-over rate, which requires constant cycling of the stem cells. 

Similarly, embryonic stem cells, which are highly cycling cells in tissue culture, respond to IR by 

a massive cell death. As most stem cells have been described as quiescent or slow cycling, the 

response of bone marrow and skin may be more representative of somatic stem cell 

radiosensitivity than intestine.  
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Chapter 5: Sources of DNA damage, DNA damage signaling and 

DNA repair 

The DNA damage response is a fundamental cellular process that is required for the maintaining 

of genome integrity. This is an essential process for the organism protection, as mutations in the 

DNA damage response genes have been implicated in cancer risk, premature aging and 

neurological defects. Understanding the DNA damage response has also provided therapeutic 

opportunities as DNA damaging agents are utilized to treat cancer patients with chemotherapy 

and ionizing radiation. 

DNA is structurally composed of a backbone made of sugar and phosphate groups, and 

nucleotide bases. DNA is inherently electronegative due to the high content of nitrogen and 

oxygen atoms creating nucleophilic sites highly susceptible to electrophilic compounds. The 

DNA damage response has evolved to respond to endogenous sources of damage as well as 

damage caused by the external environment and agents.  

I- Nuclear versus mitochondrial DNA damage 

In human cells, and eukaryotic cells in general, DNA is found in two cellular locations - inside 

the nucleus and inside the mitochondria. Nuclear DNA (nDNA) exists as chromatin during non-

replicative stages of the cell cycle and is packaged by proteins into condensed structures known 

as chromosomes this an outdated def of the chromosome during cell division. In either state the 

DNA is highly compacted and wound up around bead-like proteins called histones. Whenever a 

cell needs to express the genetic information encoded in its nDNA the required chromosomal 

region is unraveled, genes located therein are expressed, and then the region is condensed back 

to its resting conformation. Mitochondrial DNA (mtDNA) is located inside mitochondria 

organelles, exists in multiple copies, and is also tightly associated with a number of proteins to 

form a complex known as the nucleoid. Inside mitochondria, reactive oxygen species (ROS), or 

free radicals, byproducts of the constant production of adenosine triphosphate (ATP) via 

oxidative phosphorylation, create a highly oxidative environment that is known to damage 

mtDNA. A critical enzyme in counteracting the toxicity of these species is superoxide dismutase, 

which is present in both the mitochondria and cytoplasm of eukaryotic cells. 
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II- Senescence and aopotosis 

Senescence, an irreversible state in which the cell no longer divides, is a protective response to 

the shortening of the chromosome ends. The telomeres are long regions of repetitive noncoding 

DNA that cap chromosomes and undergo partial degradation each time a cell undergoes division 

(Braig et al., 2006). In contrast, quiescence is a reversible state of cellular dormancy that is 

unrelated to genome damage. Senescence in cells may serve as a functional alternative to 

apoptosis in cases where the physical presence of a cell for spatial reasons is required by the 

organism (Lynch, 2006), which serves as a "last resort" mechanism to prevent a cell with 

damaged DNA from replicating inappropriately in the absence of pro-growth cellular signaling. 

Unregulated cell division can lead to the formation of a tumor, which is potentially lethal to an 

organism. Therefore the induction of senescence and apoptosis is considered to be part of a 

strategy of protection against cancer (Campisi et al., 2007).  

III- DNA damage consequences 

The rate of DNA repair is dependent on many factors, including the cell type, the age of the cell, 

and the extracellular environment. A cell that has accumulated a large amount of DNA damage, 

or one that no longer effectively repairs damage incurred to its DNA, can enter one of three 

possible states: 

1. an irreversible state of dormancy, known as senescence  

2. cell suicide, also known as apoptosis or programmed cell death  

3. unregulated cell division, which can lead to the formation of a tumor that is cancerous  

The DNA repair ability of a cell is vital to the integrity of its genome and thus to its normal 

functioning and that of the organism. Many genes that were initially shown to influence lifespan 

have turned out to be involved in DNA damage repair and protection (Browner et al., 2004).  

IV- Endogenous sources of DNA damage 

The DNA damage response has evolved to respond to endogenous sources of DNA damage. An 

understanding of endogenous sources of DNA damage is important for a perspective on the role 
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of the DNA damage response in a natural environment. Here we will discuss DNA damage 

caused by deamination, oxidative damage, lipid peroxidation, and replication errors. 

Deamination 

One of the most common spontaneous DNA damaging events is the deamination of cytosine to 

uracil (Friedberg et al., 1995). This event is mutagenic, as uracil pairs with adenosine whereas 

cytosine pairs with guanine (Pool et al., 2001). Dedicated repair of this event is important to 

maintain genome integrity. Deamination can become more problematic in regions of methylated 

cytosine, as 5-methylocytosine is converted to thymine. The T-G mismatch eludes the U:G 

mismatch repair system and is therefore mutagenic and thought to be an important cause of 

human cancer. Unmethylated cytosines are mainly located within particular regions termed CpG 

islands, rich in this dinucleotide, The CpG islands are mostly associated with transcribed 

housekeeping genes and the transcription process somehow opposes their methylation in the 

germinal cell lines, although some of them become targets of methylation upon terminal 

differentiation or during oncogenic transformation. Presumably less active regions of the genome 

have already endured methylation of cytosines which have undergone deamination and fixation 

of T:G mismatch in T:A pairs over the course of evolution (Caiafa et al., 2005). 

Oxidative damage 

Oxidative damage to DNA is also a focus of research in many laboratories (Friedberg et al., 

1995). DNA is susceptible to oxidative stress; one such reactive oxygen species is the highly 

reactive hydroxyl radical produced from hydrogen peroxide (Breimer et al., 1991). This hydroxyl 

radical is thought to be generated by the Fenton reaction which requires the presence of a 

transition metal cation (Hemnani et al., 1998). Transition metals can have carcinogenic effects: 

these effects may be in part mediated by the oxidative damage on DNA (Cervantes-Cervantes et 

al., 2005). In addition, nitric oxide radicals react with superoxide to produce peroxynitrite, which 

is an electrophilic radical capable of reacting with DNA. These radicals typically react with the 

double bonds in the nucleotide base or they abstract hydrogen from the deoxyribose sugar. 

Typically these events lead to single strand breaks (SSB). 
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Other endogenous sources of DNA damage 

Other endogenous sources of DNA damage agents are the products of lipid peroxidation. These 

agents are capable of generating DNA crosslinks; the products of lipid peroxidation are thought 

to be some of the most reactive electrophiles in the cell. Finally, another source of mutations can 

occur by incorporation of the incorrect base or the incorporation of damaged bases during DNA 

synthesis, which is known as replication errors. 

V- Exogenous sources of DNA damage 

External sources of damage can occur in our natural environment such as DNA damage induced 

by UV radiation, or/and by therapeutic modalities such as ionizing radiation. 

Ionizing radiation 

Ionizing radiation (IR) is generated from environmental factors such as Radon gas and human 

activities such as medical X-rays (Friedber et al., 1995). IR can also be the result of medical 

modalities such as radiotherapy in the treatment of cancer. IR is form of high energy radiation 

that is can break chemical bonds and is commonly used in the laboratory setting as a method to 

generate double strand breaks (DSB). The gamma-rays emitted from the decay of the cesium-137 

source results in 35% of the damage due to ionizing of the DNA molecule itself; conversely 65% 

of the DNA damage is due to indirect effects, such as radiation ionizing molecules which in turn 

react with the DNA. Indirect effects typically involve the ionization or hydrolysis of water 

producing a hydroxyl radical (Ward et al., 1988). This causes base damage, most often at the C5-

C6 double bond of pyrimidines. In addition, base dimers are generated as well as protein-DNA 

crosslinks. IR produces several damage events in small vicinity; these damage events are thought 

to be initiated from a single particle since the number of damage events is independent of dose 

rate, but dependent on total dose applied (Ward et al., 1988). Although IR is typically regarded 

as a method to generate DSB, approximately one hundred SSBs are generated for every DSB 

(Ward et al., 1988; Limoli et al., 1999; Milligan et al., 2001; 2002; Ward et al., 1981; 1986; 

1990; 1994; 2000). In addition, the vast majority of IR induced breaks have aberrant termini, 

which prevents them from being repaired by simple re-ligation. In fact the breaks are often 

complex, with bases missing. 
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Ultraviolet Radiation (UV) is a relevant environmental source of damage that is encountered by 

most organisms and has been encountered over the course of evolution. Generally, the UV 

irradiation wavelength of light is readily absorbed by DNA not by proteins, making UV a 

particularly DNA-specific DNA damaging agent. UV irradiation causes cyclobutane pyrimidine 

dimers (CPD), which are essentially covalent linkages between adjacent pyrimidines. These are 

extremely stable lesions that can survive acid hydrolysis. In addition, UV can damage purines, 

however these lesions are more likely to occur when there are greater than two pyrimidines 5’ to 

the purine. UV can also cause DNA-protein crosslinks; however, DNA-DNA crosslinks rarely 

occur after UV irradiation. 

Chemical sources of DNA damage 

External chemical agents are capable of damaging DNA. Chemical agents that damage DNA can 

be utilized for many functions. For instance, mustard gas, an alkylating agent, was used as a 

chemical warfare agent in World War I. In addition, man-made DNA damaging agents can also 

be used for less destructive purposes such as chemotherapy. 

Alkylating agents 

An alkylating agent that is specifically used in the lab environment is methyl-methanesulfonate 

(MMS). MMS exposure specifically generates 7-methylguanine (7-MeG) and 3-methyladenine 

(3-MeA) modified bases (Friedberg et al., 1995). Alkylating agents can react with many sites on 

DNA as the DNA base is highly unsaturated and presents many chemical opportunities for 

modifications. Alkylation weakens the bond between the sugar and the nitrogen-base, and 

therefore often results in the formation of abasic sites. Natural sources of alkylating agents are 

methyl chloride, which is generated by microorganisms and S-adenosyl methionine, which 

generates 7-MeG and 3-MeA. 

Crosslinking agents 

Crosslinking agents are typically used for chemotherapy (Fojo et al., 2001). One of the most 

common chemotherapeutic agents, dichloro-diamino cisplatin, is a bifunctional alkylating agents 

which can cause interstrand and intrastrand crosslinks in DNA (Zamble et al., 1995). In addition, 
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DNA-protein crosslinks can also cause DNA damage. This type of damage normally occurs by 

the action of aldehydes, which can be generated by lipid peroxidation.  

Topoisomerase inhibitors 

Other types of chemical DNA damaging agents commonly used in chemotherapy are 

topoisomerase inhibitors (Fojo et al., 2001). There are two types of topoisomerases, 

topoisomerase I and topoisomerase II; topoisomerase I relieves helical tension by generating 

SSB, conversely, topoisomerase II performs this function by generating DSB. Camptothecin is a 

topoisomerase I inhibitor that generates SSBs, whereas doxorubicin is a topoisomerase II 

inhibitor that generates DSB (Friedberg et al., 1995). 

VI- Mechanisms of DNA repair 

There are five general mechanisms of DNA repair: base excision repair, nucleotide excision 

repair, mismatch repair, homologous recombination, and non-homologous end-joining. 

Base Excision Repair 

Base excision repair (BER) is primarily responsible for removing small, non-helix distorting 

base lesions from the genome. It is a process by which a damaged base (that could cause 

mutations by mispairing or lead to breaks in DNA during replication) is removed by a DNA 

glycosylase which cleaves the N-glycosidic bond, the bond that connects the sugar to the 

nucleotide base (Kanamitsu et al., 2007), to form an abasic site (also known as AP site: 

apurinic/apyrimidinic site). Abasic sites are also generated by spontaneous events (Memisoglu et 

al., 2000). A specific subset of endonuclease recognizes these sites and cleaves the 

phosphodiester bond between the abasic site and the 5’nucleotide (Friedberg et al., 1995). Lyases 

are enzymes that have both a glycosylase and endonuclease activity; they remove the base and 

the associated sugar. The DNA structure after glycosylase and endonuclease activity differ from 

the DNA structure after lyase activity, as the sugar associated with the base is still present after 

glycosylase/endonuclease activity. A DNA-deoxyribophosphodiesterase dRpase) removes the 

sugar. Specific base modifications that are removed by these glycosylases include uracil, O
6
-

methyl guanine, 8-oxo guanine, and various methylpurines. In addition, in some organisms, BER 

repairs thymidine dimers, by using a specific glycosylase that cleaves the N-glycosidic bond 5’ 
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to the thymidine dimer, this is followed by the action of a DNA photolyase or photoreversal to 

monomorize the thymidine dimer.  

After incision, the gap in the DNA backbone must be repaired. In mammalian cells, the major 

polymerase involved in gap-filling is DNA polymerase β, which has dRpase activity. After 

excision of the base, the resulting single-strand break can then be processed by either short-patch 

(where a single nucleotide is replaced) or long-patch BER (where 2-10 new nucleotides are 

synthesized). Finally, DNA ligases are required to complete the process by regenerating the 

phosphodiester bond (Fig. 18). 

 

Figure 18: Basic steps of base excision repair 

PARP in BER: Poly(ADP-ribose) polymerase uses NAD to ADP-ribosylate proteins. This is an 

interesting modification that has been of intense study in the last few years. PARP is activated by 

strand breaks. PARP modifies histones, and this modification is thought to open up chromatin 

because of the negative charge associated with phosphatases in ADP-ribose (Wang et al., 2006). 

PARP may act as a sensor of sorts for BER, as it binds to SSB and it interacts with many 

proteins that are necessary for appropriate BER such as XRCC1, Pol β and Lig 3 (Burkle et al., 

2006). 
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Nucleotide Excision Repair 

Nucleotide excision repair (NER) is a multistep process which involves the cleavage of the DNA 

strand surrounding the damaged base, excision of the oligonucleotide containing the aberrant 

nucleotide, DNA synthesis to repair the gap and, finally, DNA ligation (Fig. 19). NER is the 

major mechanism to repair UV-induced damage in mammalian systems (Friedberg et al., 2001). 

Once a damaged nucleotide is sensed, a 24-32bp oligonucleotide is removed (Friedberg et al., 

1995). The minimal complex required for NER includes the proteins XPA, RPA, the XPC-Rad23 

complex, ERCC1-XPF complex, XPG and the TFIIH complex. XPC-Rad23 recognizes the 

damaged DNA, presumably by recognizing distortions in the DNA helix and causes further 

bending of the helix. In the case of cyclobutane pyrimidine dimers, DNA damage is recognized 

by the proteins DDB1 and DDB2. XPA and RPA are also involved in the damage recognition 

process. The helicases in the TFIIH complex once recruited to the site scan through the region, 

arresting when a damage base is encountered. XPA and XPG, as well as RPA, form an open 

complex at the location of the damaged DNA. Then a 3’incision is generated by XPG and a 5’ 

incision is generated by ERCC1-XPF complex. The oligonucleotide containing he damaged base 

is removed. The DNA repair polymerases, Pol ε and Pol δ are both likely involved in gap filling 

after NER, although Pol δ has been proposed as the most relevant polymerase of the two (Shuck 

et al., 2008, Fousteri et al., 2008). 
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Figure 19: a. Nucleotide excision repair (NER) operates 

on base damage caused by exogenous agents (such as 

mutagenic and carcinogenic chemicals and photoproducts 

generated by sunlight exposure) that cause alterations in 

the chemistry and structure of the DNA duplex. b. Such 

damage is recognized by a protein called XPC, which is 

stably bound to another protein called HHRAD23B 

(R23). c. The binding of the XPC–HHRAD23 

heterodimeric subcomplex is followed by the binding of 

several other proteins (XPA, RPA, TFIIH and XPG). Of 

these, XPA and RPA are believed to facilitate specific 

recognition of base damage. TFIIH is a subcomplex of the 

RNA polymerase II transcription initiation machinery 

which also operates during NER. It consists of six 

subunits and contains two DNA helicase activities (XPB 

and XPD) that unwind the DNA duplex in the immediate 

vicinity of the base damage. This local denaturation 

generates a bubble in the DNA, the ends of which 

comprise junctions between duplex and single-stranded 

DNA. d. The subsequent binding of the ERCC1–XPF 

heterodimeric subcomplex generates a completely 

assembled NER multiprotein complex. e. XPG is a 

duplex/single-stranded DNA endonuclease that cuts the 

damaged strand at such junctions 3' to the site of base 

damage. Conversely, the ERCC1–XPF heterodimeric protein is a duplex/single-stranded DNA endonuclease that 

cuts the damaged strand at such junctions 5' to the site of base damage. This bimodal incision generates an 

oligonucleotide fragment 27–30 nucleotides in length which includes the damaged base. f. This fragment is 

excised from the genome, concomitant with restoring the potential 27–30 nucleotide gap by repair synthesis. Repair 

synthesis requires DNA polymerases δ or ε, as well as the accessory replication proteins PCNA, RPA and RFC. The 

covalent integrity of the damaged strand is then restored by DNA ligase. g. Collectively, these biochemical events 

return the damaged DNA to its native chemistry and configuration. ERCC1, excision repair cross-complementing 1; 

PCNA, proliferating cell nuclear antigen; POL, polymerase; RFC, replication factor C; RPA, replication protein A; 

TFIIH, transcription factor IIH; XP, xeroderma pigmentosum. 

The NER system that is involved in repairing actively transcribed DNA is called transcription-

coupled repair (TC-NER); in contrast, NER based repair of the rest of the genome is called 

global genome repair (GGR) (Friedberg et al., 1995). The difference between these two 

processes appears to be determined by the mechanism of detection.  The NER also acts on 

transcriptionally active DNA more efficiently than non-transcribed DNA. In fact, the strand that 

is actively being transcribed is more efficiently repaired than the complementary strand. TC-

NER does not require XPC or the DDB proteins (Reed et al., 2007), but instead uses the RNA 

polymerase stalling as mechanism of detection (Saldivar et al., 2007). 
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Mismatch repair 

DNA mismatch repair (MMR) is a system for recognizing and repairing erroneous insertion, 

deletion and mis-incorporation of bases that can arise during DNA replication and 

recombination. A critical step in MMR is recognizing which strand corresponds to the parental 

strand, and which one is the newly synthesized strand that contains the incorrect nucleotide. In E. 

coli, this is elegantly accomplished as the parental strand is methylated at the adenine of GATC 

nucleotide sequences. How the correct strand is identified in eukaryotes is unclear, although 

recent evidence indicates that the processivity clamp, PCNA, may provide a way of orienting the 

DNA repair machinery in terms of which strand is newly replicated. In addition, the MMR may 

detect nicks in the strand, and the lagging strand which contains Okasaki fragments contains 

nicks (Li GM et al., 2008). Therefore distinguishing the nicked strand from the unicked strand 

may be a successful method to distinguish between the newly replicated and the parental strand. 

Recognition of the mismatch occur by the MSH heterodimeric complex termed MutSα 

(Friedberg et al., 1995); the DNA nicked by the MutLα complex either 3’ or 5’ to the mismatch, 

the DNA is hydrolysed by a single strand exonuclease, EXO1, and the DNA is resynthesized by 

either Pol ε or Pol δ. Abnormalities in MMR appear to be involved in certain types of 

chemotherapy resistance, as some DNA damaging agents, such as MNNG and cisplatin, require 

an active MMR system in order to cause cell death. 

Homologous Recombination  

Homologous recombination (HR) is a process by which homologous DNA is used as a template 

for repair of a DSB (Fig. 20). This process typically uses a sister chromatid and occurs 

preferentially is the S and G2 phases of the cell cycle. There are two proposed mechanisms of 

HR (Friedberg et al., 1995), including double strand break repair (DSBR) and synthesis 

dependant strand annealing (SDSA). The two pathways are similar in their first steps. After a 

double-strand break occurs, a heterotrimeric protein known as the MRN complex binds to DNA 

flanking either side of the break. Then both processes require resection of the DSB to a single 

stranded region. However, the extent to which the homologous chromosome is used as a 

template for repair differs between the two processes. DSBR basically results in a full crossover 

event, whereas SDSA uses only a part of the sister chromatid as a template. This process is more 
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heavily used in mitosis. Single strand annealing (SSA) is a process that occurs in regions of 

repeats within the same chromosome. 

Break-induced replication (BIR) is another process that occurs during S-phase after a collapsed 

replication fork, where one strand of ssDNA invades a region of homology. During DNA 

replication, double-strand breaks can sometimes be encountered at replication forks as DNA 

helicase unzips the template strand. These defects are repaired in the BIR pathway of 

homologous recombination. The precise molecular mechanisms of the BIR pathway remain 

unclear. The BIR pathway can also help to maintain the length of telomeres, regions of DNA at 

the end of eukaryotic chromosomes, in the absence of (or in cooperation with) telomerase. 

Maintaining telomere length is critical for cell immortalization, a key feature of cancer. Most 

cancers maintain telomeres by upregulating telomerase. However, in several types of human 

cancer, a BIR-like pathway helps to sustain some tumors by acting as an alternative mechanism 

of telomere maintenance (Morrish et al., 2009).  

In mammalian cells, the first step of HR is the generation of single strand DNA (ssDNA) and the 

coating of the DNA with the RecA-like RAD51 protein (Friedberg et al., 1995). This complex 

forms the recombinogenic nucleoprotein filament or the presynaptic filament. This process is 

opposed by the Sgs1 and Srs2 helicases. RAD52, the RAD55-57 complex and BRCA2 in 

mammalian cells, help to stabilize the presynaptic complex by preventing or displacing the 

binding of RPA to the ssDNA. RAD52 helps to recruit RAD51 to ssDNA, displacing RPA from 

the filament (Pool et al., 2001). RAD55-57 also binds to RAD51 and aid in the displacement of 

RPA (Li X et al., 2008). The invasion of the presynaptic filament into the homologous DNA 

results in a cross-shaped structure called a Holliday junction which resolution must occur. In the 

resolution phase of recombination, any Holliday junctions formed by the strand invasion process 

are cut, thereby restoring two separate DNA molecules. The specific enzyme involved in this 

process has not been identified in eukaryotes. However, a DSB is required to resolve this 

junction, as well as religation of the recombined DNA. 

Non-Homologous End Joining 

Non-homologous end joining (NHEJ) is a mechanism of DSB DNA repair that dominates the G1 

phase of the cell cycle. NHEJ is referred to as "non-homologous" because the break ends are 
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directly ligated without the need for a homologous template, in contrast to homologous 

recombination, which requires a homologous sequence to guide repair (Fig. 20). NHEJ typically 

utilizes short homologous DNA sequences called microhomologies to guide repair. These 

microhomologies are often present in single-stranded overhangs on the ends of double-strand 

breaks. When the overhangs are perfectly compatible, NHEJ usually repairs the break accurately 

(Moore et al., 1996; Boulton et al., 1996; Wilson et al., 1999; Budman et al. 2005). Imprecise 

repair leading to loss of nucleotides can also occur, but is much more common when the 

overhangs are not compatible. Inappropriate NHEJ can lead to translocations and telomere 

fusion, hallmarks of tumor cells (Espejel et al., 2002). DSBs are first recognized by the DNA 

binding proteins Ku70-Ku80, which are present at a very high concentration in the nucleus. The 

binding of the Ku70-Ku80 to the free DNA ends recruits the catalytic subunit of DNA-activated 

protein kinase DNA-PKcs, thereby activating the kinase. End processing involves removal of 

damaged or mismatched nucleotides by nucleases and resynthesis by DNA polymerases. This 

step is not necessary if the ends are already compatible and have 3' hydroxyl and 5' phosphate 

termini. The DNA ends are processed, if necessary, by Artemis (a nuclease), DNA Polλ, or DNA 

Polµ to generate regions of microhomology. The DNA ligase IV complex, consisting of the 

catalytic subunit DNA ligase IV and its cofactor XRCC4 (Lig4/XRCC4), performs the ligation 

step of repair (Wilson et al., 1997). It is yet unclear if the MRN complex is also involved in 

processing DNA ends to generate the correct DNA structure for DNA repair. It is possible that 

the confusion concerns the kinetics (Friedberg et al., 1995), the MRN complex may arrive first to 

the site of damage, resects the break in order set up the checkpoint, while the repair proteins may 

take more time to be recruited and they may process the DNA further to the correct structure for 

repair (Hefferin et al., 2005, Bau et al., 2006). 
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Figure 20: The two main types of double-stranded 

DNA-break repair (Misteli et al., Nature reviews 

2009). 

Non-homologous end joining: A DNA lesion (a 

double-stranded DNA break (DSB)) is sensed by 

the Ku80-Ku70 heterodimer, which in turn recruits 

the DNA-dependent protein kinase catalytic subunit 

DNAPKcs, resulting in assembly of the DNAPK 

complex and activation of its kinase activity (see 

the figure; left panel). Increasing evidence suggests 

that DNAPK functions as a regulatory component 

of non-homologous end joining (NHEJ), potentially 

facilitating and regulating the processing of DNA 

ends. DNAPK also increases the recruitment of 

XRCC4, DNA ligase IV, XLF and Artemis, which 

carry out the final rejoining reaction. 

Homologous recombination repair: A DNA lesion 

is recognized by the MRN (MRE11–RAD50–

NBS1) complex, which is recruited to the DSB to 

generate single-stranded DNA by resection (see the 

figure; right panel). The single-stranded ends are 

bound by replication protein A (RPA), RAD51 and 

RAD52 and can subsequently invade the 

homologous template, creating a D-loop and a 

Holliday junction, to prime DNA synthesis and to 

copy and ultimately restore genetic information that was disrupted by the DSB. 

Deciding between HR and NHEJ 

DSBs can be repaired through HR or NHEJ. Whether HR or NHEJ is used to repair double-

strand breaks is largely determined by the phase of cell cycle. HR is upregulated in the S and G2 

phases of the cell cycle, when sister chromatids are readily available. NHEJ is predominant in 

the G1 phase and downregulated thereafter, but maintains at least some activity throughout the 

cell cycle. 

VII- Other mechanisms of DNA repair 

Direct reversal 

Cells are known to eliminate three types of damage to their DNA by chemically reversing it. 

These mechanisms do not require a template, since the types of damage they counteract can only 

occur in one of the four bases. Such direct reversal mechanisms are specific to the type of 
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damage incurred and do not involve breakage of the phosphodiester backbone. The formation of 

thymine dimers (a common type of cyclobutyl dimer) upon irradiation with UV light results in 

an abnormal covalent bond between adjacent thymidine bases. The photoreactivation process 

directly reverses this damage by the action of the enzyme photolyase, whose activation is 

obligately dependent on energy absorbed from blue/UV light (300–500 nm wavelength) to 

promote catalysis (Sancar, 2003). Another type of damage, methylation of guanine bases, is 

directly reversed by the protein methyl guanine methyl transferase (MGMT), the bacterial 

equivalent of which is called ogt. This is an expensive process because each MGMT molecule 

can only be used once; that is, the reaction is stoichiometric rather than catalytic (Watson et al., 

2004). A generalized response to methylating agents in bacteria is known as the adaptive 

response and confers a level of resistance to alkylating agents upon sustained exposure by 

upregulation of alkylation repair enzymes (Volkert, 1988). The third type of DNA damage 

reversed by cells is certain methylation of the bases cytosine and adenine. 

Translesion synthesis 

Translesion synthesis is a DNA damage tolerance process that allows the DNA replication 

machinery to replicate past DNA lesions such as thymine dimers or AP sites (Waters et al., 

2009). It involves switching out regular DNA polymerases for specialized translesion 

polymerases (e.g. DNA polymerase V), often with larger active sites that can facilitate the 

insertion of bases opposite damaged nucleotides. The polymerase switching is thought to be 

mediated by, among other factors, the post-translational modification of the replication 

processivity factor PCNA. Translesion synthesis polymerases often have low fidelity (high 

propensity to insert wrong bases) relative to regular polymerases. However, many are extremely 

efficient at inserting correct bases opposite specific types of damage. For example, Pol ε 

mediates error-free bypass of lesions induced by UV irradiation, whereas Pol δ introduces 

mutations at these sites. From a cellular perspective, risking the introduction of point mutations 

during translesion synthesis may be preferable to resorting to more drastic mechanisms of DNA 

repair, which may cause gross chromosomal aberrations or cell death. 
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VIII- DNA damage signaling 

How DNA damage is repaired is unique to each lesion. However, it is thought that DNA damage 

signaling pathway often recognizes damage by the gross changes that DNA induces in chromatin 

structure. DNA damage generally activates a signaling cascade that functions to halt the cell 

cycle and organize repair, and in the mammalian setting, signal for apoptosis if damage is 

extensive. ATM and ATR, phosphatidylinosito 3-kinase-like family members, are the central 

transducer kinases of the DNA damage response (Shiloh et al., 2001). ATM and ATR differ in 

the types of lesions they respond to; ATM preferentially responds to DSBs (Shiloh et al., 2000, 

Shiloh et al., 2003), whereas ATR responds to bulky lesions, SSBs, DSBs and stalled replication 

forks (Brown et al., 2003, Zhao et al., 2001, Osborn et al., 2002). ATM/ATR activate a 

secondary set of transducer kinases: Chk1 and Chk2. Chk1 is downstream of ATR: ATR 

phosphorylates Chk1 on residues S317 and S345 (Xiao et al., 2003). Chk2 is downstream of 

ATM and is phosphorylated on T68 by ATM (Iliakis et al., 2003, Shiloh et al., 2003). Chk1 and 

Chk2 regulate the cell cycle checkpoint by phosphorylating the effectors. 

ATM 

How DNA damage is detected differs between ATM and ATR. ATM (Ataxia Telangiectasia-

Mutated) is thought to exist in inactive multimers in an undamaged cell, as the FAT (Focal 

Adhesion Trageting) domain of ATM is binding to and inhibiting the kinase domain of ATM in 

trans. However, after DNA damage, ATM rapidly autophosphorylates on Ser1981, thereby 

relieving this auto-inhibition as the FAT domain cannot bind the kinase domain in its 

phosphorylated form (Fig. 21B). The mechanism of activation of ATM is not currently 

completely clear. It is thought to depend on the action of the MRE11-RAD50-NBS1 (MRN) 

complex (Fig. 21A). MRE11 (meiotic recombination 11) contains an exonuclease activity: this 

protein might modify lesions in such a way that ATM can recognize the damage event. In 

addition, it has been shown that knockdown of MRE11 reduces the amount of phosphorylation 

of some ATM substrates, at low but not high levels of damage. It is likely that the action of 

MRE11 may be to amplify the damage signal in some way. NBS1 is also a substrate of ATM, 

and is thought to exist in a positive feedback loop with ATM, as NBS1 phosphorylation may act 

to further activate ATM (Hurley et al., 2007). There is also evidence that artificial tethering of 
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the MRN complex can localize and cause the activation of ATM. Regardless, upon DSB 

formation, ATM and the MRN complex rapidly relocalize to the site of the break. ATM 

phosphorylates the histone variant H2AX, which appears to be pre-existent at chromatin, at 

Ser139 and Thr136. this phosphorylation event can be visualized using immunofluorescence and 

it occurs rapidly after ionizing radiation treatment. Phospho-H2AX (also called γ-H2AX) 

localizes to distinct foci that are thought to be sites of DSB. H2AX phosphorylation is one of the 

first chromatin modifications that occur in order to generate macromolecule complexes around 

the site of DSB. H2AX recruits the MDC1 (Mediator of DNA damage checkpoint protein 1). 

MDC1 contains an N-terminal forkhead domain and two BRCA1 C-terminal (BRCT) motifs. 

This nuclear protein interacts with C-terninus of phosphorylated histone H2AX through its 

BRCT motifs, and facilitates recruitment of the ATM kinase and MRE11 protein complex to 

DNA damage foci. MDC1 binding is required for checkpoint maintenance (Stucki et al., 2005). 
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Figure 21: The importance of protein phosphorylation in the DNA damage response 

A. ATM and the MRN complex are recruited to sites of DSBs, where ATM is activated and phosphorylates 

several targets, including the MRN complex and H2AX. Phosphorylation of the MRN complex is thought 

to contribute to ATM activation. 

B. ATM phosphorylation leads to release of active ATM monomers. Chk2 activation and Cdc25 sequestration 

by the generation of a phosphopeptide binding motif created by Chk2 phosphorylation. This local 

phosphopeptide binding motif is recognized by 14-3-3.  

 

ATR 

Ataxia telangiectasia and Rad3 related (ATR) is a serine/threonine-specific protein kinase with 

significant sequence homology to ATM, and that is involved in sensing DNA damage and 

activating the DNA damage checkpoint, leading to cell cycle arrest (Sancar et al., 2004). ATR is 

activated in response to persistent single-stranded DNA, which is a common intermediate formed 

during DNA damage detection and repair. Single-stranded DNA occurs at stalled replication 

forks and as an intermediate in DNA repair pathways such as nucleotide excision repair and 

homologous recombination repair. ATR works with a partner protein called ATRIP to recognize 
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single-stranded DNA coated with RPA (Zou et al., 2003). ATR exists in a heterodimer with 

ATRIP, these two proteins are thought to always be in complex. One of the most important 

downstream targets of ATR is the kinase Chk1. Once ATR is activated, it phosphorylates Chk1, 

initiating a signal transduction cascade that culminates in cell cycle arrest. Chk1 is thought to be 

recruited to replication forks via its interaction with an adaptor and activator protein, claspin. 

Concommitant with activation, Chk1 is phosphorylated at Ser317 and Ser345. In addition to its 

role in cell cycle arrest, ATR also has a function in DNA repair. ATR phosphorylates proteins 

involved in HR such as BRCA1, the Werner’s syndrome helicase and the Bloom syndrome 

proteins, as well as the Fanconi-anemia proteins involved in inter-strand crosslink repair and the 

NER protein XPA. ATR, unlike ATM, is an essential kinase, likely due to its role in normal S-

phase progression. In addition, ATR is thought to stabilize replication forks as they encounter a 

lesion or particularly hard to replicate regions of the genome (Brown et al., 2003; Cha et al., 

2002).  

Chk1 and Chk2 

Chk1 and Chk2 are downstream effector kinases of the DNA damage response that do not 

remain localized to the site of the break, but communicate to the rest of the cell that there is a 

DNA damage checkpoint (Wang et al., 2006). These kinases are basophilic kinases; they 

generally require that their substrates contain an arginine residue in the -3 position (i.e. 3 

positions N-terminal) relative to the serine or threonine which will be phosphorylated (Hurley et 

al., 2007). Chk1 and Chk2 are required for cell cycle arrest in response to DNA damage. As 

downstream effectors, Chk1 and Chk2 are phosphorylated by ATM/ATR-dependant processes 

(O’Neill et al., 2000; 2002; Abraham et al., 2001), and potentiate the phosphorylation of several 

key targets: p53, and Cdc25 family of phosphatases. These processes are necessary to stop 

further progression in cell cycle. In fact, phosphorylation of p53, causing transcriptional 

induction of p21 (North et al., 2000; Zhu et al., 1998), or phosphorylation of Cdc25, thereby 

priming it for ubiquitination and proteasome destruction (Manke et al., 2005; Sorensen et al., 

2003), will inhibit the formation of cdk2/cyclinE complex, an association necessary for 

progression in the cell cycle (Mailand et al., 2002; Zhou et al., 2000). 
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IX- Cell cycle dependence of DNA repair and DNA signaling 

The mechanism used to repair a DSB is dependent on the particular phase of the cycle (Shuck et 

al., 2008). During S-phase/G2, the preferred mechanism of repair is HR due to the presence of 

sister chromatids held together by cohesion complexes. During G1, the preferred mechanism of 

DNA repair is NHEJ, as the source of homology would be the homologous chromosome which 

is not necessarily nearby the damaged chromosome. The switch between HR and NHEJ is 

interesting and complex and is just now beginning to be understood. One of the key parts of the 

regulation of this pathway is the activity of ATR. Jayzeeri et al. showed that ATR is activated in 

response to DSB in S and G2 but not in G1. Both S and G2 phases correspond to the points in the 

cell cycle when CDK (cyclin-dependent kinase) activity is high. Ku70/Ku80, which are required 

for NHEJ are in theory able to bind to free DNA ends with high effiviency, as there is a very 

high concentration of Ku70 and Ku80 in the nucleus. However, there is evidence that PARP may 

function to reduce the affinity of Ku proteins to DSBs during times of high CDK activity, so that 

HR is favored in S/G2. 

The role of PCNA in the DNA damage response 

PCNA is the processivity clamp that is essential for normal replication of DNA. By completely 

surrounding the DNA as a homotrimeric ring, PCNA increases the processivity of DNA 

polymerases by tethering them to DNA and is an essential manager of DNA synthesis. Since 

DNA lesions are likely to be encountered during every round of mammalian DNA replication, 

PCNA is a teleogically ideal protein to be involved in the sensing and resolution of these lesions. 

Many proteins interact with PCNA by binding to a short sequence region called the PIP box. In 

addition, PCNA can undergo several post-translational modifications which regulate PCNA 

activity. These modifications can play an essential role in the activation or inhibition of different 

DNA repair pathways. SUMO-modification (Small ubiquitin-related modifier) results in a 

repression of HR, monoubiquitination results in the recruitment of TLS polymerases, 

polyubiquitination results in error-free repair presumably through template switching (Fousteri et 

al., 2008; Reed et al., 2007). 
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X- Histone code in the DNA damage response 

Histones undergo a wide variety of modifications including ADP-ribosylation, phosphorylation, 

acetylation, ubiquitylation, and sumolyation. Histone modifications are likely to be a key part of 

the DNA damage response (Saldivar et al., 2007). This seems completely logical as histone 

proteins are closely associated with DNA, and are already known to affect the compaction state 

of chromatin. Intuitively, an open DNA structure would be important in order to provide access 

to DNA repair proteins (Li GM et al., 2008, Li X et al., 2008); although with the exception of 

γH2AX, the role of histone modifications in the DNA damage response is now beginning to be 

explored.  

ADP-ribosylation 

ADP-ribosylation of histones is thought to open up the chromatin structure, aiding in the 

accessibility of DNA to the NER machinery (Hefferin et al., 2005). PARP1 is a key enzyme in 

this process. The negative charge of the ADP-ribose polymers is thought to electrostatically repel 

the DNA backbone. In addition, there is some evidence that part of the function of PARP1 may 

be to affect ATP/ADP ratio in the cell which may alter the checkpoint versus apoptosis decision 

(Bau et al., 2006). 

Phosphorylation 

Histone phosphorylation is a key event after DNA damage, and has been the post-translational 

histone modification that has been most thoroughly studied in this context. H2AX appears to be 

phosphorylated for a region extending Mbp regions around the break in mammalian cells. H2AX 

promotes the maintenance of proteins at the site of the break. Phospho-H2AX recruits the BRCT 

domain-containing protein MDC1, which results in a cascade of interactions that ultimately 

culminate in recruitment of BRCA1. 

Acetylation 

Acetylation is a general chromatin modification that is thought to result in open chromatin. It is 

possible that a more open chromatin state favors HR and that the local concentration of DNA 

damage proteins must be higher in order to facilitate NHEJ (Shiloh et al., 2001, Escargueil et al., 

2008). In addition the Tip60 acetylase and ATPase may be involved in acetylating and removing 
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of H2AX from chromatin (Lukas et al., 2008). There is also evidence from embryonic stem cells 

lacking Tip60, that H4 hyperacetylation is lost around the sites of DSBs, which seems to impede 

repair. 

Ubiquitination 

Several years ago it was reported by the Bartek lab that GFP-ubiquitin formed foci after DNA 

damage. More recently, it has been shown that histone H2A and H2AX are ubiquitinated after 

DNA damage. The exact role that this modification has on the chromatin structure is unclear; 

however, this modification does act as a platform for the recruitment of the BRCA1 interacting 

protein Rap80, which contains an ubiquitin interaction motif (Althaus et al., 1994; Jazayeri et al., 

2004; Asparicio et al., 2004; Scott et al., 2003; Tamburini et al., 2005). RNF8, an FHA-domain 

containing phosphopeptide binding protein that interacts with MDC1, is thought to be the 

enzyme that modifies H2A and H2AX to facilitate BRCA1 recruitment (Murr et al., 2006; 

Charier et al., 2004; Wang et al., 2007). The forkhead-associated (FHA) domain is a putative 

nuclear signaling domain found in protein kinases and transcription factors. 

XI- DNA damage and aging 

Is DNA damage the cell clock measuring cellular aging? Whereas telomeres are broadly 

recognized as a way to regulate the number of cell divisions, telomeres in mice are significantly 

longer than in human cells, and mice live an average of two years, whereas human lives on the 

order of decades. In addition, recent studies have shown that shortened telomeres expose a single 

stranded tract of DNA that activates the DNA damage response as part of the mechanism of cell 

senescence. However, there is evidence that NER in mice is less efficient than in humans, and 

this may correlate with the shorter life-span of rodents (Dolle et al., 2006; de Boer et al., 2002). 

Moreover, numerous studies have demonstrated the reduced repair capacity of aged cells and 

tissues. Interestingly, caloric restriction, which is thought to prevent oxidative stress, also 

correlates with a reduction in DNA damage. Whether this reduction in genotoxic stress 

constitutes causation or correlation with respect to ageing is unclear. 
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XII- DNA repair and cancer 

Inherited mutations that affect DNA repair genes are strongly associated with high cancer risks 

in humans. Hereditary nonpolyposis colorectal cancer (HNPCC) is strongly associated with 

specific mutations in the DNA mismatch repair pathway. BRCA1 and BRCA2, two famous 

mutations conferring a hugely increased risk of breast and ovary cancer on carriers (that almost 

invariably present a deletion of the wt allele), are both associated with DNA repair pathways, 

especially NHEJ and homologous recombination. Cancer therapy procedures such as 

chemotherapy and radiotherapy work by overwhelming the capacity of the cell to repair DNA 

damage, resulting in cell death. Cells that are most rapidly dividing - most typically cancer cells - 

are preferentially affected. The side effect is that other non-cancerous but rapidly dividing cells 

such as stem cells in the bone marrow are also affected. Modern cancer treatments attempt to 

localize the DNA damage to cells and tissues only associated with cancer, either by physical 

means (concentrating the therapeutic agent in the region of the tumor) or by biochemical means 

(exploiting a feature unique to cancer cells in the body). 
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Chapter 6: Fibroblast Growth factor signaling 

I- Properties of cell signaling 

Cells in multi-cellular organism exchange chemical signals with one another in order to precisely 

coordinate their functions for the benefit of the organism as a unity. All biological processes are 

essentially driven by cell-cell communication, or cell signaling. The process of converting an 

extracellular signal to an intracellular response is known as signal transduction. From controlling 

cell division to determining cell fate, signal transduction plays an important role in orchestrating 

a variety of cellular functions in a temporally and spatially specific fashion. Malfunction in any 

of the signal transduction components could lead to catastrophic consequences such as abnormal 

development or uncontrolled growth, compromising the viability of the organism. 

Basic principles of cell signaling 

One of the mechanisms by which cells communicate locally within a microenvironment involves 

specific interactions between secreted signaling molecules and cell surface receptors. Cells are 

constantly exposed to an enormous amount of extracellular information encoded in the form of 

signaling molecules such as proteins, lipids and dissolved gases. The landscape of signal 

transduction consists of three distinct compartments, namely the ECM, the cell surface and the 

intracellular space (Fig. 22). The signaling molecules are released from a signaling cell into the 

ECM, where the signals can be sequestered temporarily or can diffuse to the target cell. Upon 

approaching the cell surface of the target cell, the signals may interact with various 

macromolecules such as proteoglycans and glycosaminoglycans. Binding of the signals to 

corresponding receptors initiates a cascade of events at the cell surface and in the intracellular 

space. As a result, a biological response is initiated and subsequently the signaling complexes are 

internalized for degradation by 

endocytosis. 

Figure 22: The landscape of signal transduction: 

Chemicals signals released from a cell encounter 

and traverse the ECM, reach the cell surface and 

interact with the receptors. Upon receptor binding 

and dimerization, the signals initiate a cascade of 

intracellular events. 
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In the case of growth factors signaling, the signaling molecule is a protein released from the 

signaling cell and the receptor is a single-pass transmembrane polypeptide consisting of an 

extracellular binding domain and two cytoplasmic tyrosine kinase domains. Binding of the 

growth factor to the extracellular domain of the receptor induces receptor dimerization (Fig. 23), 

which brings the cytoplasmic tyrosine kinase domains of the two receptors into juxtaposition for 

autophosphorylation (Heldin, 1995). These phosphorylated tyrosine residues serve as docking 

sites for the cytoplasmic proteins containing the Src-homology (SH2) domains. Once 

phosphorylated, these SH2- containing proteins may serve as adaptors for recruiting other 

cytoplasmic proteins, or they may become substrates for yet other kinases to phosphorylate. 

Therefore, as a result for receptor dimerization, a cascade of intracellular signaling events is 

activated. Some examples of growth factors that bind to cell surface receptors with tyrosine 

kinase activity include platelet-derived growth factor (PDGF), epidermal growth factor (EGF), 

vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF). 

 

 

 

Figure 23: Activation of a receptor tyrosine kinase by ligand 

binding. Top: In the absence of ligand binding, cell surface 

receptors are far apart from each other. No intracellular signaling 

is initiated. Bottom: Binding of the appropriate ligands induces 

non-covalent association of the receptors and the cytoplasmic 

domains are brought into close proximity with each other. As a 

result, specific tyrosine residues (Y) are auto-phosphorylated. 

Phosphorylated tyrosines in turn trigger phosphorylation of other 

intracellular substrates (S). 

 

Receptor dimerization 

Receptor dimerization can be achieved by a number of mechanisms. First, binding of growth 

factor (herein referred to as ligand) can bring receptors into close proximity for dimerization to 

occur. There are at least two means of ligand-induced receptor dimerization. A single ligand can 

bind two receptors through two independent receptor-binding sites, as in the case of human 

growth hormones (de Vos et al., 1992) and erythropoietin (Watowich et al., 1994). Alternatively, 
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two ligands can bind two receptors independently and the bound receptors are then associated. 

Second, receptor dimerization can also be achieved by a ligand-independent mechanism. 

Intermolecular disulfide bridges can force two receptors to form a covalent receptor dimer in the 

absence of ligand binding. In addition to receptor dimerization, another key feature of growth 

factor signaling is the presence of specific tyrosine residues in the cytoplasmic domain of the 

receptor. 

Signal transduction exhibits several properties that are key to growth factor signaling. First, the 

signal can be amplified several-fold through activating the intracellular signaling cascade, 

thereby allowing a low concentration of chemical signals to sufficiently initiate a sustained 

biological response. Second, signals can be directed from a signaling cell to the target cell in a 

paracrine fashion, or from a signaling cell back to itself in an autocrine fashion. The latter is 

particularly evident in tumor growth, in which tumor cells over-produce large quantities of 

growth factors that subsequently stimulates their own growth. Third, the biological responses of 

some cell signaling pathways can be promoted or inhibited by other macromolecules synthesized 

by cells. Cell signaling is critical to many biological processes in normal development and 

disease progression. One of the mechanisms of signal transduction involves specific interaction 

between secreted chemical signals and cell surface receptors. As the signals traverse from the 

extracellular to the intracellular space, distinct molecular events occur including receptor 

dimerization, and auto-phosphorylation of receptor tyrosine kinase domains. Three 

characteristics of signal transduction (amplification, directionality and signal modulation) are 

important to the understanding of FGF signaling. 

II- Fibroblast Growth Factor signaling 

The biological activity of FGFs is modulated through dual-receptor system consisting of one of 

five high affinity FGFRs (Kan et al., 1993), and low affinity heparan sulfate glycosaminoglycans 

(HSGAGs) located at the cell surface and in the ECM (Faham et al., 1996; Ornitz et al., 1995). 

Specific interactions among these three components dictate the specificity and the intensity of 

FGF signaling. 
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Early work on fibroblast growth factors 

FGFs were first described in the literature in the early 1970s, when the two prototypic members 

of the FGFs, FGF1 (acidic FGF) and FGF2 (basic FGF) were isolated from bovine pituitary 

extracts as growth promotion factors based on their abilities to stimulate the proliferation of 

NIH3T3 cells (Armelin, 1973; Gospodarowicz, 1974). FGF1 was later identified as a myoblast 

differentiation factor (Gospodarowicz et al., 1975). It was soon realized that FGF was also active 

in a wide variety of cell types, including neuronal cells, chondrocytes, osteoblasts, vascular 

smooth muscle cells and endothelial cells. The finding that FGF was mitogenic for endothelial 

cells in vitro (Gospodarowicz et al., 1976; Gospodarowicz et al., 1978) and in vivo 

(Gospodarowicz et al., 1979) subsequently led to the proposal that FGFs might play a role in 

tumor angiogenesis (Maciag, 1984). In fact, some FGF members (such as FGF3, 4, 5 and 6) were 

isolated oncogenes from human tissues or cell lines (Marics et al., 1989; Moore et al., 1986; 

Yoshida et al., 1987; Zhan et al., 1988). To date, the FGF family of growth factors consists if at 

least 23 members. It is important to note that the defining classification of FGF relies strictly on 

protein structural homology rather than the target sites of the growth-promoting activity. 

Although most FGF members are mitogens for fibroblasts (as the name of the growth factors 

implied) a few do not exhibit mitogenic activity in fibroblasts at all. A good example is the 

keratinocyte growth factor (KGF or FGF7), which is only active in epithelial cells expressing a 

specific receptor isoform (Gospodarowicz et al., 1987). 

Biological properties of FGFs 

FGFs are secreted signaling molecules that act primarily in the extracellular environment.  

Unlike most FGF members, FGF1, 2 and 9 lack the classical N-terminal leader sequences for 

secretion. This raises the intriguing question of whether FGF1 and 2 are only released passively 

upon disintegration of the plasma membrane in the event of cell lysis, or other novel secretory 

mechanism is involved in exporting FGF out of the cells. One possibility of FGF export is 

through binding to a carrier protein such as synaptotagmin, whose expression is believed to be 

required for FGF1 release (Carreira et al., 1998; LaVallee et al., 1998; Tarantini et al., 1998; 

Landriscina et al., 2001; Prudovsky et al., 2002; Rajalingam et al., 2007). 



104 

 

Upon binding to FGFRs, FGFs induce receptor dimerization and auto-phosphorylation of the 

tyrosine kinase domains. The phosphorylated tyrosine residues serve to recruit specific 

cytoplasmic proteins and modify their activities by phosphorylation. As a result of protein 

phosphorylation, a cascade of intracellular signals is activated. Some of the signaling pathways 

activated by FGFs include the phospholipase C-γ, the mitogen activated protein kinase and the 

phosphatidylinositol 3-kinase pathways (Mason, 1994; Mohammadi et al., 1991; Powers et al., 

2000). As a result of the “cross-talks” between different activated signaling pathways, FGFs are 

capable of mediating a multitude of cellular responses. The exact mechanism of the FGF-

mediated “cross-talks” has yet to be characterized. 

FGFs play a key role in a wide range of biological functions such as cell proliferation, 

differentiation, senescence and angiogenesis (Bikfalvi et al., 1997; Gospodarowicz et al., 1987; 

Hanahan and Folkman, 1996; Ornitz, 2000; Taipale and Keski-Oja, 1997). The biological 

significance of FGFs in development is implicated from several genetic studies. Gene 

inactivation experiments using knockout mice have indicated that FGFs orchestrate various 

crucial developmental processes within the nervous and vascular systems (Raballo et al., 2000). 

In another study, however, mice carrying targeted FGF2 null mutation were morphologically 

normal except displaying impaired vascular smooth contractility (Zhou et al., 1998). Over-

expression of FGF1 in arteries by gene transfer induces intimal hyperplasia and exaggerated 

angiogenesis in the arterial wall in vivo (Nabel et al., 1993). Specific biological functions 

mediated by FGFs are highlighted below. 

Cell proliferation 

FGF1 and 2 are potent mitogens for many cell types, including fibroblasts, myoblasts, 

chondrocytes, osteoblasts, endothelial cells, smooth and muscle cells, neurons and epithelial cells 

(Gospodarowicz et al., 1987). Unlike FGF1 and 2, the activity of the FGF7 (commonly known as 

keratinocyte growth factor or KGF) is restricted to epithelial cells expressing a splice variant of 

FGFR2. The potency exhibited by FGF2 to stimulate cell proliferation is estimated to be about 

20 to 60 fold higher than transforming growth factor, epidermal growth factor and platelet-

derived growth factor (Gospodarowicz et al., 1987). In the presence of heparin, half maximal 

proliferation can be achieved by just 0.5 ng/ml of FGF2 (Padera et al., 1999). 
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Cell survival 

Maintaining cell survival, independent of cell proliferation, is critical in normal tissues, including 

the vascular endothelium whose turnover rate is exceedingly low (Folkman, 1985b). FGFs were 

shown to play an important role in maintaining the survival of endothelial cells, by protrecting 

them from programmed cell death triggered by serum starvation (Araki et al., 1990; Karsan et 

al., 1997; Kuzuya et al., 1999) or by ionizing radiation (Fuks et al., 1994). FGF2 acts as a 

survival factor in 3T3 fibroblasts (Tamm et al., 1991), hippocampal neurons (Walicke et al., 

1986), intestinal stem cells (Houchen et al., 1999), and injured neural tissues (Anderson et al., 

1988). The intracellular signaling of cell survival is believed to be mediated through the 

phosphatidylinositol 3-kinase (PI3-kinase) pathway. Upon FGF binding and receptor 

dimerization, the assembly and cross-phosphorylation of multiple cytoplasmic docking proteins 

occur, which leads to the recruitment and activation of PI3-kinase (Ong et al., 2001). 

Angiogenesis 

Among the most characterized FGF-mediated biological functions is the ability to induce 

angiogenesis, or new blood vessel growth. FGF1 and FGF2 are potent mitogens for smooth 

muscle cells and endothelial cells (Desai and Libutti, 1999; Slavin, 1995), both of which are the 

major components of the vascular network. During embryonic development and adult female 

reproductive cycles, sprouting of new blood vessels from the existing vasculature takes place 

under a tight regulatory control. However, unregulated angiogenesis is believed to be a 

prerequisite in several pathological situations such as tumor metastasis, atherosclerosis and 

retinopathy (Folkman, 1995a; Hanahan and Folkman, 1996). FGF expression has been shown to 

be up-regulated in many types of cancer, including colon (Shin et al., 2000), breast (Smith et al., 

1999), brain (Schmidt et al., 1999), head and neck (Dellacono et al., 1997) and lung (Berger et 

al., 1999). 

Fibroblast growth factor receptors 

FGFRs are members of the transmembrane receptor tyrosine kinase superfamily which relays the 

external FGF signal to the inside of cell (Givol and Yayon, 1992; Jaye et al., 1992). All FGFRs 

share a basic structural organization: an extracellular domain composing of two or three Ig-like 
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loops, a transmembrane domain of 13 amino acids, and a cytoplasmic domain composing of the 

tyrosine kinases (Fig. 24).  

 

 

 

Figure 24: Schematic drawing of the fibroblast growth factor receptor. 

FGFR consists of two to three Ig-like loops (I-III), a transmembrane 

domain and two tyrosine kinase domains. 

 

Cells can selectively respond to a given FGF by regulating 

the types of FGFR expressed on the cell surface. 

Differential expression of FGFRs during the course of 

development and disease progression enables cells to directly regulate their responsiveness to 

external signals. In the developing mouse embryo, all FGFRs are expressed in various locations 

and at different stages (Chen at al., 2000). For example, in the smooth muscle cells isolated from 

rats, FGFR1 gene is expressed at a higher level in adult, whereas FGFR3 expression is higher in 

newborn animals. FGFR1-4 are differentially expressed during various growth phases of lung 

development in rats (Powell et al., 1998). In the atherosclerosis arteries, distinct patterns of 

FGFR expression were observed (Brogi et al., 1993). In prostate epithelial cells, the progression 

from a benign to a malignant state is correlated with a switch from FGFR2b to FGFR2c 

expression (Yan et al., 1993). Aberrant expression of FGFR is believed to contribute to the 

pathogenesis of many diseases. In a highly-malignant human breast cancer cell line, FGFR2 

transcript is about 40-fold over-expressed (Tannheimer et al., 2000). In human gastric cancer, the 

transcripts of FGFR1, FGFR2 and FGFR4 are up-regulated in cancerous tissues compared to 

their normal counterparts (Shin et al., 2000). 

III- Fibroblast growth factor 2 

Fibroblast growth factor-2 (FGF2), also known as basic fibroblast growth factor (bFGF), is a 

wide-spectrum mitogenic, angiogenic and neurotrophic factor. It is a member of the fibroblast 

growth factor (FGF) family that binds heparin and heparan sulfate and modulates the function of 
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a broad range of cell types. The FGF family consisting of at least 23 members has been 

extensively studied for the last two decades. These growth factors are all monomeric proteins 

with molecular mass of ~ 15-45 KDa. FGF2 has been implicated in diverse physiological and 

pathological processes, including limb and nervous system development, wound healing and 

tumor growth. The FGF2 mRNA is alternatively translated from non-AUG (CUG) start sites, 

which proteins are mostly localized in the nucleus, and AUG initiation codon, which proteins are 

mostly cytosolic. This alternative translation results in five different isoforms with distinct 

properties: 18, 22, 22.5, 24 and 34 kDa. Larger forms of FGF2 have been identified as resulting 

from CUG translation. The 18-kDa low molecular mass (LMM) FGF-2 is mostly cytosolic, 

whereas the other forms localize in the nucleus. The 18-kDa form lacks a detectable secretion 

signal sequence and is released via its association with other molecules (e.g. HSP27) by an 

exocytotic mechanism that is independent of the endoplasmatic reticulum/Golgi pathway.  

FGF2 interaction with its receptors 

FGF2 biological activities depend on its interaction with the receptor type, the receptor’s 

intrinsic tyrosine kinase activity and the second messengers such as mitogen activated protein 

kinases (MAPK). FGF2 binds to four surface receptors: FGFR1 to FGFR4. FGF2 have two 

separate receptor binding sites and thus can bind to one or two receptors. It allows then the 

autophosphorylation of the receptor on several tyrosine residues, which activates diverse 

proteins: RAS, RAF1, MEK and MAPK respectively. This activation cascade promotes the 

translocation of MAPK to the nucleus where it directly activates transcription factors by 

phosphorylation. FGF2 also interacts with heparin and heparan sulfate proteoglycans (HSPG) 

that are found on cell surfaces and extracellular matrix throughout all mammalian tissues. The 

interaction with HSPG can enhance or inhibit the FGF2 activity. A possible mechanism of 

inhibition might involve sequestration of FGF2 by HSPG within the extracellular matrix, 

inhibiting its binding to the FGFR. Nevertheless, HSPG can facilitate the dimerization of the 

receptor and increase affinity of FGF2 to its receptor. In fact, exogenous FGF2 biological 

activity can be modulated by HSPG. As it has been demonstrated, HSPG are able to potentiate 

FGF2 activity, but it can also inhibit it, in which case, the intracellular FGF2 functions, including 

its nuclear activities, will be abolished. In contrast, endogenous FGF2 is produced in the cell; 

part of it will migrate outside the cell and will be responsible of the paracrine and autocrine 
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effects, and another fraction, the higher molecular-mass isoforms, can be directly targeted to the 

nucleus and operate independently of cell surface receptors in an intracrine manner (Dvorak et 

al, 2005).  

FGF2 signaling cascade 

18 KD form binds predominantly to FGFR1 and 2. FGFR-1c isoform is the preferential target of 

FGF2. The receptor is activated by ligand-induced dimerization,
 
tyrosine autophosphorylation, 

and stimulation of the intrinsic
 

protein tyrosine kinase
 

activity (Fig. 25). Tyrosine 

phosphorylation of the FRS2 protein leads to recruitment of four Grb2 molecules directly and 

two
 

Grb2 molecules indirectly through tyrosine phosphorylation of
 

the protein tyrosine 

phosphatase Shp2 in complex with FRS2.
 
Grb2 molecules bound to FRS2 recruit the nucleotide 

exchange
 
factor SOS, leading to the activation of the Ras-MAPK signaling

 
cascade. In addition, 

Grb2 recruits the docking protein Gab1,
 
which is tyrosine phosphorylated by FGFR, leading to 

recruitment
 
and activation of the PI3K-Akt cell survival pathway. Both

 
EGF and FGF receptors 

stimulate a similar complement of intracellular signaling
 
pathways. However, whereas activated 

EGFR functions
 
as the main platform for recruitment of signaling proteins,

 
signaling through the 

FGFRs is mediated primarily
 
by assembly of a multidocking protein complex. Moreover, FGFR

 

signaling is subject to additional intracellular and extracellular
 
control mechanisms that do not 

affect EGFR signalling (Schlessinger J, 2004). A more direct signalling has been demonstrated 

in neural cells, where the complex 

receptor-ligand enters the nucleus and 

acts as a transcription factor 

(Stachowiak MK 2003).  

 

Figure 25: The FGF2 activation cascade from 

the dimerization of the receptors to the 

activation of downstream proteins and targets 

(Schlessinger et al., 2004). 
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Some implications of the FGF2 pathway 

To investigate the role of FGF2 in bone, Montero et al. (2000) examined mice with a disruption 

of the Fgf2 gene. They found a significant decrease in trabecular bone volume, mineral 

apposition, and bone formation rates. In addition, there was a profound decreased mineralization 

of bone marrow stromal cultures from Fgf2-deficient mice. The results showed that FGF2 helps 

determine bone mass as well as bone formation. Dono et al. (1998) generated mice deficient in 

FGF2 by targeted disruption. FGF2-deficient mice were viable, but displayed cerebral cortex 

defects at birth. Bromodeoxyuridine pulse labeling of embryos showed that proliferation of 

neuronal progenitors is normal, whereas a fraction of them fail to colonize their target layers in 

the cerebral cortex. A corresponding reduction in the parvalbumin-positive neurons was 

observed in adult cortical layers. Neuronal defects were not limited to the cerebral cortex, as 

ectopic parvalbumin-positive neurons were present in the hippocampal commissure and neuronal 

deficiencies were observed in the cervical spinal cord. FGF2-deficient adult mice were 

hypotensive. While they responded normally to angiotensin II-induced hypertension, the neural 

regulation of blood pressure by the baroreceptor reflex was impaired. Dono et al. (1998) 

concluded that their study establishes that FGF2 participates in controlling fates, migration, and 

differentiation of neuronal cells, whereas it is not essential for their proliferation. Using Fgf2-

deficient and wildtype cardiomyocyte precursor cells from neonatal mouse hearts, Rosenblatt-

Velin et al. (2005) observed that after injection into Fgf2-deficient or wildtype neonates, homing 

to the heart occurred in all groups regardless of the capacity of the recipients or the injected cells 

to synthesize Fgf2. However, differentiation in situ was seen only if either the recipient mouse or 

the injected cells were able to produce Fgf2. Rosenblatt-Velin et al. (2005) concluded that 

cardiogenic differentiation depends on FGF2.  

FGF2 and stem cells  

FGF2 plays an important role in the stem cells. It is a major regulator of self-renewal of both 

human ES (Dvorak P., 2006) and is also required for iPS cells (Trond A., 2008; Huangfu et al., 

2008). Of all the growth factors tested in tissue culture, FGF2 has the greatest effect in 

promoting human embryonic stem cells self renewal. Several groups reported that FGF2 

supports growth of undifferentiated cells and increases cloning efficiency of human embryonic 

stem cells (hESCs). To test whether autocrine FGF signaling is important to maintain the 
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stemness of hESCs, Dvorak et al (2005) inhibited the FGF2 pathway via its receptors and 

observed that the cells in the centers of some colonies acquired differentiated morphology. FGF2 

also regulates the activities of adult stem cells. Zaragosi et al. (stem cells 2006) confirmed that 

the FGF2 signaling plays an important role in the maintenance of self-renewal of adipose tissue-

derived stem cells. Moreover, FGF2 has been used to isolate in vitro multipotential stem cells 

from the adult mouse striatum (Gritti A et al., 1996). FGF2 may also be important for 

maintaining in vivo the
 
neural stem cells pool in the mouse brain subventricular zone (Zheng, 

2004). It stimulates the proliferation and differentiation of neural stem cells in neonatal rats after 

ischemic brain injury (Sun Jin-qiao Brain & Development 2008). It acts as a mitogen in vitro for 

rat embryonic neural progenitor cells, maintains their neurogenic capacity but changes their 

neuronal differentiation subtype (Bithell A., 2008; Mudo G., 2009). FGF2 significantly 

stimulated the proliferation of bone marrow mesenchymal stem cells by the phosphorylation of 

the ERK1/2 and AKT proteins (Choi SC, 2008). Moreover, FGF2 increases lifespan of bone 

marrow stromal
 
cell primary cultures when cultivated at low cell density (Martin I., 1997) and 

has been reported to support proliferation as well as the
 

osteogenic and chondrogenic 

differentiation potential of these
 
cells (Solchaga LA., 2005). Allouche et al (1995) have showed 

that FGF2 is expressed by several hematopoietic cell lineages and that it positively regulates 

hematopoiesis. They have also demonstrated that FGF2 plays an important role in physiological 

and pathological hematopoiesis. Yeoh et al (2006) demonstrated that FGF2 preserved the long 

term repopulating ability of the hematopoietic stem cells. 

FGF2 and wound healing 

Many studies have been led to delineate the role of FGF2 in several tissues. Ortega et al. (1998) 

generated FGF2 knockout mice, lacking all three FGF2 isoforms. These mice showed a delayed 

healing of excisional skin wounds, suggesting that the FGF2, and not another FGF family 

member, is crucial for skin wound healing. Xie et al (2008) demonstrated that, in human skin 

fibroblasts, FGF2 permitted a faster wound healing and improved its quality by regulating the 

balance of extracellular matrix synthesis and degradation. Furthermore, clinical studies showed 

that FGF2 contributed to succeed ulcers therapy. The employment of spraying with FGF2 

induced a complete epithelialization and an accelerated healing for all treated patients (O’Goshi 

et al, 2007). 
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FGF2 and genotoxic stress 

An additional function of FGF2 is its ability to promote cell resistance to stress. Injection of 

FGF2 into tissues or cell incubation with FGF2 protects a variety of cell types from subsequent 

damage.  Alavi et al. (2007) showed that induction of FGF2 activated Raf1 via p21 

phosphorylation, resulting in raf1 mitochondrial translocation and interaction with ASK1, a 

proapoptotic protein. This Raf1-ASK1 complex formation protected the endothelial cells from 

the intrinsic pathway of apoptosis, principally caused by ASK1, and thus conferred 

chemoresistance to these cells. O’Driscoll et al (2008) have showed that the endogenous over-

expression of FGF2 promoted neuroprotection from light damage in the mouse retina in vivo. 

Moreover, they demonstrated that intravitreal FGF2 injection affords almost complete 

photoreceptor protection from light induced degeneration. Shain (2004) attested that endogenous 

FGF2 dominantly regulates prostate cancer cell survival and proliferation and that exogenous 

FGF2 assumed this function in the absence of endogenous FGF2.  Dysregulation of the FGF-

2/FGFR system may result in anti-apoptotic effects. FGF-2-induced anticancer drug resistance is 

not due to reduced intracellular drug accumulation or altered cell proliferation, but it seems 

dependent by an extracellular mechanism involving binding of FGF-2 to its receptors (Song S., 

2000). Therefore, the combination of FGF-2 antagonists and classic chemotherapeutic agents 

should prevent the development of drug resistance.  

Several studies delineate further the role of FGF2 in the response to ionizing radiation. Tachiiri 

et al (2006) showed that the FGF2 gene is up-regulated in normal human fibroblasts after 

exposure to five different doses of ionizing radiation. Brieger et al (2005) showed that irradiation 

might result in autologous protection of tumor cells (squamous cell carcinoma) from irradiation-

induced cell death by the release of growth factors, in particular FGF2 and VEGF. Paris et al 

(2001) proved that intravenous injection of FGF2 resulted in the inhibition of radiation induced 

crypt damage, organ failure and apoptosis in intestinal cells. Gu et al (2004) illustrated the role 

of FGF2 on the survival of human umbilical vein endothelial cells (HUVECs) after gamma 

irradiation. They found out that FGF2 inhibited the radiation-induced apoptosis of HUVECs 

through different pathways, and among them the RAS/MEK/ MAPK/RSK (p90 ribosomal S6 

kinase)/BAD pathway, involving the phosphorylation of it different actors, and in particular 

BAD phosphorylation. They also showed that the survival-enhancing effect of FGF2 was partly 
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inhibited by U0126 and PD98059 inhibitors, suggesting that other survival signaling pathways 

may exist. Chang et al (2000) showed that particle irradiation induced FGF2 expression in 

normal human lens cells. They observed a rapid but transient induction of FGF2 transcripts 

within 0.5 h after exposure to particle radiation, followed by another wave of increased 

transcription at 2-3 h post-irradiation. 

As discussed above, the role of FGF2 in protecting different type of cells by inhibiting apoptosis 

was largely identified in many experimental systems. However, one should note that the most 

severe radio-induced lesions are the DNA double strand breaks that may result in the loss of cells 

proliferation, accumulation of mutations, and induction of chromosomal aberrations. Albeit not 

widely investigated, some interesting studies illustrated the radioprotective effect of FGF2 in 

HeLa cells via DNA repair. Ader et al (2002) reported that irradiated HeLa cells presented an 

overexpression of the endogenous 24 kDa FGF2 isoform that led to an up-regulation of DNA-PK 

gene, an overexpression of DNA-PK protein and an increase of its activity. Indeed, a faster DNA 

double strand break repair, via non-homologous end-joining NHEJ (dependant on DNA-PK) was 

observed in these cells.  
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Genomic stability of stem cells is essential for self-renewal and differentiating capacity. As seen 

in the first chapter, stem cell population is essential for the extended life of the organism. Stem 

cells maintain genomic integrity to a greater extent than do somatic cells, indicating a 

physiologic basis of long-term homeostasis of stem cell pools (Park and Gerson, 2005). Genomic 

stability can be maintained through enhanced DNA damage recognition and repair. In fact, 

cellular DNA is under constant challenge by exogenous and endogenous genotoxic stress, which 

results in both transient and accumulated DNA damage and genomic instability. Cells are 

generally equipped with DNA damage response pathways that trigger DNA repair, cell cycle 

arrest, and, if need be, apoptosis, to eliminate DNA damage or damaged cells. The consequences 

of these processes for stem cells can be profound: diminution in stem cell pools, or, because of 

altered repair, an increased chance for stem cell differentiation or malignant transformation. 

Furthermore, a number of DNA repair abnormalities are linked to premature aging syndromes 

such as the Werner syndrome (Orren, 2006; Comai and Li, 2004, de Boer et al., 2002), and these 

are associated with defects in the stem cell population.  

As often emphasized, most cancers exhibit genetic instability. Cancer is generally treated by a 

combination of modalities: surgery, chemotherapy and radiation. When possible, surgeons 

remove the primary tumor, and chemotherapy and/or radiation are used in order to eradicate 

remaining cancer cells. While all these modalities are commonly employed, over two-thirds of 

patients are treated with radiation, more than the number of patients treated with either surgery or 

chemotherapy. Because treating normal tissue is inevitable when treating cancer with radiation, 

the effects of radiation on normal and tumor-associated tissue are both of clinical interest. The 

speed at which a radiation response develops varies widely from one tissue to another and often 

depends on the dose of radiation that the tissue receives. Generally speaking, the hematopoietic 

and epithelial tissues manifest radiation damage within weeks of radiation exposure. While 

adequate information on the effects of radiation on many types of cells and tissues is available, 

the effects of radiation on the skin have poorly been reported.  

As a matter of fact, cancer treatments by radiotherapy frequently induce skin complications, 

possibly through their effects on keratinocyte stem cells. Like stem cells of other tissues, 

epidermal stem cells are important because they not only play a central role in homeostasis and 

wound repair, but also represent a major target of tumor initiation. Skin cancers as seen in the 
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clinical are the result of a long history of events of which only the final stages are easily 

observed. The first type of cancer documented as being associated with exposure to ionizing 

radiation was skin cancer, which was reported only 7 years after the discovery of X-rays (Frieben 

A, 1902). Many questions remain about this process, in particular the identity and biological 

properties of the cells that are specifically the targets of tumor initiation and promotion. It has 

long been proposed that epidermis stem cells and their direct progeny, the keratinocyte 

progenitors, are at the origin of skin cancer, however definitive data still lacking. Although this 

concept that stem cells are the target cells in the development of cancer is not new, some 

evidence have shown that the target cells in cutaneous carcinogenesis have properties of stem 

cells (Morris, 2004; Morris et al., 1985; 1986; 1988; 1991; 1997; Baer-Dubowska et al., 1990).  

The field of epidermal stem cells has dramatically advanced in the last decade, leading to a better 

understanding of the molecular factors, signaling pathways and cellular events that identify and 

characterize stem cells, thus revealing their immense potential for therapeutic use. Nonetheless, 

the response of human epidermal stem cells to ionizing radiation remains unidentified. 

Therefore, the research discussed herein has been focused upon the response of epithelial cells 

from human interfollicular epidermis to ionizing radiation, and in particular, to the dose of 2 Gy, 

which represents the standard dose delivered by fraction in radiotherapy. Generally, the dose of 2 

Gy is received by the targeted tumor. In older radiotherapy protocols, the radiation devices used 

exhibited a depth yield resulting in maximal dose deposited on the skin (inducing erythma and 

dry up to moist desquamation on the third week of treatment due to the depletion of the basal cell 

population), and lower doses deposited in the tumor. The skin thus received a dose higher than 2 

Gy if the tumor is profound or approximately 2 Gy if the skin is in close vicinity of the tumor. 

However, the modern equipments (Intensity-Modulated Radiation Therapy) tend to optimize the 

depth yield by minimizing the dose deposited on the skin and increasing the one received by the 

tumor. Due to the variety of equipments used nowadays, the dose received by skin is now 

approximately of 2 Gy or less per fraction. 

Because epidermis is an excellent example of a self-renewing tissue containing stem cells, and 

because epidermal stem cells, like stem cells of other tissues, not only play a central role in 

homeostasis and wound repair, but also represent a major target to genotoxic stress, studying the 

radiation response of these cells will be a perfect model for a better understanding of how a cell 
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evolves a response system to combat cellular and organismal exposure to exogenous events. 

Thus, studying the radiation response of the epidermal cells will enable us not only to define the 

specific effects of the ionizing radiation and to approach a matter of public health, but also to 

understand more generally how these cells react when confronted to a genotoxic stress and how 

do they manage to protect themselves and the issued tissue. Thus, we asked what is the radiation 

response displayed by the keratinocyte stem and progenitor cells, and what are the mechanisms 

underlying the observed response.  

To isolate keratinocyte progenitors and stem cells, the two basal cell populations, we resorted to 

flow cytometry. Human epidermal stem cells can be markedly enriched by FACS using a 

combination of two antibodies to the α6 integrin (Itg-α6) and the transferrin receptor CD71 (Trf-

R). Thus, this technology provides means to enrich a population for stem cells with the 

phenotype Itg-α6
bright

Trf-R
dim

, representing a minor population of approximately less than 1%, 

and a population enriched for progenitor cells with the phenotype Itg-α6
bright

Trf-R
bright

. The 

former enriched population for stem cells was shown to participate in three serial epidermis 

reconstructions in immune-compromised mice (Terunuma et al., 2007). We used the same 

combined markers to isolate human keratinocyte populations from interfollicular epidermis and 

characterize their response to γ-rays, by studying their transcriptional expression, measuring their 

cellular toxicity, evaluating their DNA repair and exploring their radio-induced activated cell 

signaling. For that purpose, we resorted to a large scale of biological and analytical tools (DNA 

microarrays, Ingenuity Pathway Analysis, quantitative PCR, XTT and colony forming assays, 

γH2AX foci formation, Comet assay, DNA repair biochips, cell cycle analysis, western blot, 

signaling pathway inhibition). 
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CEA, IRCM, Evry, France, cService Instabilité Génétique Réparation Recombinaison, CEA, IRCM, Fontenay aux Roses, France
Abstract

Purpose: Radiosensitivity of stem cells is a matter of debate. For mouse somatic stem cells, both radiosensitive and
radioresistant stem cells have been described. By contrast, the response of human stem cells to radiation has been
poorly studied. As epidermis is a radiosensitive tissue, we evaluated in the present work the radiosensitivity of cell
populations enriched for epithelial stem cells of human epidermis.
Methods and materials: The total keratinocyte population was enzymatically isolated from normal human skin. We

used flow cytometry and antibodies against cell surface markers to isolate basal cell populations from human foreskin.
Cell survival was measured after a dose of 2 Gy with the XTT assay at 72 h after exposure and with a clonogenic assay at 2
weeks. Transcriptome analysis using oligonucleotide microarrays was performed to assess the genomic cell responses to
radiation.
Results: Cell sorting based on two membrane proteins, a6 integrin and the transferrin receptor CD71, allowed isolation

of keratinocyte populations enriched for the two types of cells found in the basal layer of epidermis: stem cells and
progenitors. Both the XTT assay and the clonogenic assay showed that the stem cells were radioresistant whereas the
progenitors were radiosensitive. We made the hypothesis that upstream DNA damage signalling might be different in the
stem cells and used microarray technology to test this hypothesis. The stem cells exhibited a much more reduced gene
response to a dose of 2 Gy than the progenitors, as we found that 6% of the spotted genes were regulated in the stem
cells and 20% in the progenitors. Using Ingenuity Pathway Analysis software, we found that radiation exposure induced
very specific pathways in the stem cells. The most striking responses were the repression of a network of genes involved
in apoptosis and the induction of a network of cytokines and growth factors.
Conclusion: These results show for the first time that keratinocyte populations enriched for stem cells from human

epidermis are radioresistant. Based on both repressed and induced genes, we found that the major response of the
irradiated stem cell population was the regulation of genes functionally related to cell death, cell survival and apoptosis.

�c 2007 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 83 (2007) 267–276.
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Stem cells have long been proposed to be the main target
of ionizing radiation in tissues with a rapid cell turnover, as
they self-renew for extended periods of time. However, this
point has been poorly documented outside the haematopoi-
etic tissue. Depletion of radiosensitive stem cells after
radiotherapy or impairment in their self-renewal ability
could lead to long-term functional deficiencies in the irradi-
ated tissue. On the other hand, stem cell radioresistance
could provide increased opportunity to accumulate the
mutations required for cancer formation.

The radiosensitivity of adult stem cells is a matter of de-
bate, as both radiosensitive and radioresistant stem cells
1 Present address: CEA, DRFMC/SCIB/LAN, Grenoble, France.

0167-8140/$ - see front matter �c 2007 Elsevier Ireland Ltd. All rights re
have been described. Most of the available literature de-
scribes mouse data. Thus epithelial stem cells of the mouse
small intestine have been described as very radiosensitive,
whereas stem cells from the large intestine are radioresis-
tant [1,2]. This difference could be due to the apoptotic
process, which is rapidly induced by small doses of radiation
in small intestine stem cells, whereas it is prevented by a
Bcl2-dependent process in the large bowel [3]. On the other
hand, radiosensitivity of human stem cells has been poorly
studied, except for haematopoietic stem cells, which are
particularly sensitive, with little or no shoulder in the sur-
vival curve observed after irradiation [4,5]. Another type
of bone marrow stem cells, the mesenchymal stem cells,
were recently characterized as radioresistant cells both
served. doi:10.1016/j.radonc.2007.05.007
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in vitro [6] and in vivo [7]. Although ionizing radiation in-
duces carcinoma and sequelae in human skin, radiosensitiv-
ity of epithelial stem cells of human epidermis has never
been studied. In the present work, we investigated the re-
sponse of these cells to ionizing radiation.

Interfollicular epidermis is the multilayered epithelium
that covers the human skin. It is a tissue in perpetual renew-
al, a process maintained through stem cells and their ability
to self-renew. These cells, although poorly known, are
thought to be located in the basal layer of epidermis. They
are defined as undifferentiated and quiescent cells, capable
of a large proliferative potential when stimulated and
responsible for the long-term maintenance of epidermis
[8,9]. Their direct progeny, called keratinocyte progenitors
or transient amplifying cells (TA), are also located in the ba-
sal layer of epidermis. These keratinocyte progenitors di-
vide in the basal compartment and give rise to the
differentiated cells that migrate to upper layers of epider-
mis. Keratinocyte progenitors are responsible for the
short-term maintenance of epidermis. Both progenitors
and stem cells are thought to be able to give rise to
carcinoma.

Various attempts have been made to identify epidermal
cell surface markers that can be used to extract stem cells
from epidermis for further in vitro study. Although no spe-
cific marker was found, a combination of markers permits
to enrich a keratinocyte population for stem cells. Cell sur-
face adhesion molecules of the integrin family and growth
factor receptors have proven to be particularly interesting
in this respect [8–10]. The Australian group of P. Kaur de-
scribed a very interesting strategy, which allowed isolation
of both stem and progenitor cells from the same skin sam-
ple. They used the combination of an adhesion molecule
(a6 integrin) and a proliferation-associated marker (CD71,
transferrin receptor) to isolate by flow cytometry both pop-
ulations [11,12]. The demonstration that the population
expressing high levels of integrin (a6bri) and low levels of
CD71 (CD71dim) was enriched in stem cells was recently
obtained in vivo, using a serial transplantation assay of
human cells in immuno-deficient mice [13]. Thus we
decided to use this strategy for radiobiological studies.

The primary aim of the present study was to isolate stem
and progenitor cells from normal human epidermis in order
to characterize their radiosensitivity. The second aim was
to perform a transcriptome analysis after irradiation using
cDNA microarrays in order to address the mechanisms of
stem cell response to radiation.
Methods and materials
Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and HAM’s
F12 media were from Invitrogen, semi-defined KGM2 med-
ium was from Clonetics, fetal calf serum (FCS) was from Hy-
clone. Trypsin and penicillin/streptomycin were from Gibco
(Grand Island, NY). All other reagents were from Sigma (St.
Louis). Biotinylated mouse anti-human CD71 Mab, R-Phyco-
erythrin (R-PE)-conjugated rat anti-human CD49f Mab and
streptavidin allophycocyanin (APC) were from Pharmingen
Becton Dickinson (San Jose, CA). Colony staining was per-
formed with eosin and blue reagent (Ral-555) from RAL,
Martignac, France.

Isolation of keratinocytes
Human keratinocytes were isolated from neonatal

foreskin from routine circumcisions. The biopsies were
preserved in DMEM-PS (medium containing penicillin-strep-
tomycin) and kept at 4 �C. Afterwards, keratinocyte cell
suspensions were prepared using thermolysin in combina-
tion with trypsin–EDTA. Biopsies were kept in PBS contain-
ing 0.5 mg/ml of thermolysin at 4 �C for 16–20 h.
Subsequently, the dermis and epidermis were separated
with a pair of forceps, and the epidermis was incubated
for 60 min at room temperature in PBS containing 0.125%
trypsin and 0.05% EDTA under magnetic stirring. After 10%
FCS was added, cells were resuspended and filtered with a
70-lm cell strainer (Becton–Dickinson) to remove the
remaining aggregates before counting.
Cell staining and sorting: clonogenic assay
Keratinocyte populations were defined on the basis of

two cell-surface markers: a6-integrin and CD71 according
to Kaur’s laboratory protocol [11]. Briefly, keratinocytes
freshly isolated from neonatal foreskins were stained with
a biotinylated mouse anti-human CD71 antibody (Mab) for
30 min on a rotor in a cold room (4 �C). After washing, cells
were stained with R-Phycoerythrin (R-PE)-conjugated rat
anti-human CD49f antibody (mAb) and streptavidin allo-
phycocyanin (SAV-APC) for 30 min at 4 �C. a6briCD71dim

and a6briCD71bri populations were isolated with a MoFlo cell
sorter (DakoCytomation, Glostrup, Denmark). For all exper-
iments, appropriate isotype-matched control mAbs were
used to determine the level of background staining. For
the clonogenic assay [14,15], equivalent numbers of living
MoFlo-sorted keratinocyte populations were prepared and
seeded at 20 cells/cm2 onto lethally irradiated human fibro-
blasts in 10% FCS FAD medium as previously described [16].
The total population (TP) was used as a control.

Irradiation
MoFlo-sorted keratinocyte populations (TA and KSC) were

plated in collagen I-coated flasks or Petri dishes (Biocoat,
Becton Dickinson) overnight in the incubator at 37 �C. The
next day, the medium was changed and the flasks were
exposed to a 60Co source at a dose rate of 0.2 Gy/min. To
deliver 2 Gy, flasks were exposed in the middle of eight
sources (�E 0.7963 keV with 44.89% of primary rays) for
10 min. After irradiation, flasks were returned to the
incubator.

Short-term radiosensitivity: XTT Assay
Cell viability was determined by the modified XTT assay

(2,3-bis[2-methoxy-4-nitro-5-sulfoxyphenyl]-2H-tetrazolium
5-carboxyanilide inner salt) [17]. XTT is cleaved to a water-
soluble formazan salt by the ‘‘succinate-tetrazolium
reductase’’ system (EC 1.3.99.1) which belongs to the mito-
chondrial respiratory chain and is active only in viable cells.
Briefly, 5000 cells per well were plated in 96-well microtiter
plates with 100 ll of KGM2 medium. The next day, the
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medium was changed and the cells were exposed to 2 Gy of
c radiation (60Co). The irradiated cells were then incubated
for 24, 48 and 72 h in KGM2 medium. For the XTT assay,
50 ll of XTT (1-mg/ml stock in KGM2 medium) and 1 ll of
phenazine methosulfate (0.5 mg/ml in PBS) were added to
each well for 4 h at 37 �C. Plates were shaken for 5 min on
a plate shaker to ensure the dispersion of the XTT formazan.
The absorbance readings for each well were performed at
450 nm using a plate reader (Bio-Rad). The absorbance is
proportional to viable cell number, and survival was calcu-
lated as the percentage of the staining values of control
cells. The percentage of viability was calculated as follows:
% Specific viability [(A–B)/(C–B)]/100 where A is OD450 of
the irradiated cells, B is OD450 of the medium, and C is
OD450 of the control (unirradiated cells).

Long-term radiosensitivity: colony-forming assay
To determine the long-term radiosensitivity, we per-

formed an in vitro colony-forming assay. Equivalent num-
bers of living MoFlo-sorted keratinocyte populations
(20 cells/cm2) were prepared and seeded onto lethally irra-
diated human fibroblasts. The next day, the medium was
changed and the cells were exposed to a 2-Gy dose. Cells
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Fig. 1. Isolation and characterisation of basal keratinocyte populations. H
simultaneously with PE-conjugated anti-human a6 and APC-conjugate
populations were isolated with a MoFlo cell sorter. The population enriche
CD71 (R2) and represented 1–1.5% of the total population. The populatio
CD71 (R3) and represented 8–10% of the total population. Keratinocyte po
in FAD medium and analysed for their growth potential by measuring the re
of three independent experiments ± SD.
were cultured in a 3:1 mixture of DMEM and Ham’s F12 med-
ium supplemented with 10% FBS, 180 lM adenine, 5 lg/ml
insulin, 0.5 lg/ml hydrocortisone, 1 nM cholera toxin, 2 nM
tri-iodothyronine, 4 mM glutamine, 10 ng/ml epidermal
growth factor (EGF) and 50 IU/ml penicillin/streptomycin
for 2 weeks, as previously described [16]. Keratinocytes
were then fixed with ethanol and stained with eosin,
10 min, then Blue reagent, 10 min, in order to count the
number of colonies by microscopy.

Cell-cycle analysis
Cell cycle was performed on the two sorted keratinocyte

populations. Briefly, sorted cells were collected into DMEM
and kept on ice. Per population, 105 cells were collected
and processed for cell-cycle analysis. Cells were fixed and
permeabilized in 70% ethanol (�20 �C) at 4 �C for 20 min,
washed with PBS/5% FCS, and treated with 40 lg/ml RNase
for 20 min at 37 �C. Cells were then incubated in 3 lg/ml
propidium iodide for 5 min at room temperature and placed
on ice before flow cytometric analysis on a MoFlo analyser
(Cytomation). Cell-cycle distribution was performed graph-
ically after exclusion of cell debris by gating out using SUM-
MIT software from DakoCytomation as described previously
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d anti-human CD71 antibodies, and the two basal keratinocyte
d for stem cells (KSC) expressed high levels of inta6 and low levels of
n enriched for progenitors (TA) expressed high levels of both a6 and
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[18]. To eliminate doublets, we used a two-dimensional dot
plot of fluorescence peak versus integrated signals. Single
cells fall on the diagonal, whereas doublets appeared above
diagonal.

DNA microarray hybridisation
Total RNA from MoFlo-sorted populations was isolated

using the RNAeasy Micro kit (Qiagen, Hilden, Germany) at
3-h post-irradiation. Extracted RNA was further amplified
using the Amino Allyl MessageAmp II aRNA amplification
kit (Ambion, Austin, TX) following the instructions provided
by the manufacturer. One amplification round was per-
formed. The RNA quality was assessed with an Agilent
2100 bioanalyser and a RNA 6000 Pico labChip kit (Agilent
technologies, Palo Atlo, CA). For each hybridisation, 1 lg
of amplified RNA (aRNA) from each population was labelled
by an indirect method using monofunctional NHS-ester Cy3
or Cy5 (Amersham, Buckinghamshire, UK). Labelled aRNA
was then purified by passage through a labelled aRNA filter
cartridge and hybridised to the microarrays as previously
described [19,20]. These arrays were spotted with the 50–
53 bp oligonucleotide microarrays defined by RNG and MRC
[21] and available in the MEDIANTE database (www.micro-
Fig. 2. Cell-cycle analysis of basal keratinocyte populations. Flow cytomet
(R3) populations. Briefly, sorted cells were collected into DMEM and kep
washed with PBS and incubated with 3 lg/ml propidium iodide for 5
graphically after exclusion of cell debris. Results are expressed as means
array.fr:8080/mediante). They had 26,068 human probes
representing 21,000 genes. A complete description of the
microarrays used in this study including the protocols for
production and post-processing of slides has been deposited
into the GEO database (www.ncbi.nlm.nih.gov/geo/). This
information is available under the following GEO Accession
No. GSE7693.

Microarray data analysis
Four independent dye-swap hybridisations (four micro-

arrays) were performed. Slides were scanned with a Gene-
pix 4000 microarray scanner (Axon Instruments, Molecular
devices, Sunnyvale, CA). For each hybridised spot, the Cy3
and Cy5 fluorescence values were obtained by using Genepix
Pro 4.0 software (Axon Instruments) and were saved as a re-
sult file. Spots or areas of the array with obvious blemishes
were manually flagged and excluded from subsequent anal-
ysis. Result files were imported into Genespring 6.1 soft-
ware (Silicon Genetics, Agilent) for further analysis. To
eliminate dye-related artefacts in 2-color experiments,
intensity-dependent Lowess normalisation was performed.
Each gene expression ratio is reported as an average value,
and statistical significance was calculated using the Stu-
ry was used to analyse the cell cycle of stem cell (R2) and progenitor
t on ice. Then, cells were fixed and permeabilized in 70% ethanol,
min at room temperature. Cell-cycle distribution was performed
of three experiments ± SD.

http://www.microarray.fr:8080/mediante
http://www.microarray.fr:8080/mediante
http://www.ncbi.nlm.nih.gov/geo/
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dent’s t test. Differentially expressed genes were selected
as described in Results.
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Results
Isolation and characterization of progenitor and
stem cell populations

Several markers have been described that can be used to
purify keratinocytes from normal human skin using flow
cytometry. We used a combination of antibodies directed
against two cell-surface proteins, a6-integrin and CD71
(the transferrin receptor) [11], to label the freshly isolated
keratinocytes. As shown in Fig. 1, this combination allows
the discrimination between two types of keratinocytes:
(a6bri and CD71bri) and (a6bri and CD71dim). The total popu-
lation was used as a control. Next, keratinocyte populations
were seeded at low density immediately after cell sorting
and analysed for their growth potential using the colony
formation assay (Fig. 1). We found that the total colony
forming efficiency increased regularly from the total kerat-
inocyte population (3.5%) to progenitors (7.8%) and stem
cell populations (9.9%). Moreover, the distribution of colo-
nies according to their size showed that the number of large
colonies, enriched for stem cells, was much larger in the
stem cell fraction (49% of colonies) than in the other cell
fractions (data not shown). We also checked the cell-cycle
status of the two basal cell populations. We found that
14% of the progenitors were in the S and G2/M phases of
the cell cycle, against only 1.9% for the stem cells
(Fig. 2). On the basis of these criteria, we concluded that
the use of the integrina6 and the transferrin receptor al-
lowed to enrich cell populations for two types of keratino-
cytes: the progenitors (a6bri and CD71bri), and stem cells
(a6bri and CD71dim). Progenitors represented 10% of the to-
tal population and stem cells around 1%.

Progenitors and stem cells have different
radiosensitivity

Radiosensitivity of stem cells and progenitors was as-
sessed by studying cell proliferation after the clinically rel-
evant dose of 2 Gy. It is known that cell death may take two
or more days to occur in irradiated keratinocytes, as prolif-
eration of primary cells isolated from the tissue starts be-
tween 2 and 3 days after seeding. Thus, we selected the
time of 72 h after exposure to determine cell numbers using
the XTT assay. We found that the stem cell population was
resistant to radiation exposure, whereas the progenitor
population was sensitive (Fig. 3a). Moreover, radiosensitiv-
ity was evaluated with colony formation assays, which mea-
sure the radiation toxicity after 2 weeks in culture. This
assay also showed that stem cells are a radioresistant pop-
ulation (Fig. 3b).

Transcriptome analysis of irradiated progenitors
and stem cells

To characterize the response of the two basal cell popu-
lations to ionizing radiation, gene profiling was performed
using oligonucleotide microarrays (26,068 probes). Cells
were seeded in culture plates after cell sorting, irradiated
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the next day (2 Gy at 15 h in culture), and RNA was prepared
3 h after exposure. Lowess normalisation was applied, the
genes were selected on a p value of p < 0.5, and the cut-
off values used were 1.5 and 0.66.

We found that the stem cells exhibited a much more re-
duced gene response than the progenitors. In stem cells (2
versus 0 Gy), 1610 probes were found modulated, which
represented 6% of the probes spotted on microarrays. In
progenitors, 4999 probes were found modulated, which rep-
resented 20% of the probes spotted on microarrays. In order
to search for cellular pathways in the two basal keratino-
cyte populations which could explain the differential radio-
sensitivity, we analysed the lists of modulated genes using
Ingenuity Pathways Analysis (Ingenuity� Systems,
www.ingenuity.com) (Fig. 4a and b). IPA is a database gen-
erated from the peer-reviewed scientific publications that
enables discovery, visualization and exploration of func-
tional biological networks in gene expression data and delin-
eates the functions most significant to those networks. Each
generated network is assigned a score according to the num-
ber of differentially regulated focus genes in our dataset.
These scores are derived from negative logarithm of the P
indicative of the likelihood that focus genes found together

http://www.ingenuity.com


a

Fig. 4. Specific gene networks in irradiated stem cells. Ingenuity Pathway Analysis software was used to analyse the list of genes that were
differentially expressed in the irradiated versus the non-irradiated stem cells. Lines represent functional and physical interactions
demonstrated in the literature. Gene symbols that are not coloured indicate genes found in the network but not differentially expressed. (a)
Irradiation of stem cells up-regulated the transcription of 35 genes (indicated in red) in the network 1, a highly significant network (score 53)
representing several growth factor and cytokine pathways. (b) Irradiation of stem cells down-regulated significantly the transcription of 29
(indicated in green) out of 35 genes in a network that controls apoptosis (score 41). (c) Graphic representation of the functional class of the
gene product in IPA networks.
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in a network due to random chance. Scores of 4 or higher
have 99.9% confidence level of significance as defined in de-
tail elsewhere [22].
We found that radiation exposure induced very specific
pathways in the keratinocyte stem cells. On one hand, the
most statistically significant network found in the list of
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the 447 repressed genes was related to apoptosis (Fig. 4a).
This network had 29 genes and exhibited a score of 41. On
the other hand, the most significant network found in the
list of the 626 induced genes consisted of cytokines and
growth factors (Fig. 4b). This network had 35 genes and
exhibited a score of 53. All the genes related to these major
key words (apoptosis and cytokines/growth factor) are
shown with their respective fold repression or induction in
Tables 1 and 2 (see supplementary data). Other gene fami-
lies were specifically regulated in the irradiated stem cells
versus the progenitor cells. Thus five genes directly related
to repair of DNA double-strand breaks were induced, that
belonged either to homologous recombination repair HRR
or non-homologous end-joining NHEJ processes (XRCC5,
RAD52, RAD23B, XAB1, BCCIP).
Discussion
Radiosensitivity of somatic stem cells has been assessed

in several mouse tissues, where both radiosensitive and
radioresistant stem cell populations have been described.
The development of a reproducible in vivo assay in the jeju-
num led to the conclusion that the cells at position 4–5 in
the crypt of the small intestine, identified as the stem cells,
are exquisitely sensitive to radiation. The hypothesis pro-
posed by the authors is that stem cells must be sensitive
to DNA damage to avoid repair in the parental DNA strand
(template DNA), which is transmitted to the stem cell prog-
eny by asymmetric division. In case of lethal damage to the
stem cells, the population of upper progenitor cells can be
called into action to restore the crypt. In the colon, this pro-
tective mechanism is not operating, because a high level of
bcl-2 impairs apoptosis. Thus, colon exhibits a much higher
level of tumor formation than the small intestine [1,2].

Other types of mouse epithelial stem cells have been
characterized as radioresistant, including mouse mammary
stem cells. When primary mammary epithelial cells were
cultured for 72 h and irradiated, the percent of stem cells,
characterized as the percent of SP cells by Hoechst labelling
and cell sorting, increased significantly in the population
[23]. To determine the possible role of the WNT/b-catenin
pathway, a putative cell survival factor, the epithelial cells
were removed from transgenic mice with an activated path-
way. The SP fraction increased more significantly after irra-
diation in these mice than in mice of a matched background.

On the other hand, radiosensitivity of human stem cells
has been poorly studied. Although ionizing radiation induces
carcinoma and sequelae in human skin, radiosensitivity of
epithelial stem cells of human epidermis has never been
studied. In the present work, we investigated the response
to ionizing radiation of cell populations enriched for the
keratinocyte stem cells and their direct progeny, the progen-
itors or transient amplifying cells. The cell populations were
defined on the basis of two cell-surface markers: a6-integrin
and CD71 [11]. We demonstrate that the majority of basal
cells, which represent ten percent of the total population
of epidermal keratinocytes, are radiosensitive. They are cy-
cling cells that exhibit the phenotype of progenitors, the
cells responsible for the short-term renewal of human epi-
dermis. By contrast, a small population, around one percent
of the total population, is quiescent in epidermis and exhibits
the phenotype of keratinocyte stem cells. This second popu-
lation is resistant to the clinically relevant dose of 2 Gy.

To assess the mechanisms of such a differential response
to radiation, we characterized the alterations of gene
expression in both cell populations. Although responding by
a relatively small number of gene alterations, the stem cells
exhibited very specific responses. A striking response of irra-
diated stem cells was the inhibition of many genes related to
the induction of cell apoptosis. A network of 29 related
genes, including BAD, was issued by the Ingenuity software
from the whole list of the repressed genes. Moreover, the list
of the induced genes contained genes involved in the inhibi-
tion of apoptosis, particularly bcl-2 and survivin (BIRC5).

The most significant response concerning gene activation
in the stem cells was the induction of pathways related to
growth factors and cytokines. A highly significant IPA net-
work comprising 35 genes included genes coding for cyto-
kines, growth factors, receptors and corresponding to
extracellular and membrane proteins. In the cytoplasm,
the whole network was related to MAPK1 and 2. Many genes
in this network were related to cell survival pathways
(GRB2, EPHA2, GNAI3) and regulation of apoptosis (PTPRH,
CAPN2, CFLAR, BFAR, DEDD2). Based on both repressed
and induced genes, we found that the major response of
the irradiated stem cell population was the regulation of
genes functionally related to cell death, cell survival and
apoptosis. We propose that part of resistance of the stem
cells might be explained by a reduced apoptotic response
as compared to the progenitor cells.

Stem cell radioresistance can be explained also by other
processes. Several of the growth factor pathways induced
by 2 Gy in the stem cell population, including those of
FGF2, IGF, TPO and TGF-a, have been linked to resistance
to DNA damaging agents in various cellular models. In the
present study, the FGF2 pathway was induced in the epithe-
lial stem cells, as the genes coding for the FGF factor, its
receptor FGFR1 and the cytoplasmic signalling kinases
MAPK1 and MAP2K1 were all induced by radiation exposure.
The involvement of FGF2 in cell protection and radioresis-
tance is well documented [24,25], and specific mechanisms
of this effect were demonstrated, including RhoB activation
and increased activity of DNA-PK. On the other hand, two li-
gands of the EGFR, TGF-a and HBEGF, were induced by radi-
ation exposure in the present study. TGF-a and the EGFR
have been shown to be involved in radioresistance. For
example, irradiation of carcinoma cells induces release of
TGF-a and activation of its MAPK pathway. Disrupting of this
signalling pathway resulted in increased apoptosis and de-
creased proliferation [26,27]. The role of EGFR has been
particularly studied in head and neck carcinoma. Thus
radioresistance of K-Ras mutated carcinoma cells has been
shown to be mediated through EGFR, as a treatment of
these cells with an antagonist of this receptor induced a
strong radiosensitizing effect [28,29].

The effects of these growth factors on radioresistance
might use other mechanisms, directly related to DNA repair.
In the present study, five genes directly related to repair of
DNA double-strand breaks were specifically induced in the
irradiated stem cells. They belonged either to homologous
recombination repair (HRR) or non-homologous end-joining
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(NHEJ) processes (XRCC5, RAD52, RAD23B, XAB1, BCCIP).
Ionizing radiation induces both DNA damage and cytoplas-
mic signalling pathways. The direct relationships between
DNA repair and growth factor activation have rarely been
determined. However, it is thought that signalling through
growth factor receptors and downstream kinases is likely
to influence radioresistance through an increased quality
of DNA double-strand break repair [30]. For example, it
has been shown that blockade of the EGF receptor elimi-
nates the radiation-induced up-regulation of the DNA repair
genes XRCC1 and ERCC1 [31].

In conclusion, the present results show for the first time
that cell populations enriched for keratinocyte stem cells
from human epidermis are radioresistant, whereas their di-
rect progeny is radiosensitive. Gene profiling of cell re-
sponse to irradiation gives candidate networks of genes
that can be involved in stem cell radioresistance. Our future
work will try to relate radioresistance of keratinocyte stem
cells to growth factors expression and DNA repair.
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Abstract 

Tissue stem cells must be endowed with superior maintenance and repair systems in order to 

ensure genomic stability over multiple generations, which would be less necessary in more 

differentiated cells. We previously reported that human keratinocyte stem cells were more 

resistant to ionizing radiation toxicity than their direct progeny, keratinocyte progenitor cells. We 

here address the underlying mechanisms of this difference, in primary cultures of keratinocytes 

freshly isolated from human skin samples. A gene profiling study revealed that the FGF2 

signaling pathway and several DNA repair genes were induced by radiation in a cell population 

enriched in stem cells and not in the corresponding population enriched in progenitors. 

Investigation of DNA repair in the sorted keratinocytes showed that both single and double DNA 

strand breaks were repaired more rapidly and more efficiently in stem cells than in progenitors. 

To examine the role of endogenous FGF2 signaling in DNA repair, stem cells were exposed to 

FGF2 pathway inhibitors. Blocking the FGF2 receptor FGFR1 or the kinase MAPK1 resulted in 

inhibition of single and double DNA strand-break repair in the keratinocyte stem cells. 

Moreover, supplementing the progenitor cells with exogenous FGF2 activated their DNA repair. 

We propose that, apart from its well-known role as a strong mitogen and pro-survival factor, 

FGF2 helps to maintain long-term genomic integrity in stem cells by activating stress-induced 

DNA repair.  

Introduction  

FGFs are one of the largest growth-factor families, comprising 22 members with 13%–71% 

sequence similarity
 
in mammals [1]. FGF2, or basic FGF, is a prototype member of the family. 

FGF2 interacts with high-affinity receptors (FGFRs), which are transmembrane tyrosine kinases; 

the FGFR1c isoform being its prime target. FGF2 binding to FGFR1 induces receptor 

autophosphorylation on several tyrosine residues, which in turn activates downstream effector 

molecules, leading to the activation of the Ras-mitogen-activated protein kinase (MAPK) 

cascade [2]. This cascade promotes translocation of MAPKs to the nucleus, where they 

phosphorylate and directly activate specific target proteins, including transcription factors.  

FGF2 signaling is critical in governing stem cell function. It is a major regulator of self-renewal 

for both human embryonic stem cells [3-5] and induced pluripotent stem cells [6,7]. Of all the 
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growth factors tested in tissue culture, FGF2 most strongly promotes human embryonic stem cell 

self-renewal, which requires activation of TGF/Activin/Nodal pathways and repression of 

BMP/GDF pathways. FGF2 is also highly expressed in various somatic cell types, where it has 

an intrinsic function in the regulation of cell proliferation, differentiation, and survival. FGF2 

regulates the self-renewal and immaturity of many tissue-specific stem cells, including cells from 

the mouse striatum [8-10], bone marrow mesenchymal stem cells [11], and adipose tissue-

derived stem cells [12,13].  

FGF2 also has a protective function against stress-induced cell death, which has been described 

in various types of stem cells. In human embryonic stem cells, FGF2 protects against oxidative 

and radiation stress [5]. Intestinal crypt survival is increased by FGF2 after radiation damage, 

which indirectly shows protection of intestinal stem cells [14,15]. In the rat cortex, it was 

proposed that FGF2 protects neurogenesis, based on the observations that FGF2 is released in 

response to apoptotic insults such as hypoxia [16] and that the conditioned medium from 

apoptotic cortex stimulate the number of BrdU-incorporating nuclei in cultured stem cells 

isolated from the subventricular zone [17]. In mesenchymal stem cells, improved survival under 

hypoxia was found after transfection with the FGF2 gene [18]. In contrast to this well described 

role of protection against cell death, very few studies have investigated relationships between 

FGF2, DNA repair and genomic stability in stem cells, and notably in epithelial stem cells.  

Keratinocyte stem cells are undifferentiated and quiescent cells, responsible for the long-term 

maintenance of the epidermis, a tissue that is in perpetual renewal [19,20]. The direct stem cell 

progeny, called keratinocyte progenitor or transient amplifying cells, is also located in the basal 

layer of the epidermis, where they divide to produce more differentiated cells that migrate to the 

upper layers. Keratinocyte progenitors are thus responsible for short-term maintenance of the 

epidermis. Although no specific marker for keratinocyte stem cells has been found, a 

combination of markers was identified that allows enrichment of these cells from a population of 

keratinocytes. Specifically, an adhesion molecule (CD49f, 6 integrin, Itg-6) combined with a 

proliferation-associated marker (CD71, transferrin receptor, Trf-R) was associated with 

enrichment of cell populations in stem and progenitor cells from the same skin sample on flow 

cytometry [21,22]. Using this phenotype, we recently demonstrated that a cell population 

enriched in human keratinocyte stem cells (Itg-6
bri

/Trf-R
dim

) was more resistant to γ-rays than a 
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corresponding population enriched in keratinocyte progenitors (Itg-6
bri

/Trf-R
bri

) [23]. Our 

previous results also showed that the most significant up-regulated network in irradiated stem 

cells comprised cytokines and growth factors, including FGF2. 

The present study investigated the role of FGF2 in the stress response of keratinocyte stem and 

progenitor cells. The stem cells demonstrated activated DNA repair activity, and induction of 

endogenous FGF2 signaling was shown to be critical for the repair of DNA damage. Thus, 

keratinocyte stem cells use enhanced DNA damage signaling and repair to protect their genome.  

Materials and methods 

Reagents 

Dulbecco’s modified Eagle’s medium (DMEM) was from Invitrogen (France, 

www.invitrogen.com), semi-defined KGM2 medium from Clonetics (Lonza, Switzerland, 

www.lonza.com), fetal calf serum (FCS) from Hyclone (Belgium, www.hyclone.com). 

Antibiotics (10,000 U/ml penicillin G sodium and 10,000 µg/ml streptomycin sulfate in 0.85% 

saline) were from Gibco (Grand Island, NY, www.gibco.invitrogen.com). All other reagents 

were from Sigma (St Louis, MO, www.sigmaaldrich.com).  

 

Isolation of keratinocytes 

The study was approved by the review board of the iRCM (Institut de Radiobiologie Cellulaire et 

Moléculaire, CEA, Fontenay-aux-Roses, France), and is in accordance with the scientific, 

ethical, safety and publication policy of CEA (CODECO number DC-2008-228, reviewed by the 

ethical research committee IDF-3). Neonatal foreskin samples were obtained after informed 

consent of the patient’s parents. Skin was incubated overnight at 4°C in a solution containing 

DMEM, dispase 2.4 U/ml (Invitrogen) and trypsin 0.5 g/L (Gibco). Subsequently, the dermis and 

epidermis were separated using a pair of forceps, and the epidermis was incubated in trypsin 

0.05% EDTA for 20 min at 37°C.  

Cell staining, sorting and irradiation 

Keratinocyte populations were isolated from fresh preparations using two cell-surface markers, 

α6-integrin (Itg-α6) and transferrin receptor (Trf-R). Streptavidin allophycocyanin (APC) mouse 
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anti-human CD71 Mab (Trf-R) and R-phycoerythrin (R-PE)-conjugated rat anti-human CD49f 

Mab (Itg-α6) (Pharmigen Becton Dickinson, San Jose, CA, www.bd.com) were used according 

to a published protocol [21] and as described previously [23]. This staining method enabled 

separation of one population enriched in stem cells (itg-α6
bri

/trf-R
dim

) and another enriched in 

progenitors (Itg-α6
bri

/Trf-R
bri

) by flow cytometry. Equivalent numbers of sorted cells from each 

population were plated onto Biocoat cellware rat-tail collagen type-I culture dishes in a serum-

free growth medium (KGM2) and incubated overnight at 37°C. 17 hours after plating, cells were 

exposed to a dose of 2 Gy using 
137

Cs sources (γ-rays, IBL637), at a rate of 0.6 Gy/min.  

Gene profiling 

Gene expression profiling was performed using the DNA microarray technology as described by 

Rachidi et al [23]. These arrays were spotted with 50-53 bp oligonucleotides microarrays defined 

by RNG and MRC and available in the MEDIANTE database 

(www.microarray.fr:8080/mediante). They had 26,068 human probes representing 21,000 genes. 

Expression level change was measured in stem and progenitor cells 3 hours after irradiation. In 

modulated genes, the most significant biological pathways were identified by Ingenuity Pathway 

Analysis software (www.ingenuity.com). A complete description of the microarrays used in this 

study is available in the GEO database (www.ncbi.nlm.nih.gov/geo/) under the GEO accession 

no. GSE7693. 

Quantitative RT-PCR analysis 

Three hours after radiation exposure, total RNA was extracted from the two populations using 

the PicoPure
TM

 Isolation kit (Arcturus, Alphelis, France, www.moleculardevices.com), following 

the manufacturer’s protocol, with the optional DNase treatment step. RNA quality was assessed 

in an Agilent 2100 bioanalyzer and an RNA 6000 Nano labChip kit (Agilent Technologies, Palo 

Alto, CA, www.agilent.com) (Supplemental data S1). Total extracted RNA was directly used for 

RT-PCR analysis, without proceeding to any RNA amplification. This allowed the 18S rRNA to 

be used as an endogenous control in RT-PCR analysis. Equivalent quantities of total RNA from 

each population were reverse-transcripted to cDNA (Superscript
TM

II Reverse Transcriptase, 

Invitrogen) in presence of random primers (100 ng/µl), dNTP mix (10mM of each), 5X first 

strand buffer, DTT (0.1M) and Superscript II enzyme. 5 to 10 ng of each cDNA template was 

http://www.ingenuity.com/
http://www.ncbi.nlm.nih.gov/geo/
http://www.agilent.com/
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used in PCR reactions with gene-specific primers (listed in Supplemental data S2). Real-time 

PCR was performed in an ABI PRISM 7500 Fast real-time PCR system (Applied Biosystems, 

France, www.appliedbiosystems.com) using SYBR Green PCR Master Mix (Applied 

Biosystems) according to the protocol supplied by the kit’s manufacturer.  

Alkaline comet assay 

Fully frosted slides were pre-coated with two thin layers of agarose, and then a suspension of 

cells mixed with 0.7% low-melting-point agarose was pipetted onto the pre-coated slides. Cell 

slides were then irradiated at 2 Gy and directly placed on ice, to freeze any enzymatic and 

cellular activity, before replacing them in the medium at 37°C in order to perform a repair 

kinetics of 0, 15, 30 min and 2 hours post-irradiation. At each specific time point, the slides were 

placed in alkaline lysis solution (NaCl 2.5M, EDTA 100mM, Tris 10mM, SLS) at 4°C overnight. 

Cell lysis under high salt concentration removed cellular proteins and liberated damaged DNA. 

Slides were then placed in a horizontal electrophoresis chamber filled with fresh alkaline 

electrophoresis solution (NaOH 10N, EDTA 0.5M pH8) for 30 min at 0.6V/cm and 300 mA 

under highly alkaline conditions (pH 13), enabling the DNA supercoils to relax and unwind, 

therefore allowing detection of single-strand breaks, double-strand breaks and alkali-labile sites 

expressed as frank single-strand breaks in individual cells [24]. Slides were stained with 

ethidium bromide (10 µg/mL) before examination under the microscope. The individual cell 

images obtained showed a distinct fluorescent head comprising intact DNA. When DNA lesions 

occur, the DNA fragments migrate when subjected to electrophoresis, and therefore constitute a 

visible tail corresponding to the damaged DNA. Damage is expressed as the Olive Tail Moment 

parameter (arbitrary unit), which is defined as the product of the tail length by the fraction of 

total DNA in the tail. For each condition, three replicate slides were formed and 150 cells/slide 

were counted on Komet 5.5 software. 

γ-H2AX assay 

Cells from each sorted population were plated onto Biocoat type-I 4-well culture slides (Becton 

Dickinson) in KGM2 medium. The next day, cells were exposed to a 2 Gy radiation dose and 

fixed with 100% ice-cold methanol 5 min, 15 min, 30 min, 4 hr and 24 hr post-irradiation. The 

fixed cells were dipped in PBS with 10% goat serum. Slides were incubated with human 
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monoclonal anti-phospho-histone H2AX (Ser139) (Upstate, Millipore, Lake Placid, NY, 

www.millipore.com) for 1 hour at room temperature before exposure to Cy3-conjugated goat 

anti-mouse secondary antibody for 45 min in the dark. Finally, slides were mounted using 

Vectashield hard-set mounting medium with 4-6 diamidino-2-phenylindol-2-HCl (DAPI) 

(Vector Laboratories, Burlingame, CA, www.vectorlabs.com). Fluorescence images were 

captured on Zeiss Axioplan 2 imaging (Zeiss, Oberkochen, Germany, www.zeiss.com) with a 

Plan Apochromat oil-immersion lens (63 X magnification; numerical aperture, 1.4). An 

AxioCam HRC camera and AxioVision software, version 4.6, were used to capture the images. 

For quantitative analysis, foci were manually counted under the microscope and imaging was 

performed using a X63 lens. For each time-point, approximately 100 cells per population were 

counted.  

Blocking the FGF2 pathway 

The FGF2 pathway was blocked at mitogen-activated protein kinase 1 (MAPK1) level using 5 

µg/ml UO126 inhibitor (Upstate, Millipore), and at receptor level (FGFR1) using 5 µg/ml mouse 

anti-FGFR1 monoclonal antibody (Chemicon International, Millipore). The inhibitor and the 

blocking antibody were added 30 min before radiation exposure. The specificity of the antibody 

effect was checked with unrelated IgM antibodies (Supplemental data S3).  

Supplementation of FGF2 on progenitors 

10 ng/mL human recombinant FGF-basic (FGF2) (Peprotech, France, www.peprotechfr.com) 

was added to the progenitor cell growth medium 1 or 3 hours before radiation exposure. γ-H2AX 

foci were then measured at 5 min, 15 min, 4 hours and 24 hours post-irradiation. 

Statistical analysis 

All the statistical studies were performed using the Student T test. Differences were considered 

significant when the p value was < 0.01. 
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Results 

The FGF2 signaling pathway is activated by DNA damage in keratinocyte stem cells 

To characterize the signaling pathways activated by DNA damage in keratinocyte stem cells, 

gene expression in irradiated and control cells was compared by global transcriptome analysis, 

which revealed a subset of 577 radiation-induced genes (1.5- to 13-fold change; Supplemental 

data S4). The Ingenuity Pathways Analysis program was then used in order to identify the 

signaling pathways and functions most relevant to the gene expression datasets. The most 

significantly up-regulated network was related to cytokines and growth factors, including the 

FGF2. Figure 1A shows (in black) the components of the FGF2 pathway that were found to be 

up-regulated in irradiated stem cells. Quantitative RT-PCR showed that FGF2, FGFR1 and 

MAP2K1 mRNA levels increased at least 2-fold after exposure in keratinocyte stem cells as 

compared to progenitors (Fig. 1B and C). These data show that the FGF2 signaling pathway was 

specifically activated by DNA damage in keratinocyte stem cells.  
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Figure 1.  DNA damage induces the FGF2 signaling pathway in keratinocyte stem cells.  

(A): Gene profiling showed that 6 genes of the FGF2 signaling pathway were found to be induced in irradiated 

versus control stem cells. The proteins corresponding to these genes appear in black in the FGF2 pathway. *SHP2 is 

the PTPN11 gene product.  

(B): Gene expression for the FGF2 pathway was compared in irradiated stem versus progenitor cells using 

quantitative PCR. As total RNA was used, without amplification, the 18S gene was the endogenous control to 

normalize mRNA expression. Data shown were obtained from independent experiments performed on skin samples 

from 4 donors.  

(C): Ratios of expression obtained with microarrays and qPCR between for 6 genes of the FGF2 pathway. 

(D): Ratios of expression obtained with microarrays and qPCR for 5 genes of DNA repair. 

p < 0.01  
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Global DNA damage is repaired more rapidly in keratinocyte stem cells than in progenitor 

cells 

The microarray data showed that other gene families were specifically up-regulated in irradiated 

versus control stem cells, including five genes directly related to DNA repair (RAD52, RAD23B, 

XAB1, BCCIP, XRCC5). To confirm the microarray data, quantitative RT-PCR was carried out, 

using cDNAs obtained from total RNA extracts. The five DNA repair genes presented moderate 

but significantly up-regulated expression in irradiated stem cells as compared to progenitor cells 

(Fig 1D). Alkaline comet assays were therefore performed to measure the DNA lesions and to 

determine whether DNA repair differed between the two populations. The data shown are 

expressed as Olive Tail Moment, which is defined as the product of the comet tail length by the 

fraction of total DNA in the tail. The kinetic studies performed enabled us to characterize the 

repair of global DNA lesions in individual cells, and more particularly repair of DNA single-

strand breaks, which are the most frequent breaks induced by ionizing radiation. Sham-irradiated 

cells from both populations presented tail moments between 0 and 5, with a mean of 3.37 for 

control stem cells and 4.84 for control progenitors. Directly after exposure (0 min), mean tail 

moments were similar in the 2 populations (17.46 for stem cells and 17.99 for progenitor cells) 

(Fig. 2A), indicating equivalent induced damage. However, 15 min post-exposure, irradiated 

stem cells presented decreased tail moment (8.99), indicating that they had begun repair, whereas 

tail moment in the progenitor cells remained almost unchanged (16.98). 2 hours post-irradiation, 

stem cells had recovered the mean tail moment of sham-irradiated cells (3.96), whereas the repair 

process was not yet completed in the progenitors (7.8). These results show that the keratinocyte 

stem cells exhibited faster repair of global DNA damage, and particularly of DNA single-strand 

breaks, than the progenitor cells. 
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Figure 2. Global DNA damage is repaired more rapidly in keratinocyte stem cells. 

Alkaline comet assay was performed on irradiated keratinocytes to measure repair of global DNA damage. Mean tail 

moments (arbitrary unit) are shown as a function of time after radiation exposure. For each condition, three replicate 

slides were used and 150 cells/slide were analyzed.  

(A): Repair kinetics of global DNA damage. Stem cells exhibited faster repair than progenitors and recovered the 

baseline of non-irradiated cells at 2 hours post-irradiation. The 0 Gy line represents the mean tail moment for control 

stem and progenitor cells.  

(B and C): The comet assay was performed after blocking the FGF2 pathway at FGFR1 level using a blocking 

antibody (B), and at MAPK1 level using the UO126 inhibitor (C). Both blockades inhibited DNA repair in stem 

cells. The assays shown in A to C were performed on keratinocytes from different donors.  

p < 0.01 
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The FGF2 signaling pathway regulates keratinocyte stem cell repair of global DNA damage 

To determine whether FGF2 signaling was related to the fast repair of global DNA damage seen 

in stem cells, 5 µg/ml of a specific anti-FGFR1 antibody was added 30 min before radiation 

exposure, to block the FGF2 pathway. Receptor level blockade impeded the decrease in mean 

tail moment at 15 and 30 min and inhibited repair of global DNA damage in stem cells (Fig. 2B), 

whereas it had no impact on DNA repair in progenitor cells. When the FGF2 pathway was 

inhibited lower down, using the specific mitogen-activated protein kinase-1 (MAPK1) inhibitor 

UO126 [25], DNA repair was also blocked in irradiated stem cells (Fig. 2C). These results show 

that FGF2 pathway blockade at membrane or cytoplasm level inhibited global DNA repair in the 

stem cells, and notably repair of DNA single-strand breaks.  

DNA double-strand breaks are repaired more rapidly in keratinocyte stem cells than in 

progenitor cells 

The γ-H2AX assay was performed to characterize the repair of DNA double-strand breaks in 

irradiated keratinocytes. This assay is based on the detection of rapid phosphorylation on serine 

139 in the histone H2AX proteins located in the chromatin surrounding a double-strand break. 

Five minutes after exposure, keratinocyte stem and progenitor cells displayed a similar number 

of foci per cell, indicating similar initial radiation damage. After 15 minutes, the number of foci 

per cell had decreased only in stem cells (Fig. 3A and B), and the difference in foci number 

between the two populations was observed all along the kinetics, indicating that double-strand 

break repair was more rapid in the stem cells than in the progenitor cells. Twenty four hours after 

exposure, the number of γ-H2AX foci in irradiated stem cells had returned to a level similar to 

that found in controls (Fig. 3C and D), whereas progenitors still exhibited a mean of 7 foci per 

nucleus after 24 hours (Fig. 3D). These results indicated that double-strand break repair was 

more efficient in the stem cells than in the progenitor cells. The number of residual foci at 24 

hours is reported to be related to cell radiosensitivity, and cells exhibiting more than 3 foci are 

primed to cell death [26]. In the present study, 73% of progenitors presented more than 4 foci per 

nucleus at 24h, as compared to 10% of stem cells. This percentage of progenitor cells primed to 

cell death was very close to that previously found using cell survival assay: 71% dead cells after 

2 weeks’ culture for the progenitor cells, vs. 18 % for the stem cells [23]. Thus both assays 

revealed stem cell radioresistance, in contrast to high sensitivity for progenitor cells.  
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Figure 3. DNA double-strand breaks are repaired more rapidly and more efficiently in stem cells than in 

progenitor cells.  

(A): Stem cells exhibited more rapid DNA repair than did progenitor cells. γ-H2AX assay, based on detection of 

histone H2AX phosphorylated on Ser 139, characterized repair of DNA double-strand breaks in irradiated 

keratinocytes. Four to 10 independent experiments on skin samples from different donors were performed for each 

time point. 100 cells per time-point were counted for each experiment. *p < 0.01.  

(B): Fluorescence images of cells labeled with DAPI (blue) for the nuclei and with Cy3 (red) for the γ-H2AX foci.  

(C and D): Double-strand break repair was more efficient in stem cells than in progenitor cells. The distribution of 

the number of γ-H2AX foci per cell was characterized at 24 hours in control (C) and irradiated cells (D). Most 

control cells had less than 4 foci per nucleus (SC: 94%; P: 95%) (n = 3). After 2 Gy, 73% of the progenitors 

presented at least 4 foci per nucleus, as compared to 10% for stem cells (n = 4).  
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The FGF2 signaling pathway regulates keratinocyte stem cell repair of DNA double-strand 

breaks 

To assess the possible functional relationship between FGF2 signaling and double-strand break 

repair in keratinocyte stem cells, γ-H2AX focus formation was characterized in irradiated 

keratinocytes following blockade of the FGF2 signaling pathway. The pathway was first 

inhibited at the receptor level by adding the specific FGFR1 blocking antibody 30 min before 

radiation exposure. In stem cells, blockade curbed the rapid decrease in the number of γ-H2AX 

foci at 15 min and 30 min post-irradiation (Fig. 4A), while having no impact in progenitor cells 

(Fig. 4B). In stem cells, the blockade had no significant effect at later time points, with similar 

numbers of γ-H2AX foci detected 4 and 24 hours after exposure, irrespective of pretreatment 

with the blocking antibody. The FGF2 signaling pathway was then inhibited at the cytoplasm 

level, using the MAPK1 inhibitor UO126 30 min before irradiation. In stem cells, UO126 

inhibited the rapid decrease in the number of γ-H2AX foci 15 and 30 minutes after exposure (Fig 

4C), whereas it had no effect on progenitors at any time point (Fig. 4D), nor on stem cells at 4 

and 24 hours post-irradiation. These results suggest that the endogenous FGF2 pathway of the 

keratinocyte stem cells targeted only the early phase of DNA double-strand break repair. 
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Figure 4. Endogenous FGF2 signaling regulates double-strand break repair in keratinocyte stem cells.  

The formation of γ-H2AX foci was studied in irradiated cells after blocking the FGF2 signaling pathway with an 

anti-FGFR1 antibody or the MAPK1 inhibitor UO126. At least three independent experiments on different skin 

samples were performed for each time point. Approximately 100 cells per time-point were counted in each 

experiment. *p < 0.01. 

(A): Blocking the FGF2 pathway via its receptor abolished the early decrease in the number of γ-H2AX foci per 

stem cell. Incubation with a control mouse IgM isotype antibody had no effect on the number of foci 

(Supplementary Information 3). 

(B): No effect of antibody treatment was observed in progenitor cells.  

(C): Blocking the FGF2 pathway via UO126 in stem cells inhibited the early decrease in the number of γ-H2AX foci 

per cell. 

(D): No effect of UO126 treatment was observed in progenitor cells. 
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Exogenous FGF2 supplementation induces rapid DNA double-strand break repair in 

keratinocyte progenitor cells 

The progenitor cells were treated with exogenous human recombinant FGF2 at one or three 

hours before radiation exposure. γ-H2AX foci were more rapidly lost in treated than untreated 

cells, whatever the supplementation time (Fig. 5A). Moreover, at 24 hours post-irradiation, foci 

number decreased from a mean 7 foci per nucleus in untreated cells to 3 in FGF2-treated cells. 

Consequently, the number of cells with more than 4 residual foci at 24 hours was reduced to 47% 

after recombinant FGF2 treatment, compared to 92% in untreated cells (Fig. 5B and 

Supplemental data S5). These results show that exogenous FGF2 induced faster and more 

efficient double-strand break repair in keratinocyte progenitor cells. They also illustrate the pro-

survival action of FGF2.  

 

Figure 5. Exogenous FGF2 activates DNA double strand break repair in keratinocyte progenitor cells  

(A): FGF2 supplementation induced rapid DNA repair in progenitor cells. Human recombinant FGF2 was added to 

the culture medium at three hours before radiation exposure. γ-H2AX assay characterized double-strand break repair 

in irradiated progenitor cells. Five different experiments on independent skin samples were performed for each time-

point. A mean of 600 cells per time-point were counted. *p < 0.01. 

(B): The distribution of the number of γ-H2AX foci per cell was characterized at 24 hours in progenitor cells, 

untreated or treated at 3 hr with FGF2. The majority of untreated cells had more than 4 foci per nucleus (92%). After 

FGF2 supplementation, only 47% of progenitors presented 4 or more foci per nucleus. Focus distribution after 

supplementation at 1 hour is shown in Supplementary Information 5.  
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Discussion 

Stem cells can use various mechanisms to protect their genome and maintain genomic stability. 

After external insult, one effective mechanism of tissue protection is elimination of damaged 

cells, which can result from apoptosis, forced differentiation or premature senescence. Thus, 

mouse and human embryonic stem cells are hypersensitive to the toxic effects of DNA-damaging 

agents such as UV-C, MNNG and ionizing radiation [27-30]. Tissue stem cells, however, have to 

handle other important functions: tissue homeostasis and regeneration after wounding. Ensuring 

these functions requires avoiding stem cell depletion, which can be done if stem cells are 

resistant to external insult. A major mechanism of resistance to DNA-damaging agents is to 

enhance DNA repair, which can be obtained at different levels of the related pathways, from cell 

signaling to repair activities.  

We previously demonstrated that keratinocyte stem cells do not respond to radiation exposure by 

massive death induction, and that they are more radioresistant than their direct progeny, the 

progenitor cells [23]. The present study addressed their DNA repair potential. We first show that 

global DNA repair, as measured at individual cell level by alkaline comet assay, was more rapid 

in stem than in progenitor cells. This comet assay essentially measures base damage and single-

strand breaks, which are the most numerous DNA lesions [24]. We then studied double-strand 

breaks. Of the many different classes of radiation-induced damage, DNA double-strand breaks 

are the most significant since unrepaired DSBs can result in cell death and misrepair can cause 

chromosomal translocations, a possible early step of carcinogenesis [31]. γ-H2AX assay 

indicated that double-strand break repair was more rapid and efficient in keratinocyte stem cells 

than in the progenitor cells. The difference was extremely reproducible, with comparable results 

for all skin donors studied (11 different donors). Moreover, high levels of residual unrepaired 

foci at 24 hours were observed only in the progenitor cells. As a general correlation has been 

demonstrated between cell death and the number of residual foci at 24 hours [26], the present 

focus-count data again argue for higher stem cell radioresistance as compared with progenitor 

cells. Taken together, the DNA repair data show that the stem cell compartment of the human 

epidermis can repair several types of DNA damage rapidly and efficiently. These data are 

original, as the DNA repair issue has rarely been studied in adult stem cells. The available results 

in hematopoietic stem cells and progenitors show that DNA repair may greatly vary according to 
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the type of damaging agent. For example, CD34+ hematopoietic progenitors repaired single-

strand breaks better than CD34- and bone-marrow mononuclear cells after UV exposure [32], 

whereas they repaired less efficiently these DNA damage when they are caused by 

ethylnitrosourea [33]. Although keratinocyte stem cells repair rapidly their radiation-induced 

DNA damage, the fidelity of this repair is not yet known. Since these cells represent the long-

term reservoir for skin regeneration, it will be of a crucial importance to determine in future 

studies whether long-term anomalies, such as chromosomal aberrations or translocations, occur 

in the stem cells, which could be at the origin of carcinogenesis.  

Cell signaling upstream of DNA repair is also a key regulation step in the management of DNA 

lesions. Thus, WNT/β-catenin signaling was shown to mediate radiation resistance in mouse 

mammary progenitor cells [34]. Ataxia telangiectasia-mutated (ATM) kinase is also a key player, 

as its derepression in Atm–/– mice increased crypt stem cell radiosensitivity [35]. After UV 

exposure, signaling proteins such as UV-damaged DNA binding protein-2 (UV-DDB2) may be 

essential for the repair of cyclobutane pyrimidine dimers in keratinocyte stem and progenitor 

cells [36]. To explore various upstream regulators of the protective response of keratinocyte stem 

cells to radiation exposure, we performed gene profiling. This study revealed that a major 

specific response of the exposed stem cells was the activation of a network composed of 

cytokines and growth factors, including FGF2. For this factor, the key elements of the pathway 

were induced at the the transcriptional level. We therefore postulated that FGF2 activation by 

radiation could be related to radioresistance and activated DNA repair in keratinocyte stem cells. 

FGF2 is known to be a wide-spectrum survival factor, able to promote cell resistance to stress. 

Although the relationship between FGF2 and cell survival is well documented, its potential role 

in DNA repair has been assessed only in HeLa cells. Ader [37] reported that -irradiated HeLa 

cells overexpressed an endogenous 24 kDa FGF2 isoform, leading to overexpression and 

increased activity of the protein DNA-PK. These cells exhibited faster double-strand break repair 

via non-homologous end-joining dependent on DNA-PK activity.  

The present study addressed the possible role of the endogenous FGF2 pathway in the repair of 

DNA damage in keratinocyte stem cells. The pathway was blocked at the membrane level, 

targeting the FGFR1 receptor, or at the cytoplasm level, targeting MAPK1. Both blockades 

reduced DNA repair in the stem cells, showing that all the types of damage studied (base damage 
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and single-strand breaks in the comet assay, and double-

were sensitive to FGF2. On the other hand, addition of human recombinant FGF2 to progenitor 

cells significantly activated DNA repair. Exogenous FGF2 induced faster double-strand break 

repair and decreased the percentage of progenitor cells presenting a high level of residual γ-

H2AX foci. Since endogenous secretion of FGF2 protected the stem cells from radiation 

exposure and addition of exogenous FGF2 protected the progenitor cells, we postulate that, in 

situ, the FGF2 secreted by the stem cell compartment may also act as a protector for the early 

progenitors derived directly from asymmetric stem cell division. Thus, both autocrine and 

paracrine effects of FGF2 may be key elements of the stem cell niche, participating in the 

protection of the whole tissue from genotoxic stress. 

In conclusion, the present study shows for the first time that a human cell population enriched in 

epithelial stem cells possesses a high stress-induced capacity to repair DNA damage. Moreover, 

the results indicate that FGF2 has an important role in these protective mechanisms by 

participating in the regulation of the DNA repair processes. We propose that, apart from its well-

known role as a strong mitogen in cell culture, the addition of FGF2 in many growth media 

might protect stem cells and help to maintain their genomic integrity during long-term cell 

amplification. However, it remains to be determined by what mechanisms the FGF2 pathway 

activates DNA repair. Concerning the repair of DSBs, it has recently been shown that one 

important step in regulation is the level of H2AX phosphorylation, which controls the balance 

between apoptosis or DNA repair/survival in embryonic kidney cells [38]. We postulate that the 

kinases of the FGF2 pathway might activate H2AX phosphatases and kinases, thereby 

determining the choice of DNA repair in damaged cells. This activation could be obtained by 

endogenous activation of FGF2 in stem cells, or by exogenous FGF2 in progenitors. 

Characterizing phosphatase activities may then be a major future issue to gain better insight into 

the regulation of DNA repair in stem cells.  
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Supplemental Data 

 

S1: RNA quality. Total RNA was isolated from primary keratinocytes using the PicoPure
TM

 Isolation kit (Arcturus). 

As very small numbers of stem cells were available (around 200,000 cells per skin sample), RNA quality was 

precisely assessed with an Agilent 2100 bioanalyzer and an RNA 6000 Nano labChip kit. Good RNA quality and 

no degradation were observed in both irradiated stem cells (A) and progenitor cells (B). 
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S2: Quantitative PCR primer sequences. This table shows the forward and reverse primer sequences used to study 

gene expression of the FGF2 pathway, DNA repair genes and 18S rRNA. As RNAs isolated from keratinocytes were 

not amplified, 18S was used as an endogenous control in all RT-PCR analyses. 

 

S3: IgM control. The specificity of the anti-FGFR1 antibody effect was checked with an unrelated control mouse 

IgM isotype antibody (Upstate, Millipore). This antibody, added 30 minutes before exposure, had no effect on the 

number of foci measured at 30 minutes post-irradiation in both stem cells and progenitor cells. NS= non-significant, 

*p < 0.01. 

 

 

S5: Foci distribution at 24 hours post-irradiation in keratinocyte progenitor cells after FGF2 supplementation. 

The distribution of the number of γ-H2AX foci per cell was characterized at 24 hours in progenitors treated or not 

with FGF2, added one hour before radiation exposure. Most of the untreated cells had more than 4 foci per nucleus 

(92.13%). After FGF2 supplementation, only 47.94% of the progenitors presented at least 4 foci per nucleus.  
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S4: Genes induced by irradiation in keratinocyte stem cells. To characterize the signaling pathways activated by 

γ-rays, we compared gene expression of irradiated and control keratinocyte stem cells by gene profiling and found a 

subset of 577 genes specifically induced by irradiation in keratinocyte stem cells. Table 1 gives the list of these 

induced genes and the fold changes (1.5 to 13) found in the gene profiling experiment. The genes of the FGF2 

pathway are marked in bold. The table is listed at the end of the manuscript Article 2 S4..  

 



154 

 

Part 3  

Studying the basal characteristics of keratinocyte stem and progenitor cells 

 

Other acquired data, not described in the two articles, will be presented in this chapter, and 

discussed later in the discussion and perspectives part. 

Gene expression profiling of basal non-irradiated cells 

In order to further characterize the stem and progenitor cell populations, we analyzed the basal 

gene expression profiling using the DNA microarray technology as described previously. 

Expression level change was measured in the non-irradiated stem and progenitor cells. Induced 

and repressed genes were classified in functional clusters using the FATIGO Plus (Gene 

Ontology) software. Moreover, the most significant biological pathways within the modulated 

genes were identified by Ingenuity Pathway Analysis software. 

Globally, the comparison of both classifications shows that in the stem cells, among the induced 

genes, the most significant upregulated genes are involved in the transcription. On the other 

hand, the genes implied in the translation and in the protein synthesis, in particular in the 

synthesis of ribosomal proteins, were significantly repressed in the stem cells (Fig 1.). These 

results suggest that stem cells are characterized by a global activation of the transcription and a 

repression of the translation compared to their counterparts, the progenitors. The lists of the 

genes related to these two functions (transcription and protein synthesis) were established (Lists 

at the end of the manuscript Part 3 Table 1 and 2). Moreover, these lists show a repression of 

apoptotic genes and an induction of genes involved in the negative regulation of apoptosis. 
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Genes induced in stem cells 
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Repressed genes in stem cells 

 

 

Figure 1: Gene profiling analysis showed that the most significant induced pathway in the stem cells was related to 

transcriptional activity, whereas the significantly repressed pathways involved cellular protein metabolism and 

protein biosynthesis. 

 

Cell cycle analysis  

All our experiments on primary keratinocytes extracted from foreskin samples were performed in 

a lag of 15 to 72 hours after isolated and plated. Therefore, cell cycle was assessed on the two 
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sorted keratinocyte populations at several time points after plating. After sorting, 100 000 to 

150 000 cells per population ere seeded and a kinetic of 15, 48 and 72 hours after plating was 

performed. Cells were collected and subsequently fixed and permeabilized with 70% Ethanol (-

20°C) at 4°C for 20 minutes, then treated with 40µg/mL RNase A for 20 minutes at 37°C. Cells 

are then incubated in 3µg/mL propidium iodide for 5 minutes at room temperature and placed on 

ice before proceeding to flow cytometric analysis.  

Cell cycle analysis of the stem and progenitor cell populations shows that these populations are 

both non cycling during the first 48 hours after plating, with the majority of cells in the G1 phase 

of the cell cycle (Fig. 4), indicating that, after plating, we lose part of the heterogeneity of the 

progenitor population, especially the cells in G2M, that are supposed to undergo around several 

divisions before committing to differentiation and migrating to the upper layers. 
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Figure 4: Cell cycle analysis of basal keratinocyte populations. Flow cytometry was used to analyze the percentage 

of cells in the G0-G1 phases (R3) and S + G2/M phases (R4 + R5). Cell cycle distribution was performed 

graphically after exclusion of cell debris. Results are expressed as means of two experiments. 

Consequently, both cell populations are irradiated in the G0/G1 phase of the cell cycle. As at 

least 72h are necessary for cells to re-enter the G2/M phase, most of the studies performed were 

on non cycling cells for both populations. 

Quantitative RT-PCR analysis 

Microarrays and qPCR data have shown an induction of the FGF2 pathway in irradiated stem 

cells. However, the basal level of FGF2 in non-irradiated cells is not determined. Therefore, 

quantitative PCR was performed as described earlier. Briefly, keratinocyte stem and progenitor 

cells are sorted and plated with KGM2 medium. The next day, total RNA was extracted from 

each population using the PicoPure Isolation Kit following the manufacturer protocol. The 18S 

rRNA was used as an endogenous control in RT-PCR analysis. 

 

Figure 5: Gene expression of the FGF2 pathway was compared in irradiated stem versus progenitor cells using 

quantitative PCR. Data shown were obtained from independent experiments performed on skin samples from three 

donors. 

Quantitative PCR experiments showed a similar expression level of the FGF2 pathway in both 

keratinocyte populations, except for the FGF2, and at a less extent, the FGF receptor FGFR1 

(Fig. 5). These two genes were found induced in stem cells with ratios of 2.11 and 1.31 

respectively. These results are coherent with recent evidence suggesting that FGF2 is expressed 
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in the basal layer of normal epidermis (Lawrence et al., 2006). They also indicate that this 

expression might be higher in the stem cells than in the progenitors. 

Base excision repair (BER) and nucleotide excision repair (NER) activities are higher in 

human keratinocyte stem cells than in progenitor cells 

To characterize the DNA repair activity in unstressed cells, a highly sensitive damaged plasmid 

microarray (Millau et al., 2008) was used. Crude whole cell extracts were prepared by cycles of 

freezing/thawing of cells directly in the repair buffer containing the different component 

necessary for the completion of the excision/synthesis reaction (Millau et al., 2008). Thawed cell 

pellet was rinsed with 500 µl of ice-cold PBS (Sigma, St. Louis, MO, USA). The cells were 

suspended in 60 µl of 1X Repair Buffer (80 mM KCl , 45 mM Hepes/KOH pH 7.9, 7 mM 

MgCl2, 2 mM EDTA, 0.6 mM DTT, 8.4 % glycerol, 0.1 mg/ml BSA, 10 mM phosphocreatine, 

50  µg/ml creatine phosphokinase (Sigma, St. Louis, MO, USA) 19 µM PMSF (Sigma, St. Louis, 

MO, USA), antiproteases (Complete-mini, Roche, Meylan, France)) containing 1 mM ATP and 

0.25 µM dATP, dGTP and dTTP and 1.25 µM Cy5-dCTP (Amersham, Little Chalfont, 

UK).Three cycles of freezing/thawing (liquid nitrogen/4°C) were performed. The damaged 

plasmid microarray HydroGel™ slides (Perkin Elmer, Boston, MA, USA) were prepared as 

described in Millau et al., 2008. Six different characterized preparations of plasmid DNA 

containing specific DNA lesions were addressed onto the support at determined locations. 

Excision/synthesis reaction was performed using 25 µl of the extract-repair solution for 3 h at 

30°C. Slides were then washed in PBS/ 0.05 % Tween 20 then in H2O and finally dried at 30°C. 

Images were acquired at 532 nm wavelengths at 5 µm resolution using a Genepix 4200A scanner 

(Axon Instrument, Union City, CA, USA). Spot total fluorescence intensity was used as 

parameter (Genepix Pro 5.1 software (Axon Instrument, Union City, CA, USA). Results from 

duplicates were normalized using the NormalizeIt method described in (21). Data were collected 

from paired sets of stem and progenitor cells obtained from 3 independent donors, corresponding 

to two infant foreskin samples and one adult breast skin sample.  

This highly sensitive damaged plasmid microarray (Millau et al., 2008) was used to measure six 

basal repair activities in paired sets of unstressed stem and progenitor keratinocytes obtained 

from foreskin samples of two donors. Four base excision repair activities, repairing 8-

oxoGuanine, alkylated bases, thymidine glycols and abasic sites, and 2 nucleotide excision repair 
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activities, repairing 6-4 photoproducts and cisplatin adducts, were spotted on the arrays. All these 

repair activities were found increased in the stem cells as compared to the progenitor cells (Fig. 

6). A third experiment was performed on a breast sample of adult skin (Fig. 7). Although the 

amounts of repair activities varied between infant and adult skin, a higher activity was also 

observed in the stem cells isolated from breast skin as compared to the progenitor cells.  

 

Figure 6:  Keratinocyte stem cells exhibit increased basal BER and NER activities. 

Four DNA repair activities belonging to base excision repair (repairing 8-oxoGuanine, alkylated bases, thymidine 

glycols, and abasic sites) and 2 activities belonging to the nucleotide excision repair (repairing 6-4 photoproducts 

and cisplatin adducts) were tested in paired sets of stem and progenitor keratinocytes obtained from foreskin 

samples of two donors. All the tested activities were found increased in the stem cells as compared to the progenitor 

cells. Data are expressed as fluorescence intensities in function of µg of proteins.  

 

 

 

 

 

 

 

Figure 7: Keratinocyte stem cells from breast skin exhibit increased basal BER and NER activities. 

Figure 1: To characterize the DNA repair activity in unstressed cells, damaged plasmid microarrays were used to 

measure 6 different repair activities in a paired set of stem and progenitor keratinocytes obtained from a skin sample 

of adult breast. Four base excision repair activities, repairing 8-oxoGuanine, alkylated bases, thymidine glycols and 

abasic sites, and 2 nucleotide excision repair activities, repairing 6-4 photoproducts and cisplatin adducts, were 

spotted on the arrays. Although the amount of repair activities differed between adult and infant skin, a higher 

activity was also observed in the stem cells isolated from breast skin as compared to the progenitor cells. 
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I- General discussion on keratinocyte stem cells 

The skin renews itself throughout our lifetime. This capacity of proliferation depends mostly on 

stem cells located in hair follicles and in the epidermis, the outermost layer of the skin. Stem 

cells in these areas are distinguished from surrounding epidermal cells by their relatively 

quiescent nature. Keratinocyte stem cells, which originate in the basal layer of the epidermis, 

occasionally divide to maintain their presence in the skin, a process called self renewal, but they 

also generate rapidly proliferating cells called transient amplifying cells or progenitors. These 

cells are committed to differentiation and are necessary for tissue homeostasis and repair. While 

stem cells are responsible for the long term maintenance and homeostasis of the skin, the 

progenitors ensure the short term homeostasis by replacing skin cells that have been sloughed out 

at the surface. 

Accumulated evidence confirmed that, in rodents, the bulge is the repository of multipotent stem 

cells that support hair follicle cycling and can repopulate interfollicular epidermis and sebaceous 

epithelium. Concerning human skin, several lines of evidence have suggested that the human 

bulge also provides a niche for KSCs, thus the existence and role of interfollicular stem cells 

have long been debated. However, BrdU staining has allowed demonstrating that LRCs are 

found in mouse skin interspersed as single cells within the basal layer of interfollicular 

epidermis, bringing evidence that interfollicular epidermis also contains KSC. These cells are 

responsible of the long term maintenance of epidermis, whereas follicular stem cells are involved 

in reconstitution of damaged epidermis. Stem cells from the hair follicle bulge were found to 

contribute transiently to interfollicular epidermis wound repair but not to normal homeostasis nor 

to the interfollicular renewal (Claudinot, 2005; Ito and Cotsarelis, 2005). 

One of the major controversies in the field of stem cells is caused by the absence of universally 

recognized markers for complete purification, although a combination of markers permits to 

enrich a keratinocyte population for these cells. Cell surface adhesion molecules of the integrin 

family have proven to be particularly interesting in this respect. Thus the combination of an 

adhesion molecule, 6 integrin (Itg-6), and a proliferation-associated marker CD71 transferrin 

receptor (Trf-R) allowed isolation by flow cytometry of both stem and progenitor cells from the 

same skin sample (Li, 1998; Tani, 2000). We used the same combination of markers in order to 

isolate a population enriched for stem cells (Itg-6
bri

 Trf-R
dim

) and a population enriched for 
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progenitors (Itg-6
bri

 Trf-R
bri

). However we tried to optimize the model previously described by 

Li by using modified protocols. During my stay in the lab, we continuously tried to ameliorate 

the enrichment of cells by improving the protocol used for keratinocytes isolation from foreskin, 

using both Dispase enzyme and Trypsin for a better separation of the dermis from the epidermis 

without altering the basal layer, and for a better viability, thus obtaining higher yields of 

extracted basal keratinocytes. 

Does the Itg-6
bri

 Trf-R
dim 

phenotype really represent the stem cell population? 

The epidermal stem cells are defined as rare, undifferentiated and mostly quiescent cells, capable 

of large proliferative potential and responsible of the long-term self renewal of the epidermis. 

The Itg-6
bri

 Trf-R
dim 

population seems to have several characteristics of stem cells. When we 

isolated these two populations of basal cells from the epidermis, we checked their cell cycle state 

immediately after sorting, without cell culture, and we found that 14% of the progenitors were in 

the S and G2/M phases of the cell cycle against only 1.9% for the stem cells. These data correlate 

with slow-cycling property conferred to stem cells, which represent only 0.4 to 0.6% of the total 

keratinocyte population. Taken into account that the majority of the experiments that we realized 

during my PhD time were performed in a lag of one to three days after isolating cells from the 

biopsy, we also analyzed the cell cycle of the two keratinocyte populations at 15, 48, and 72 

hours after plating the cells. The results obtained showed that for the first 48 hours after plating, 

the two cell populations presented a similar cell cycle state, with very few cells in the S and 

G2/M phases, and the two populations we are working on probably share the same division rate 

at least in the first 48 hours, time lag at which practically all the experiments were realized. 

Given that in general scheme of tissue turnover, progenitors divide more frequently, we suggest 

that the rapidly dividing cells among the progenitor population are probably lost and floating in 

the medium rather than adhering to the plastic. Therefore, we harvested floating cells and their 

cell cycle analysis showed that these cells are most likely in the S and G2/M phases of the cell 

cycle. These results suggest that the adherent progenitors are not cycling. The non-cycling 

progenitors generally correspond either to the early progenitors or the most mature ones. Given 

that the latter are mostly committed to terminal differentiation and the migration into the upper 

layers of the epidermis, they probably lose their adherence capacities. Albeit these results require 

further confirmation, we postulate that the progenitor population we are working on contains 
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mostly early premature cells rather than the total gradient of heterogeneous progenitors. This is 

an important point as it might explain that the radiation response of these two populations is 

probably not related to differences in their initial cell cycle state. This point will be discussed 

further in another section of the discussion. 

On the other hand, Yann Barrandon has used clonal analysis and shown that the stem cells are 

thought to give rise to holoclones, which consistently founded large keratinocyte colonies with 

the greatest cell regenerative capacity in long-term culture (Barrandon and Green, 1987). We 

thus analyzed the growth potential of the stem and progenitor populations using the colony 

forming assay and we found that the stem cell population exhibited the highest colony forming 

efficiency (CFE), and almost half of the colonies raised from this population were large colonies. 

During my last year in the lab, experiments performed by Nicolas Fortunel, testing the 

clonogenic capacity of the stem and progenitor population using a high mitogenic medium and 

have shown that these two populations exhibited a similar CFE and a similar proliferative 

capacity in primary culture (data not shown). One might think that, although in vitro 

clonogenecity and cumulative proliferative potential provide useful assays for stem cells 

(Pellegrini et al., 1999; Barrandon and Green, 1987), these cultured cells have been released 

from the control mechanisms of the in vivo stem cell niche designed to keep them in a slow-

cycling state. Therefore, it is sometimes difficult to correlate any other properties expected of 

stem cells, such as initial quiescence, cell size, cell surface marker profile, etc., as these 

parameters will have altered by the time the clonal types have emerged, especially if these cells 

are cultivated in high mitogenic culture environments.  

Nonetheless, other results lend support to the stem cell population as described by Pritinder 

Kaur. The demonstration that the population expressing high levels of integrin (Itg-6
bri

) and 

low levels of CD71 (Trf-R
dim

) was enriched in stem cells was obtained in vivo, using a serial 

transplantation assay of human cells in immuno-deficient mice: the keratinocyte stem cell 

population was able to perform three serial transplantations in mice (Terunuma, 2007).  

Taken together, these results suggest that we are working on two distinct populations, one 

enriched for keratinocyte stem cells and the other enriched for early progenitor cells. The former 

is characterized by the Itg-α6
bri

Trf-R
dim

 phenotype, and seems to display some stem cells 



165 

 

characteristics such as quiescence, high proliferative potential, and the long term capacity to 

reconstruct epidermis.  

Differential gene expression profile in the stem cell and progenitor populations: 

Is it possible to separate the stem from the progenitor cell phenotypes using profiling? We 

studied the gene expression profiling using DNA microarrays, in order to characterize these two 

populations of the basal layer of the epidermis. We then established lists of up-regulated and 

down regulated genes. To identify the biological pathways and functions most relevant to our 

experimental datasets, we resorted to the ingenuity pathway analysis (IPA) software. This study 

showed that the keratinocyte stem cells are characterized by two major facts: an over-expression 

of the genes connected to the transcription activity and a repression of the genes related to the 

translation and protein synthesis. Although the confirmation by quantitative PCR of these results 

is not accomplished yet, we can try to discuss them. Two hypotheses could explain the 

differential expression profiling between stem and progenitor cells (Kamminga and de Haan, 

2006).  

In the first hypothesis, stem cells express a limited directory of genes, those who are necessary 

for the preservation of the phenotype of a quiescent cell. This limited directory could be 

maintained either by the compaction of the DNA and heterochromatin formation, or by 

epigenetic modifications such as methylation and acetylation. The transition to a progenitor 

phenotype would correspond then to a chromatin modification allowing the expression of a 

larger number of genes required for the differentiation. Our results are contradictory to such a 

hypothesis.  

The second hypothesis suggests that stem cells possess on the contrary a very wide directory of 

expression as well as important transcriptional activities. This directory would contribute to the 

maintenance of the stem cell differentiation potential, as well as their ability to react in situations 

of stress such as burn or irradiation. In this case, the transition to the progenitor phenotype would 

occur with a switch of the gene expression patterns corresponding rather to the extinction of the 

genes which are not connected to the specific differentiation fate. Our results are compatible with 

this second hypothesis. Indeed, we observed an over-expression of the genes related to the 

activity of transcription in the keratinocyte stem cells. A gain of heterochromatin associated with 
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changes in the gene expression patterns as well as some epigenetic events could explain the 

transition to the progenitor state. Furthermore, gene expression profiling and IPA analysis 

showed that the major repressed function consisted of genes coding for protein synthesis, in 

particular the ribosomal proteins. Our results thus lend support to a model where the nuclear 

organization of the stem cell is globally open and permissive for gene expression, generating a 

significant number of mRNA. But this RNA would not be translated, with the exception of those 

necessary for the maintenance of a stem state. To confirm these hypotheses, a characterization of 

the global chromatin state in both cellular types will be necessary. Moreover, further analysis of 

the microarrays results could possibly identify some genes responsible for the stem cell 

phenotype and functionality, and provide new candidates for stem cell markers amid the over-

expressed genes in this population. 

What is to be done? 

Epidermis contains a compartment of stem cells but currently there is no common criterion to 

recognize individual stem cells with any confidence. We are currently working on enriched 

populations for stem cells. More data is needed in order to purify a stem cell population as well 

as the progenitor population. Available data suggest that transient amplifying cells may not be a 

distinct cell population, but rather part of a continuum between cells of high self-renewal 

probability and cells that have initiated the terminal differentiation (Jones et al., 2007; Niemann 

and Watt, 2002). This population is known to be very heterogeneous with different levels of 

maturity, containing early progenitors and late progenitors more committed to differentiation. 

These cells might differ in their response to stress as well as their contribution to the 

maintenance of the skin homeostasis. In order to better characterize their functional properties, 

the progenitor population can be fractioned into sub-populations, based on their cell cycle state. 

In addition to the need for more data to further define the global chromatin conformation in both 

cellular types, new cell surface markers or to increase the complexity of markers combination are 

clearly needed for the further enrichment and molecular characterization of keratinocyte stem 

cells. 
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II- Stem cells and radiation carcinogenesis 

The number, sensitivity, location and renewal characteristics of target cells are important 

biological parameters in the mechanisms of carcinogenic risk from radiation. It is generally 

considered that the target cells for carcinogenesis are the tissue stem cells and possibly some of 

their daughter cells. The number of stem cells is often ill-defined and is estimated using various 

assays in different tissues in experimental animal systems. Stem cell radiosensitivity varies both 

within and among tissues. For example, there are both resistant slow-cycling and sensitive fast-

cycling stem cells in spermatogenic epithelium, and sensitive apoptosis-susceptible cells and 

more-resistant clonogenic cells in intestinal mucosa, and more-sensitive stem cells in 

haemopoietic than in epithelial tissues. The compartments within a tissue differ in oxygen 

tension and it is generally believed that undifferentiated tissue stem cells reside in low oxygen 

compartments, thus well protected from reactive oxygen species. 

In particular, the following questions and topics have to be addressed in the light of the recent 

progress in stem cell biology: Which are the target cells for carcinogenesis, and where are they 

located? What are the differential radiation-responses between stem cell and other potential 

target cells such as progenitors in carcinogenesis? What are the microenvironmental influences 

on the stem cell responses in the stem cell niche? 

Target of carcinogenesis: stem cells or progenitors? 

The target of carcinogenesis is in general thought to be tissue stem cells (Reya et al, 2001).  This 

assumption is reasonable since many characteristics of tissue stem cells resemble those of cancer 

cells and the resemblance became particularly strong after the discovery of cancer stem cells 

(Lapidot, 1994). Cancer stem cells are found in malignancies of various tissues such as breast 

(Dick, 2003), brain (Singh et al., 2003; Hemmati et al., 2003), prostate (Lawson and Witte, 2007) 

and liver (Roskams, 2006). Cancer stem cells resemble tissue stem cells in that they generally 

express telomerase and are immortal, and in particular have capacities to self-renew and can 

initiate this when transplanted into appropriate hosts. 

As has been described, in vivo, stem and progenitor cells differ in their proliferation kinetics in 

that the former are more dormant than the latter. Progenitor cells in general divide more 

vigorously than the stem cells which give a higher chance to accumulate mutation. Thus, the 
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target of carcinogenesis can be progenitors as well. If the target is the stem cell, for example, 

mutated and precancerous cells stay for the whole life of individuals to accumulate more 

mutations resulting in full malignancy. In other words, the target can accumulate doses by 

chronic exposures for as long as the host is alive. In contrast, if the target is the progenitor cell, 

then the mutated precancerous cells are subject to natural tissue turnover and they may be 

discarded from the body before collecting sufficient mutations for the full malignancy state. This 

means that the dose the target can accumulate is restricted to the duration of the progenitor cells 

in a host. We should be careful about this simplification since the presently partial 

characterization of stem cells and progenitors precludes the definitive distinction of more 

primitive phenotypes with longer life span from more committed phenotypes with shorter life 

span. 

Keratinocyte stem cells: origin of skin tumors? 

The first type of cancer documented as being associated with exposure to ionizing radiation was 

skin cancer, which was reported only 7 years after the discovery of X-rays (Frieben A, 1902). 

Radiation-induced tumours in skin are mainly carcinomas. Basal cell carcinomas (BCC) are the 

more frequent and develop from the basal cells of the epidermis (Shore RE, 2002). Squamous 

cell carcinomas SCC are malignant tumours developing from more differentiated keratinocytes. 

The mechanisms of development of these tumours are still largely unknown. It is clear that 

ionizing radiation can act as an initiator, a promoter and a complete carcinogen.  

Albeit it has long been proposed that epidermis stem cells and their direct progeny, the 

keratinocyte progenitors, are at the origin of skin cancer, definitive data are still lacking. 

However, it has been suggested that basal cells in the cutaneous epithelium are likely to be 

targets for the action of carcinogenesis and tumor promoters, and in particular the basal cells 

with stem cells properties (Morris, 2004; Morris et al., 1985; 1997; Baer-Dubowska et al., 1990). 

Mice were treated topically with 5-fluorouracil (5FU), an agent known to kill cycling but not 

quiescent cells. Despite some severe damage to the cutaneous epithelium, induction of skin 

papilloma and carcinoma were surprisingly similar whether the mice were treated or not with 

5FU, suggesting that the epithelial cells initiated by the carcinogen were quiescent rather than 

actively cycling.  
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Nonetheless, oncogenic events and/or tumour promoters might also reactivate a stem-cell 

program with self-renewal ability in a target cell without these characteristics (Balmain, 2003). 

The initiated ‘de novo stem cell’ might have an increased adhesion potential, so would 

consequently avoid being discarded by the normal desquamation process. In fact, skin stem cells 

express increased levels of adhesion molecules, such as β1 and α6 integrins, compared with their 

more-differentiated counterparts. This newly acquired self-renewal capacity could allow these 

cells to remain within the epidermis long enough for other oncogenic to accumulate and 

ultimately develop in cancer. ‘De novo stem cells’ could therefore maintain the new tumoral 

tissue by establishing an altered hierarchical organization within the previously normal tissue. As 

none of the benign skin lesions that formed from differentiated keratinocytes progress to 

malignancy, reactivation may be occurring in the other basal cells, in the immediate progeny of 

the stem cells, from early to late, more committed progenitors.  

Cellular response: Keratinocyte stem cells are more radioresistant than the progenitors 

Radiosensitivity of stem cells and progenitors was assessed by measuring cell viability and 

radiation toxicity, after exposure to a 2 Gy radiation dose, using the XTT and in vitro colony 

forming assays. Both assays showed that the stem cell population is more radioresistant than the 

population of progenitors. Furthermore, Nicolas Fortunel has evaluated the CFE of these two 

populations in high mitogenic medium. Although the non-irradiated populations presented 

similar proliferative potential as I have mentioned above, they showed a differential radiation 

response: the population enriched for stem cells was more radioresistant than the progenitors’ 

one (data not shown). This differential response to gamma rays was also found when 

keratinocytes were irradiated at a single cell level (Fortunel, submitted). 

In the literature, both radiosensitive and radioresistant stem cell populations have been described. 

Cancer stem cells in the glioblastoma resisted to ionizing radiation due to constitutive 

upregulation of damage checkpoints and activation of DNA repair signaling (Bao et al., 2006). 

Human mesenchymal stem cells were found radioresistant both in vitro and in vivo (Chen et al., 

2006; Rieger et al., 2005). They exhibited high antioxidant elimination of reactive oxygen 

species, and active double-strand break repair. They also activated cell cycle checkpoints in 

response to IR, induced ATM phosphorylation, and repaired double-strand breaks by 

homologous recombination and non-homologous end-joining. In melanocyte stem cells, 
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irradiation triggered differentiation into mature melanocytes in the niche, rather than inducing 

apoptosis, senescence or DNA repair. As for the intestinal stem cells, the development of a 

reproducible in vivo assay in the jejunum led to the conclusion that the cells at position 4-5 in the 

crypt of the small intestine, identified as the stem cells, are exquisitely sensitive to radiation 

induced apoptosis while the progenitor cells were not (Potten, 1998). The hypothesis proposed 

by the authors is that stem cells must be sensitive to DNA damage to avoid repair in the parental 

DNA strand (template DNA), which is transmitted to the stem cell progeny by asymmetric 

division. In case of lethal damage to the stem cells, the population of upper progenitor cells can 

be called into action to restore the crypt. This apoptosis sensitivity was not shared by the stem 

cells of the large intestine possibly due to the expression of BCL-2 in this organ (Potten et al., 

2002; Potten, 2005; Merrit et al., 1995). Interestingly, the large intestine is the frequent target of 

carcinogenesis while cancer is rare in the small intestine, in accordance with a connection of 

damage response to sensitivity to carcinogenesis. In order to explore further the underlying 

causes of the keratinocyte stem cells radioresistance, we postulated that stem cells may have 

more efficient DNA repair mechanisms than the progenitors and that they may acquire an 

activated stress signaling response that may activate the DNA repair process.  

 

III- Gene modulation by ionizing radiation  

To assess the mechanisms of such a differential response to radiation, we performed gene 

expression profiling using DNA microarrays technology. Each irradiated population at 2 Gy 

(stem cells and progenitors) was compared to its non-irradiated one. Our results showed that the 

stem cells exhibited a much more reduced and specific gene response to ionizing radiation than 

the progenitors. We thus established lists of up-regulated and down-regulated genes. To identify 

the biological pathways and functions most relevant to our experimental gene expression 

datasets, we employed the Ingenuity Pathways Analysis software (IPA). 

An inhibited apoptosis in irradiated stem cells 

An important response of irradiated stem cells was the inhibition of many genes related to the 

induction of cell apoptosis. Among the 447 repressed genes, gene expression profiling and IPA 

analysis showed that the most statistically significant network related to apoptosis consisted of 
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29 related genes, including BAD, the BCL2-associated death promoter. Moreover, the list of the 

induced genes contained genes involved in the inhibition of apoptosis, particularly BCL-2 and 

survivin. The BAD protein is a member of the BCL-2 family. BCL-2 family members are known 

to be regulators of programmed cell death. This protein positively regulates cell apoptosis by 

forming heterodimers with BCL-2, and reversing its death repressor activity (Fig. 26). 

Proapoptotic activity of this protein is regulated through its phosphorylation. Protein kinases 

AKT and MAP kinase, as well as protein phosphatase calcineurin were found to be involved in 

the regulation of this protein.  

 

Figure 26: The BAD and BCL2 interaction: a balance between apoptosis and survival. 

Although these RNA data were not confirmed by a specific assay, they correlate with the 

survival and H2AX assays. Thus, we can assume that, by inhibiting apoptosis, keratinocyte stem 

cells are obviously escaping the possible cell death that could be induced after exposure to 

ionizing radiation, instead, they are undertaking pathways to survive. The fact that epidermal 

stem cells could be protected from apoptosis was also found in keratinocytes rapidly adhering to 

collagen type IV, expressing beta-1, alpha-6 integrins and p63. This population was protected 

from apoptosis via an integrin signalling pathway in a BCL-2 dependent manner (Tiberio, 

2002). Furthermore, keratinocytes were found also protected from apoptosis in the UVB/DNA 

damage response via the induction of Notch1 gene expression, which downmodulates the 

transcription of FoxO3a, a key pro-apoptotic gene (Mandinova et al., 2008; Yugawa et al., 

2007). 
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We did not delve further into the apoptosis signaling in these keratinocytes populations as we 

focused our study on the DNA damage repair and cell signaling. Clearly, a whole package of 

data needs to be explored in this domain, such as the confirmation of the microarrays data by 

quantitative PCR, and the use the AnnexinV and Tunel assays, as well as the study of the 

phosphorylation of BAD. Moreover, microscopic or cytometric detection of apoptosis at the 

single-cell level in keratinocytes could be used by measuring direct incorporation of fluorescin-

dUTP in DNA strand breaks. These data could be helpful in understanding the radiosensitivity of 

the progenitors.  

An activated DNA repair in irradiated stem cells 

Among the induced genes, we found that several genes required in the DNA repair and its 

signaling were also over-expressed in the irradiated stem cells. There were five up-regulated 

genes associated to the DNA repair processes. They belonged either to the homologous 

recombination repair (HRR) or non-homologous end joining (NHEJ). It is known that ionizing 

radiations induces double strand breaks (DSBs) which are repaired either by HRR or NHEJ. 

Hence, our microarray results pointed on the possible involvement of DNA repair in keratinocyte 

stem cells resistance. 

DNA damage response and damage repair are important determinants of mutation induction and 

it is desirable that the stem cells minimize DNA damage, repair if damaged and thus stay free of 

mutation in order to preserve the genomic integrity for the lifelong of animals. Therefore, the 

DNA damage response is a fundamental cellular process that is required for maintaining genome 

integrity. The DNA damage signal involves a multitude of cellular responses including the 

activation of cell cycle checkpoint kinases, which halt damaged cells in their cell cycle until 

repair is complete; if the cell cannot repair the damage, the DNA damage pathway can also 

mediate the apoptotic signal. In addition to the induction of five repair genes, our microarrays 

data revealed an over-expression of ChK1 in the stem cells after irradiation as well. ChK1 is an 

important serine/threonine checkpoint kinase, it is required for checkpoint mediated cell cycle 

arrest in response to DNA damage, it may bind to and phosphorylate RAD51 at Thr309 which 

may enhance the association of RAD51 with chromatin and thus promote DNA repair by 

homologous recombination. Our quantitative PCR results confirmed the induction of these 

genes. However, quantification of the genes products at the protein level is still lacking. 
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Based on both repressed and induced genes, we found that a major response of the irradiated 

stem cell population was the regulation of genes functionally related to cell apoptosis, cell 

survival and DNA repair. We thus propose that part of the stem cells resistance might be 

explained by a reduced cell death and an enhanced DNA repair responses as compared to the 

progenitor cells.  

 

Induction of cytokines and growth factors in irradiated stem cells 

We have found that radiation exposure at 2 Gy induced predominantly specific pathways in the 

keratinocyte stem cells, and among the 626 induced genes in these cells, the most significant up-

regulated pathway comprised cytokines and growth factors. Among this pathway, a highly 

significant network was composed of 35 genes and included genes coding for cytokines, growth 

factors, receptors and corresponding to extracellular and membrane proteins. In the cytoplasm, 

the whole network was related to MAPK1 and 2. Many genes in this network were related to cell 

survival pathways (GRB2, EPHA2, GNAI3) and regulation of apoptosis (PTPRH, CAPN2, 

CFLAR, BFAR, DEDD2).  

Several of the growth factor pathways induced by ionizing radiation in the stem cell population, 

including those of FGF2, IGF, and TPO have been linked to resistance to DNA damaging agents 

in various cellular models. Two ligands of the EGFR, TGF-α and HBEGF, were also induced by 

radiation exposure in the keratinocyte stem cells and have been shown to be involved in 

radioresistance. For example, irradiation of carcinoma cells induces release of TGF-α and 

activation of its MAPK pathway. Disrupting this signalling pathway resulted in increased 

apoptosis and decreased proliferation (Dent et al., 1999; Shintani et al., 2003). The role of EGFR 

has been particularly studied in head and neck carcinoma. Thus radioresistance of K-Ras mutated 

carcinoma cells has been shown to be mediated through EGFR, as a treatment of these cells with 

an antagonist of this receptor induced a strong radiosensitizing effect (Toulany et al., 2005; 

2005).  

The microarrays data and Ingenuity Pathway Analysis also showed that the FGF2 pathway, 

including genes coding for the FGF factor, its receptor FGFR1 and the cytoplasmic signaling 

kinases MAPK1 and MAP2K1 were all induced by radiation exposure in the stem cell 

population. These data are of a critical importance because several studies have demonstrated 

that several growth factors, and among them FGF2, were linked to resistance to DNA damaging 



174 

 

agents in various cellular models through the inhibition of radiation induced cell death (Fukz et 

al., 1994; Paris et al 2001, Gu et al 2004) and increased DNA repair through the activation of 

DNA-PK (Ader et al 2002).  

The expression level of the FGF2 pathway genes were validated by quantitative PCR. The 

confirmation of the protein expression in both populations is being proceeded at the present time.    

In summary, we found that ionizing radiation induces both DNA damage and cytokine signaling 

pathways in the keratinocyte stem cells. The direct relationships between DNA repair and growth 

factor, and in particular FGF2 activation have rarely been determined. However, it is thought that 

signaling through growth factor receptors and downstream kinases is likely to influence 

radioresistance through affecting the quality of DNA double strand break repair (Valerie et al., 

2003). For example, it has been shown that blockade of the EGF receptor eliminates the 

radiation-induced up-regulation of the DNA repair genes XRCC1 and ERCC1 (Hagan et al., 

2004). In the context of keratinocyte stem cells, the FGF2 pathway was found related to 

radioresistance, along with the inhibition of apoptosis and activation of the DNA repair 

pathways. 

  

IV- DNA damage repair 

A higher basal DNA repair activity in the stem cells 

On the outset, we asked whether the basal DNA repair activity was different in the two 

unstressed cell populations. For that purpose, we used damaged plasmid microarray (Millau, 

2008). These arrays allow the quantification of six basal repair activities involved in both 

nucleotide excision repair (NER), which processes bulky DNA damage that can distort the DNA 

helix, and base excision repair (BER), which repairs small base lesions.  Whether the 

keratinocytes were isolated from foreskin or adult breast skin, we found that the four BER and 

the two NER activities tested differed between the two cell populations, with the keratinocyte 

stem cells possessing a high basal DNA repair capacity.  

These DNA repair data show that, in the absence of any physical stress, the stem cells 

compartment seems to be well protected against endogenous DNA damage caused by the normal 

processes of cell physiology, such as damage incurred during DNA replication; which is an 
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important issue since stem cells, responsible of the long term maintenance of the tissue, are 

supposed to stay free of damage and preserve genomic integrity, preventing the transmission of 

undesirable mutations to daughter cells. Moreover, these results also suggest that the stem cells 

are well prepared to cope through any externally induced damage, such as damage caused by 

physical agents like ionizing radiation. 

Whether the NER and BER repair activities remains elevated in the stem cells after exposure to 

ionizing radiation is not yet determined. These experiments are being performed at the present 

time. However, one might think that these stem cells might exhibit a faster DNA repair after a 

genotoxic stress due to the activated NER and BER pathways at the basal level. Two possible 

scenarios could occur: the basal activation level would be sufficient to repair the damage caused 

by ionizing radiation, in this case no further activation will be observed; or, on the contrary an 

advanced activation may be needed in order to combat the radiation induced damage. 

A faster DNA repair in the irradiated stem cells 

Ionizing radiation can harshly alter the cell by inducing DNA damage. The gamma-rays emitted 

from the decay of the Cesium 137 source results in direct DNA damage due to ionizing of the 

DNA molecule itself breaking the chemical bonds, and in indirect DNA damage due to indirect 

effects such as radiation ionizing molecules which in turn react with the DNA. In both cases, 

DNA is severely damaged. Although DSBs are thought to be the main DNA breaks generated by 

IR, approximately fifty SSBs are generated for every DSB.  

Assessment of the global DNA lesions repair 

In order to assess the global DNA damage repair, we resorted to the SCGE 

(Single Cell Gel Electrophoresis) assay also known as comet assay, which is commonly used for 

the detection of DNA damage at the level of the individual cell. The damage usually detected 

includes single strand breaks and double strand breaks. We applied this assay in alkaline 

conditions where additional DNA structures are detected as DNA damage: AP sites (abasic sites 

missing either a pyrimidine or purine nucleotide) and sites where excision repair is taking place. 

The results we have obtained showed that, despite the same induced level of DNA lesions in 

both populations, the stem cells began the repair process 15 min after irradiation and completed 

the repair at 2 hours post-irradiation. This fast repair of global DNA damage was not observed in 
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the progenitor cells, but only in the stem cells. Since alkaline comet assay detects single and 

double strand breaks, we postulate that the faster repair of SSB can partially be explained by the 

fact that the keratinocyte stem cells possess a high NER and BER activities under no stress 

conditions; as for the DSB repair, although no higher activities were observed in non-irradiated 

cells, the repair might be partially enhanced by the induction of five DNA repair genes related to 

HR and NHEJ pathways in the irradiated cells.  

The comet assay is generally based on the assumption that comet images result from genotoxic 

damage that ultimately generate DNA single- or double-strand breaks. A criticism of the assay is 

that some or all of the comet images may be the result of apoptosis-mediated nuclear 

fragmentation or the single strand DNA resulting from the replication forks. The latter 

assumption is in contradiction with the cell cycle results we have obtained. These results showed 

that the two cell populations were rather not in the replication phase of the cell cycle at the time 

these experiments were realized. Concerning the apoptosis-mediated nuclear fragmentation, it 

would result in the formation of comets with reduced head and a tail containing almost all the 

DNA. This image has fancifully been referred to as a 'hedgehog' comet. One of the weakness 

points of this assay is that no common and clear criterion to determine when a comet is defined 

as a hedgehog one is yet available. However, it was hypothesized that cells with genotoxic 

damage can repair their genomic DNA, while apoptotic cells cannot reverse nuclear 

fragmentation. Although our results revealed that the repair process was faster in the stem cells, 

both populations presented a decrease in the tail moments: a significant decrease was observed 

15 min post irradiation in the stem cells while a slower decrease began 30 minutes post-

irradiation in the progenitors. These data support the conclusion that irradiation-induced DNA 

damage is the principal damage measured in our cells by the comet assay. 

Nevertheless, one might think this measurement may represent only those cells capable of repair. 

Apoptotic cells may continue DNA fragmentation during the recovery time and this DNA may 

become so diffuse that the nuclei disappear after electrophoresis. To overcome this possible 

artifact, images should be captured and eventually nuclei should be counted before and after 

alkaline electrophoresis.  
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DNA double strand break repair 

We then appraised double-strand breaks in the two cell populations. Of the many different 

classes of radiation-induced damage, DNA double-strand breaks are the most significant since 

unrepaired DSBs can result in cell death and misrepair can cause chromosomal translocations, a 

possible early step of carcinogenesis (Jeggo et al., 2007). After induction of DSB, histone H2AX 

is rapidly phosphorylated on Ser139, in the chromatin micro-environment surrounding a DNA 

DSB, and is required for the recruitment and accumulation of numerous essential proteins into 

stress induced foci. Thus, chromatin-associated histone H2AX is a key regulator of the cellular 

responses to genotoxic stress and DNA damage. H2AX phosphorylation and γ-H2AX foci 

formation are now generally accepted as consistent and quantitative markers of DSBs (Kinner, 

2008; Bonner, 2008). Each 1 Gy dose of radiation produces over 1000 base damages, about 1000 

initial single strand breaks and 40 initial double strand breaks. Some lesions are more important 

than others and radiation lethality correlates most significantly with the number of residual 

unrepaired double strand breaks several hours after irradiation. In radiobiology it is admitted that 

the number of DSB correlates to that of H2AX foci within a 1:1 ratio. Each focus contains at 

least several hundreds of γ-H2AX molecules. Almost all DSB forms a focus, but whether every 

focus identifies a DSB remains controversial. Approximately 10% of the H2AX molecules are 

phosphorylated in a focus. The background level is primarily associated with DNA replication 

and expressed mostly in S-phase cells, thus studies in G1 cells is easier. We used the number of 

γH2AX foci to evaluate the number of DSB and their repair. We found that 5 min after 

irradiation, both keratinocyte progenitors and stem cells presented a similar number of foci per 

cell, suggesting that differential response to radiation is not related to variations in the initial 

number of induced DSBs. The γ-H2AX kinetic indicated that double-strand break repair was 

more rapid in keratinocyte stem cells than in the progenitor cells. The difference was extremely 

reproducible, with comparable results for all skin donors studied (11 different donors). 

Moreover, high levels of residual unrepaired foci at 24 hours were observed only in the 

progenitor cells. As a general correlation has been demonstrated between cell death and the 

number of residual foci at 24 hours (Klokov et al., 2006), the present focus-count data again 

argue for higher stem cell radioresistance as compared with progenitor cells.  
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What are the mechanisms underlying this rapid repair in the stem cells?  

- Is it because these cells already exhibited a higher basal DNA repair activity than the 

progenitors? A widely used theory about stem cells  proposes that these unique reservoirs of cells 

possess several protection mechanisms to avoid carcinogenesis and respond to stress conditions. 

These mechanisms include quiescence (to reduce the accumulation of replication errors), the 

asymmetric division and DNA immortal strand, increased basal oxidative metabolism, 

membrane pumps that allow stem cells to get rid of toxic agents… it is thus possible that these 

cells are equipped with a higher basal repair activity promoting the protection of genome 

integrity in the stem cells, representing the long term reservoir of tissue maintenance and 

regeneration.  

- Does the cell cycle state intervene in the repair activity of these two populations? In fact, in all 

our experiments, cells are isolated from the biopsy, plated and exposed to ionizing radiation the 

next day. Our cell cycle analysis presumed that the cycling progenitors are lost at the plating 

step, which results in a similar cell cycle state for the two cell populations. Therefore, the repair 

kinetic is probably not due to a different cell cycle state. 

- Is it related to the chromatin conformation? The importance of chromatin structure in DNA 

damage response and DNA repair raises the question of whether breaks in different chromatin 

environments, particularly heterochromatin or euchromatin, are recognized and repaired with 

similar efficiency and using the same repair machinery and pathways. Apparently DSBs in 

heterochromatic regions are characterized by slower repair kinetics than those in euchromatic 

regions. The simplest explanation for the reduced repair efficiency in heterochromatin is that the 

repair machinery has less access to the highly compact heterochromatin regions. Supporting this 

model, the elimination of KAP1, a transcriptional co-repressor associated with heterochromatin, 

or heterochromatin protein 1 (HP1), both architectural components of heterochromatin, alleviate 

the repair delay. Importantly, the release of KAP1 is dependent on ATM, for which it is a direct 

substrate, suggesting that the removal of architectural chromatin proteins that are inhibitory to 

the repair process is yet another function of ATM (Goodarzi et al., 2008; Ziv et al., 2006). 

The impact of chromatin compaction in genome surveillance is also evident in embryonic stem 

cells (ESCs) from transgenic mice with reduced amounts of the linker histone H1, and thus less 
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compacted chromatin. These cells exhibit high resistance to DNA-damaging agents as a result of 

an enhanced cellular response to DSBs. Breaks that are induced in this environment seem to be 

more promptly sensed by DNA damage response (DDR) factors, suggesting their increased 

accessibility to the lesion. Moreover, the strength of the DDR signal that is generated at each 

break site is enhanced, suggesting that DDR is amplified in the context of open chromatin. 

Similar results were obtained in cells that were treated with the deacetylase inhibitor TSA, which 

leads to global chromatin decondensation (Murga et al., 2007).  

Concerning the keratinocyte cell populations, our microarrays data of the basal level are likely to 

point toward an open and permissive chromatin conformation in the stem cells, thus already 

facilitating the accessibility of the DNA repair proteins to the site of damage, and enhancing the 

repair of DNA lesions. In this case of an open chromatin conformation in the stem cells, we 

previously hypothesized that the transition to the progenitor state can be accompanied with a 

gain of heterochromatin. This chromatin remodelling raises the possibility that heterochromatin 

may harbour DSBs that are concealed by chromatin proteins (Goodarzi, 2008; Kim, 2007) and 

hence are not easily accessible for repair proteins. This latter situation can result in an incorrect 

repair of a subset of DSBs associated with heterochromatin (up to 25% of DBSs), explaining 

partially the radiosensitivity of the progenitors and their delayed repair process.  

- Another possible explanation to the radiosensitivity and delayed repair in the progenitors can be 

related to the suggestion that the unrepaired single strand breaks could convert to double strand 

breaks. This process might also occur in the keratinocyte progenitor cells and thus contribute to 

their delayed repair of the DSBs. 

Further assessment of the faster DNA repair in keratinocyte stem cells 

Numerous functional assays have been developed to evaluate DNA
 
repair in cells. Various 

methods such as the chromatid aberration,
 
P-32 postlabeling, mutagen sensitivity, unscheduled 

DNA synthesis, host cell reactivation
 
assays and ELISA to measure specific DNA adducts can be 

used
 
to detect DNA damage and repair in human populations. However,

 
differences in DNA 

susceptibility and repair between quiescent
 
and proliferating cells within a single sample 

contribute to
 
the high variability observed in these assays (Olive et al., 1997; Duthie et al., 1997). 
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For keratinocyte stem and progenitor cells, flow cytometry assay can be easily used to measure 

DNA repair after gamma radiation (Rydberg, 1985). Phosphorylation of H2AX or other DNA 

repair proteins can be detected and pursued over the time of repair recovery.  Recently,
 
the 

alkaline unwinding flow cytometry assay was modified by
 
Potter et al. (Potter et al., 2002) to 

increase sensitivity to detect DNA damage
 
and standardize the analytic methodology. It also 

allows determination
 
of DNA repair in each phase of the cell cycle which is very useful in order 

to determine whether all the cells in the enriched populations present similar repair kinetics. This 

assay is
 
based on the principle of alkaline unwinding of strand breaks

 
in double-stranded DNA 

(dsDNA) to single-stranded DNA (ssDNA).
 
Strand breaks can be formed from excision repair 

sites, DSB, SSB, strand breaks associated with
 
alkali labile abasic (apurinic/apyrimidinic) sites 

and strand
 
discontinuities at transcription forks. The amount of

 
ssDNA formed after alkali 

denaturation is proportional to the
 
amount of strand breaks present in the sample (Kohn, 1991). 

 

Which DNA repair pathways are primarily activated in stem cells? 

DSBs are particularly dangerous to cells as their inefficient or inaccurate repair can result in 

mutations and chromosomal translocations that may induce cancer. DSB repair is generally 

carried out by two main pathways: NHEJ and HR. NHEJ is a major pathway for repairing non-

replication-associated breaks and occurs predominantly in the G1 phase of the cell cycle. By 

contrast, HR occurs mainly in the S-G2 phase. Given that the keratinocyte stem and progenitor 

cell populations are found to be for the most part non-cycling at the time the DSB repair is 

accomplished, one would think that the NHEJ is the preferred pathway in these cells. However, 

DNA microarrays data showed that some induced DNA repair genes in stem cells also belong to 

the HR repair. Hence, it will be interesting to determine which pathways are primarily activated 

in each population and the use of NHEJ and HR proteins that form foci will be useful for that 

purpose. Moreover, the use of small interference RNA and specific inhibitors for each pathway 

will be helpful to determine the repair pathways used in these cells. Albeit not specific, 

wortmannin and caffeine are inhibitors of DSB repair and could be used to get some clues, the 

former acts on the NHEJ pathway through the inhibition of DNA-PKcs (DNA-dependant protein 

kinase catalytic subunit), and the latter inhibits the HR repair pathway. 



181 

 

DNA repair fidelity 

Whereas DSB are simply joined in NHEJ, HR uses a sister homologue as a template for repair. 

Hence, it is suggested that the NHEJ pathway is every so often an inherently inaccurate process, 

frequently causing the loss of nucleotides from the site of the DNA break. Inasmuch as the 

number of irradiation-induced DSBs is linearly dependant on the dose of IR, with a slope of 

approximately 30 DSBs per cell per Gy (Iliakis, 1991; Stenerlow et al., 2003), lesions induced by 

IR delivered at a high dose rate are repaired with a lower fidelity, in good agreement with a 

predominant role of NHEJ in rejoining radiation-induced DSBs. In fact, there is evidence that the 

fidelity of NHEJ in human fibroblasts is strongly dependent on the dose rate of IR (Roothkamm 

et al., 2001), being error-prone at high dose rates but not measurably so at low dose rates. In 

these cells, DSBs induced by IR delivered at a dose rate of 0.4 cGy/min are repaired with a very 

low error rate, primarily by NHEJ. In our experiments, the dose rate used was around 0.6 

Gy/min. One might think that at this dose, the production of mutations could be considerably 

higher per unit of radiation delivered and the fidelity of repair might be less than at a dose rate of 

0.4 cGy/min. Therefore, it is important to estimate the dose rate that would affect the least the 

repair fidelity. Ultimately, such estimation may lead to the possible definition of a dose rate 

capable of killing cancerous cells in radiotherapy and affecting the least other cells and tissues. 

Withal, it is noteworthy to mention that when misrepaired, a DNA DSB have the potential to 

generate chromosomal aberrations such as translocations, genomic instability, cancer 

predisposition and cell death. Several putative mechanisms promote cancer development, 

including ineffective DNA repair (Grichnik, 2006; Charames, 2003) or telomere dysfunction 

(Gilley, 2005) coupled with failure to stop cells progressing through their cycle. Thus, measuring 

the telomeres length and telomerase activity in these cells will enable us to determine whether 

these cells are acquiring some tumor cell characteristics. Moreover, one of the most obvious 

cytological effects of irradiation is the production of damage to chromosomes. Aberrations may 

be classified as chromatid or chromosome aberrations. Irradiation of cells in G2 phase leads 

mainly to chromatid damage; the radiation damage in G1 cells, if unrepaired, will lead to defects 

involving both type of aberrations. Irradiation of cells in the S phase can lead to either type, 

depending on whether the affected chromosome sites had themselves undergone replication 

(Basic clinical radiobiology, third edition). 
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The first events in carcinogenesis are most commonly either translocations or mutations. 

Translocations can result from errors in NHEJ, single strand annealing, or to a lesser extent, HR 

(Johnson et al., 2001; Pierce et al., 2001; Richardson et al., 2000). These translocations and 

mutations constitute major mechanisms in the production of premalignant lesions on the path to 

carcinomas; the latter show extensive chromosomal instability including interchromosomal 

rearrangements. The accumulation of these mutations can lead to the transformation of the cell, 

hence generating a potential cancer stem cell. Therefore, it will be of a crucial importance to 

determine in future studies whether such long-term anomalies occur in the epidermal irradiated 

populations (stem and progenitor cells), especially in the stem cells, since they represent the 

long-term reservoir for skin regeneration. For that purpose, the use of cytogenetics tools (such as 

G-banding cytogenetics) and Comparative Genomic Hybridization (CGH) arrays should be 

helpful. Still, to answer basic questions about genome stability, high-resolution sequencing could 

be required. Perhaps high-density array platforms for SNP and CNV analysis, coupled with 

traditional karyotyping, would identify best the long term genomic modifications that could 

occur after exposure to ionizing radiation. The following table summarizes the different 

techniques that could be used to assess genomes of cultured stem cells (Teitell, Nature Report 

Stem cells, 2008).  

Technique G-banding 

cytogenetics 

CGH Array CGH 

(aCGH) 

Spectral 

karyotyping 

(SKY) 

Multiplex 

Fluorescence in 

situ 

Hybridization 

(M-FISH) 

Massively 

parallel 

sequencing (2G 

Ilumina Solexa; 

Roche 454; 

paired-end 

sequencing 

Detect Aneuploidy 

Amplifications 

Deletions 

Rearrangements 

and 

translocations 

Aneuploidy 

Amplifications 

Deletions 

Aneuploidy  

CNVs (copy 

number variants, 

that is deletions 

and 

amplifications) 

SNPs (single 

nucleotide 

polymorphism 

Aneuploidy 

Rearrangements 

and 

translocations 

DNA sequences 

 

Nonetheless, DSB repair involves more than simply rejoining broken regions of chromosomes. 

DSBs result in the activation of a complex cellular DNA-damage response cascade, which 



183 

 

involves sensing the DNA damage and subsequent amplification and transmission of a damage 

signal to evoke a multitude of cellular responses. Hence, cell signaling upstream of DNA repair 

is also a key regulation step in the management of DNA lesions. In keratinocytes, FGF2 

signaling seems to be an important upstream regulator pathway to DNA damage repair. 

 

V- FGF2 signaling and DNA repair: Two connected mechanisms to confer 

radioresistance 

To explore various upstream regulators of the protective response of keratinocyte stem cells to 

radiation exposure, we performed gene profiling. This study revealed that a major specific 

response of the irradiated stem cells was the activation of a network composed of cytokines and 

growth factors, including FGF2. We therefore postulated that FGF2 activation by radiation could 

be related to radioresistance and activated DNA repair in keratinocyte stem cells.  

FGF2 is known to be a wide-spectrum survival factor, able to promote cell resistance to stress. 

Although the relationship between FGF2 and cell survival is well documented, its potential role 

in DNA repair has been assessed only in HeLa cells. Ader (Ader et al., 2002) reported that -

irradiated HeLa cells overexpressed an endogenous 24 kDa FGF2 isoform, leading to 

overexpression and increased activity of the protein DNA-PK. These cells exhibited faster 

double-strand break repair via non-homologous end-joining dependent on DNA-PK activity. 

Moreover, RhoB was found to control the 24 kDa FGF-2-induced radioresistance in HeLa cells 

by preventing post-mitotic cell death. 

Our results in the keratinocyte cells showed that blockade of the FGF2 pathway reduced DNA 

repair in the stem cells, showing that all the types of damage studied (base damage and single-

strand breaks in the comet assay, and double-strand breaks in the γ-H2AX assay) were sensitive 

to FGF2. These results suggest that the FGF2 pathway plays an important role in the fast DNA 

repair of the irradiated stem cells, and this early rapid repair could also be due to the fact that, 

even in the non-irradiated stem cells, FGF2 expression was found to be induced when compared 

to the progenitors. And once irradiated, the induction of the FGF2 and the downstream effectors 

of the pathway was found further increased in the stem cells. On the other hand, addition of 

human recombinant FGF2 to progenitor cells significantly activated DNA repair. Exogenous 
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FGF2 induced faster double-strand break repair and decreased the percentage of progenitor cells 

presenting a high level of residual γ-H2AX foci.  

To summarize, these results show that a human cell population enriched for epithelial stem cells 

possesses a high stress-induced capacity to repair DNA damage, and that FGF2 has an important 

role in these protective mechanisms by participating in the regulation of DNA repair processes. 

We propose that, apart from its well-known role as a mitogen in cell culture, the addition of 

FGF2 in many growth media might protect stem cells and help to maintain their genomic 

integrity during long-term cell amplification. However, we do not know by which mechanisms 

the FGF2 pathway activates DNA repair.  

FGF2 and DNA single strand breaks 

Concerning the DNA single strand breaks, poly-ADP ribose polymerase, PARP1 along with 

PARP2, is a chromatin-associated enzyme that plays an important role in repair of single-

stranded DNA (ssDNA) breaks (Schreiber et al., 2002), where it is activated by and binds to 

DNA breaks and catalyzes the poly(ADP-ribosyl)ation of several substrates involved in DNA 

damage repair (Gomez et al., 2006; Schreiber et al., 2006; Dantzer et al., 2006). Moreover, it has 

been demonstrated that the rapid accumulation of MRE11 and NBS1 at sites of DNA damage 

requires PARP1 which may explain the sensitivity of cancer cells to PARP inhibitors (Haince et 

al., 2008).  

PARP1 is cleaved by caspase-3. Mice engineered to express a PARP1 variant lacking 

the caspase-3 cleavage site have been shown to be highly resistant to endotoxic shock and to 

intestinal and renal ischemia/reperfusion (Petrilli et al, 2004). 

Furthermore, it has been shown that FGF2 inhibited caspase-3 activity in several cell types such 

as in small cell lung cancer cells (Xiao et al., 2008).  

Thus we postulate that the activated ssDNA repair in the stem cells can be partially explained by 

the FGF2 mediated inhibition of caspase-3. This inhibition might prevent the PARP1 cleavage. 

On the contrary, when the FGF2 pathway is blocked, the delayed ssDNA repair observed in stem 

cells could be the result of the PARP1 cleavage by activated caspase-3. Therefore, studying the 
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caspase-3 activity will give us new insights relating the FGF2 pathway and ssDNA repair, hence 

providing better understanding of the stem cells radioresistance. 

FGF2 and DNA double strand breaks 

Concerning the repair of DSBs, it has recently been shown that one important step of regulation 

is the level of H2AX phosphorylation, which controls the balance between apoptosis or DNA 

repair/survival in embryonic kidney cells (Cook et al., 2009). Protein phosphatases of the EYA 

family (EYA1 and EYA3) are phosphorylated on serine 219 via ATM/ATR activity and execute 

a damage-signal-dependent dephosphorylation of tyrosine 142 (Y142) in the H2AX protein. This 

modification determines the recruitement of DNA repair proteins to the tail of the 

phosphorylated S139 of γ-H2AX (Fig. 27). Contrarily, if H2AX is phosphorylated on Y142 and 

S139, pro-apoptotic factors are recruited and cells engage the apoptotic program by the 

recruitment of JunKinase (JNK1). Interesting evidence has shown that EYA is also 

phosphorylated in response to epidermal growth factor receptor (EGFR)/Ras/mitogen-activated 

protein kinase (MAPK) signalling (Jemc et al., 2007). Two MAPK phosphorylation sites were 

identified in EYA, and phosphorylation of these sites was demonstrated to positively regulate 

EYA activity in vivo. Phosphorylation of EYA on these sites is not absolutely required for its 

transcriptional activity. However, whether MAPK-mediated phosphorylation is essential for 

EYA’s phosphatase function remains an interesting open question, particularly because these two 

MAPK sites are conserved in EYA proteins, although their function has mainly been investigated 

in Drosophila.  

We postulate that the kinases of the FGF2 pathway might activate EYA phosphatases, thus 

determining the choice of DNA repair in damaged cells. This activation could be obtained by the 

endogenous activation of FGF2 in the stem cells, or by exogenous FGF2 in the progenitors.  

If Y142 is dephosphorylated, the DNA repair proteins are recruited and the repair is promoted 

thus inducing survival. This scenario probably occurs in the irradiated stem cells. If Y142 

remains phosphorylated, a competition between DNA repair and apoptotic proteins takes place. 

This may occur in the progenitors and result in a delayed repair and sensitivity to irradiation.   
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In order to test this hypothesis, chromatin co-immunoprecipitation of H2AX with JNK and 

MDC1 in the two populations, before and after treating with FGF2 can be helpful. If as 

suggested, FGF2 is implicated in the EYA activation and thus γH2AX-Y142 dephosphorylation 

processes, interaction between γH2AX, JNK1 and MDC1 should be observed in the progenitors 

resulting in a less efficient repair. On the contrary, when treated with FGF2, we can expect an 

interaction of γH2AX, with only MDC1. 

 

 

 

 

 

Figure 27: EYA dependant dephosphorylation of 

H2AX Y142: a balance between apoptosis and 

survival.  

 

 

 

 

Furthermore, we postulate that FGF2 knockdown with siRNA in stem cells should result in 

partial inactivation of EYA and in a delayed dephosphorylation of γH2AX.  

On the other hand, S139 dephosphorylation of H2AX indicates that the repair process is 

accomplished. Phosphatases PP2A are involved in S139 dephosphorylation. Calyculin A, an 

inhibitor of PP2A, partially inhibited DSB rejoining and inhibited γ-H2AX foci elimination in 

A431 cells (Nazarov, 2003). In human lymphoblast cells when PP2A is inhibited or silenced, 

foci persist, DNA repair is inefficient and cells are hypersensitive (MTT assay). The effect of 

PP2A is independent of ATM, ATR or DNA-PK (Chowdhury Mol Cell 2005). Again, we 

postulate that downstream effectors of the FGF2 pathway might activate these phosphatases. 

Therefore, characterizing phosphatase activities will then be a major future issue to gain better 
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insight into the regulation of DNA repair in stem cells. One way to determine which 

phosphatases are implicated in the dephosphorylation process is to use specific inhibitors or 

siRNA. In order to explore such relations, we can proceed by blocking the FGF2 pathway in the 

stem cells and adding FGF2 on the progenitors and subsequently characterizing the 

phosphorylation and activation state of the PP2A and EYA phosphatases. We have also to 

investigate the H2AX-Tyrosine 142 phophorylation and eventually analyze the JNK/SAPK stress 

response pathway in the two keratinocyte cell populations before and after blocking or adding 

the FGF2. 

Cell transfection with recombinant GFP-FGF2 protein and the use of fluorescence detection 

techniques such as the FRAP (Fluorescence recovery after photobleaching) technique, will 

enable us to visualize the FGF2 intracellular mobility and possible nuclear transfer in response to 

ionizing radiation, as Ader et al have demonstrated the implication of the nuclear FGF2 form in 

the DNA repair of HeLa cells. 

FGF2, a paracrine activity 

It has been demonstrated that FGF2 is important for basal keratinocytes cell proliferation 

(Yaguchi, 1993) and that this growth factor is expressed in the basal layer of normal epidermis. 

In vivo, this expression could be due to the stem cells given that these cells showed higher 

expression level when analyzed by quantitative PCR. However, since endogenous secretion of 

FGF2 protected the stem cells from radiation exposure and addition of exogenous FGF2 

protected the progenitor cells, we postulate that, in situ, the FGF2 secreted by the stem cell 

compartment may also act as a protector for the early progenitors derived directly from 

asymmetric stem cell division, rendering these rapidly dividing cells resistant to radiation. Thus, 

both autocrine and paracrine effects of FGF2 may be key elements of the stem cell niche, 

participating in the protection of the whole tissue from genotoxic stress. The effect of FGF2 on 

the more mature cells is not of a great relevance given that these cells are eventually eliminated 

by the terminal differentiation process. However, in order to verify this possible paracrine effect, 

the skin biopsy can be irradiated before extracting the keratinocyte populations, a co-culture of 

the basal cells can be irradiated before isolating stem from progenitor cells, or the progenitors 

can be cultured in a stem cell conditioned medium. This would enable us to determine whether 
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the FGF2 secreted by the stem cell population provides protection and confer radioresistance to 

the progenitor population. 

Other FGF2 activities 

Finally, the relationship between the FGF2 and apoptosis should be investigated in the 

keratinocyte stem and progenitor cells. In this respect, knockdown of FGF2 in stem cells 

followed by a TUNEL assay could be performed. Additionally, consequences of the 

inhibition/addition of the FGF2 on the cell survival of the two populations should be explored 

using XTT and clonogenic assays. Cytogenetic analysis and long term consequences of the 

inhibition of the endogenous FGF2 (using siRNA) in the stem cells, and the supplementation of 

exogenous FGF2 on the progenitors (probably through plating on a feeder layer secreting FGF2 

(Saxena, 2008)) are key elements among future studies.  

Furthermore, future studies among these lines will include experiments in mice, tending to 

explore the potential of stem and progenitor cells to promote cancer development before and 

after exposure to ionizing radiation, after inducing and blocking the FGF2 pathway and some 

repair genes. For functional testing, the potential of the stem cells to reform a differentiated 

epithelium will be tested in 3D cultures and in grafting experiments of these epithelium in NOD 

SCID mice.  

  

Again, radioresistance does not necessarily mean protection, for there is no evidence yet that 

these cells do not accumulate mutations and chromosomal aberrations leading to cancerous 

transformations. The radioresistance of the keratinocyte stem cells is partially mediated by the 

induction of the FGF2 pathway. If this radioresistance revealed to be benefic for the tissue 

providing protection and homeostasis, then eventual supplementation of FGF2 before treating the 

tumors with radiotherapy could be useful in order to avoid possible late carcinogenesis induction. 

However, we should note that FGF2 has been found to be increased in squamous cell carcinoma 

(Myoken et al., 2009), and has been implicated in the transformation of murine melanocyte 

(Dotto et al, 1989). Therefore, if the activation of the FGF2 pathway leads to pathological 

radioresistance, the use of FGF2 pathway inhibitors must be conceivable in radiotherapy. 
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VI- Summary and conclusion 

The role of keratinocyte stem cells in radiation carcinogenesis is still poorly defined. This is due 

to two main causes. Firstly, knowledge on the biology of epidermal stem cell is still not 

satisfactory, illustrated for example by the fact that specific markers of the different cell types 

found in the basal layer are lacking. We do not know precisely how to separate stem cells from 

progenitors, only enrichment is possible. We do not know how to characterize the different types 

of progenitors, from early progenitors close to the stem cells up to the late progenitors, 

committed to migrate to the upper layers of epidermis. This is a strong limitation to characterize 

their role in carcinogenesis. Secondly, rodent skin is extremely different from human skin, thus 

limiting the comparisons. For example, most mouse tumour arise from the stem cells of the 

bulge, a well defined hair follicle associated structure. Human skin has not such a specialised 

hair follicle structure and most of epithelial tumours originate from the interfollicular epidermis.  

Nonetheless these strong limitations, multiple data argue that stem cells are a major source of 

skin tumours, specifically basal cell carcinoma. However, some types of progenitors, still to be 

defined, probably also participate to carcinogenesis. It appears clear that differentiated 

keratinocytes do not. Several studies showed that differentiated keratinocytes were able to 

reverse to a more undifferentiated phenotype, re-acquiring proliferation potential. However these 

cells gave rise only to benign lesions such as papillomas.  

In conclusion, the present study shows for the first time that a human cell population enriched in 

epithelial stem cells possesses a high capacity to repair DNA damage. If the repair rate observed 

is an intrinsic property of human epidermal stem cells, the question of the fidelity of this repair is 

crucial concerning the possible late effects of radiation exposure, such as keratinocyte 

transformation. Moreover, the results indicate that FGF2 has an important role in these protective 

mechanisms by participating in the regulation of the DNA repair processes. Although the 

mechanisms by which FGF2 pathway activates DNA repair are yet to be defined, our results 

show that the fibroblast growth factor signaling can affect the ability of keratinocyte progenitor 

and stem cells to repair damaged DNA and perhaps on the choice of those cells between 

apoptosis and DNA repair. Therefore, these results are quite interesting with good potential for 

advancing the field of DNA repair in the stem cells. Despite our knowledge of the fact, that 

FGF2 is an anti-apoptotic factor in multiple cell types, the direct link between DNA repair and 
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FGF2 signaling has never been shown. Existence of such link is an important issue with 

implications not only to the stem cell field but also to cancer therapy. However, trying to answer 

some of all the remaining questions will require both fundamental studies to better characterize 

the different types of keratinocytes within the basal layer of human epidermis, and 

radiobiological studies using the most advanced in vivo and in vitro models.  
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Radiotherapy and skin complications 

Natural exposure to radionuclides, impact of the nuclear industry activities, consequences of 

medical diagnosis and radiotherapy treatment… The question of the effects of ionizing radiations 

on health, either the general population or for exposed workers is a main concern of 

stakeholders. The topics are various, the questions are numerous and complex.  

Concerning radiotherapy, despite improvements in irradiation techniques, patients can still 

experience radiation toxicity on the skin. Direct effects of radiation can be divided into 

immediate, acute (days to weeks), and delayed (months to years). Skin complications include 

edema, hair loss, pigmentation changes, ulcer, necrosis, telangiectasia, fibrosis, keratosis and 

atrophy. They can reflect hyperplasia of the skin, such as fibrosis and keratosis, or atrophy. An 

important late effect of radiation is the development of radio-induced cancer, resulting from the 

accumulation of mutations and transformation of the unintended target cells. Do atrophy and 

necrosis result from a lack or depletion of the stem cell pool? Does hyperplasia result from 

increased number of stem cells or deregulation of the activity of these cells? Are the stem cells at 

the origin of skin cancer, acquiring the first genetic hits leading to initiation of carcinogenesis? 

Addressing these questions may not only reduce the side effects, open new therapy prospects and 

increase the quality of life after treatment, but is also a prerequisite before trying to think of 

therapeutic applications, grafting stem cells and using radiotherapy. Therefore, the fate of stem 

cells in normal skin, in skin from radiotherapy patients as well as in skin cancer samples is worth 

investigating in upcoming work. Future studies along these lines will enable us to gain better 

insight into the stem cell biology, their response to radiation and their implication in the radiation 

induced skin complications. 

 

Radioresistance of keratinocyte stem cells: inquiring and worth investigation 

Exploring the reactions of epidermal cells after exposure to genotoxic stress and studying the 

response systems developed by cells to combat the induced damage represent an important 

contribution in the identification of pathways allowing the protection of the tissue, or, on the 

contrary, the induction of tumor within the tissue. Cancer treatments by radiotherapy frequently 

induce skin complications, possibly through their effects on keratinocyte stem cells. We have 

reported that human keratinocyte stem cells are more resistant to ionizing radiation than 
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keratinocyte progenitor cells through faster DNA repair processes and induction of the FGF2 

signaling pathway.  

In fact, if we summon the data showing the reactions of different cell types and tissues to 

genotoxic stress, we find some common pathways for all studied cell types, and some specific 

mechanisms to each cell type. The FGF2 pathway has been involved in the resistance to 

genotoxic agents of several types of cells. If the FGF2 pathway, through apoptosis inhibition and 

DNA repair activation, provides resistance to different cell types, and, if the resistance is linked 

in some way to the tumor formation, discovering efficient inhibitors of the FGF2 induction, after 

stressing agents, is of a great importance for radiotherapy and applied researches. In this case, if I 

have to go farther, I would wonder why not using this inhibitor to produce medicines and creams 

prescribed for the protection of normal tissues before chemo or radiotherapy for example… In 

this respect, it has been reported that inhibition of the FGF2 pathway enhanced the in vitro and in 

vivo activity of chemotherapy, resulting in shrinkage and eradication of well established human 

lung metastases in mice without enhancing toxicity to the animals (Song et al., 2000). These 

results indicate that the combination of FGF2 antagonists and classical chemotherapeutic agents 

should prevent the development of drug resistance, and provide a basis for designing new 

treatment strategies (Song et al., 2000).   

Conversely, injection of FGF2 into tissues or cell incubation with FGF2 could be an interesting 

way to protect tissues from subsequent damage, as it has also been reported that intravenous 

injection of FGF2 resulted in the inhibition of radiation-induced mouse intestinal crypt damage, 

organ failure, and cell apoptosis (Fuks et al., 1994; Houchen et al., 1999; Paris et al., 2001). 

 

Cancer: Getting to the root of the problem 

Why are some cancers so hard to eliminate, even after many rounds of chemotherapy and 

radiotherapy? The answer may lie in a few abnormal stem cells. Cancerous stem cells were first 

identified in 1997 when experiments transferring a few blood stem cells from human leukemia 

patients into mice induced development of leukemia in the mice. Stem cell-like cells have also 

recently been found in breast and brain tumors. Like normal stem cells, tumor stem cells exist in 

very low numbers, but they can replicate and give rise to a multitude of cells. Unlike normal 

stem cells, however, cancerous stem cells lack the controls that tell them when to stop dividing. 

Traditional chemotherapy and radiotherapy is supposed to kill the majority of the tumor cells, 



194 

 

but however, some of the cancerous stem cells or some cancer stem cell types are resistant and 

survive the treatment. Research into the differences in gene expression between normal and 

tumor stem cells, and understanding the mechanisms that induce the transformation of a normal 

stem cell into a cancer stem cell may lead to treatments where the root of the problem, the cancer 

stem cell, is targeted. 

 

The role of stem cells in basic research 

Much of the promise of stem cells rests on a scheme for replacing organs or parts of them worn 

out by age, injury, or infirmity. However, stem cells offer opportunities for scientific advances 

that go far beyond regenerative medicine. They offer a window for addressing many of biology’s 

most fundamental questions. Stem cell research may help clarify the role genes play in human 

development and how genetic mutations affect normal processes. They can be used to study how 

infectious agents invade and attack human cells, to investigate the genetic and environmental 

factors that are involved in cancer and other diseases, and to decipher what happens during 

aging. Stem cells may also revolutionize traditional chemical medicine. Because embryonic stem 

cells can continue to divide for long periods of time and produce a variety of cell types, they 

could provide a valuable source of human cells for testing drugs or measuring the effects of 

toxins on normal tissues without risking the health of a single human volunteer. In the future, 

thousands of compounds could be quickly tested on a wide assortment of cell types derived from 

stem cells, making drug discovery more specific, efficient and cost effective. Using nuclear 

transfer to produce stem cells could be particularly useful for testing drugs for disorders that are 

of genetic origin. For example, it is difficult to study the progression of Alzheimer’s and 

Parkinson’s diseases in the brains of live patients; but by using the cells of an Alzheimer’s 

patient to create stem cell lines with nuclear transfer, the development of the disease could be 

traced in a culture dish and drugs that regenerate lost nerve cells could be tested with no danger 

to the patient. 
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Article 1 

Table 1: Genes up-regulated in irradiated keratinocyte stem cells: The expression of 101 genes related to 

growth factor and cytokine pathways was increased in stem cells after irradiation.  

Genbank no. Symbol Gene description 

Fold 

induction 

NM_003246 THBS1 thrombospondin 1 13,12 

NM_003483 HMGA2 high mobility group AT-hook 2 7,802 

NM_003236 TGFA transforming growth factor, alpha 7,488 

NM_020182 TMEPAI transmembrane, prostate androgen induced RNA 6,12 

NM_138573 NRG4 neuregulin 4 5,047 

NM_006022 TGFB1I4 TSC22 domain family 1 5,029 

NM_004431 EPHA2 EPH receptor A2 4,853 

NM_001394 DUSP4 dual specificity phosphatase 4 4,796 

NM_000584 IL8 interleukin 8 4,779 

NM_001748 CAPN2 calpain 2, (m/II) large subunit 4,759 

NM_006216 SERPINE2 serine (or cysteine) proteinase inhibitor 4,559 

NM_002755 MAP2K1 mitogen-activated protein kinase kinase 1 4,438 

NM_007207 DUSP10 dual specificity phosphatase 10 4,291 

NM_000547 TPO Thrombopoietin 4,288 

NM_016639 TNFRSF12A tumor necrosis factor receptor superfamily, member 12A 4,235 

NM_000020 ACVRL1 activin A receptor type II-like 1 4,206 

NM_002752 MAPK9 mitogen-activated protein kinase 9 4,162 

NM_021006 MGC12815 chemokine (C-C motif) ligand 3-like 1 4,119 

NM_001717 BNC1 amiloride-sensitive cation channel 1, neuronal (degenerin) 4,098 

NM_002539 ODC1 solute carrier family 25 3,97 

NM_020124 IFNK interferon, kappa 3,88 

NM_005409 CXCL11 chemokine (C-X-C motif) ligand 11 3,853 

AL365373 C19orf10 chromosome 19 open reading frame 10 3,777 

NM_004271 LY86 lymphocyte antigen 86 3,737 

NM_133328 DEDD2 death effector domain containing 2 3,637 
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NM_025195 TRIB1 tribbles homolog 1 (Drosophila) 3,633 

NM_001274 CHEK1 CHK1 checkpoint homolog (S. pombe) 3,413 

NM_078467 CDKN1A p21 (CDKN1A)-activated kinase 3 3,39 

NM_007178 STRAP serum response factor binding protein 1 3,258 

NM_002160 TNC troponin C, slow 3,256 

NM_001945 HBEGF heparin-binding EGF-like growth factor 3,116 

NM_002354 TACSTD1 tumor-associated calcium signal transducer 1 3,111 

NM_002086 GRB2 growth factor receptor-bound protein 2 3,091 

NM_002970 SAT spermidine/spermine N1-acetyltransferase 3,048 

NM_002574 PRDX1 peroxiredoxin 1 3,008 

NM_007350 PHLDA1 pleckstrin homology-like domain, family A, member 1 2,966 

NM_016584 IL23A interleukin 23, alpha subunit p19 2,918 

NM_000604 FGFR1 fibroblast growth factor receptor 1 2,901 

BC009524 PSMD14 proteasome (prosome, macropain) 2,771 

NM_002006 FGF2 fibroblast growth factor 13 2,671 

NM_080927 DCBLD2 discoidin, CUB and LCCL domain containing 2 2,611 

NM_172390 NFATC1 nuclear factor of activated T-cells 2,601 

NM_000596 IGFBP1 insulin-like growth factor binding protein 1 2,534 

NM_001949 E2F3 E2F transcription factor 3 2,494 

NM_001450 FHL2 four and a half LIM domains 2 2,461 

NM_032904 PTPN11 protein tyrosine phosphatase, non-receptor type 11 2,398 

NM_006170 NOL1 nucleolar protein 1, 120kDa 2,397 

NM_004124 GMFB glia maturation factor, beta 2,376 

NM_001827 CKS2 CDC28 protein kinase regulatory subunit 2 2,363 

NM_016567 BCCIP BRCA2 and CDKN1A interacting protein 2,299 

NM_003879 CFLAR CASP8 and FADD-like apoptosis regulator 2,292 

NM_006431 CCT2 chaperonin containing TCP1, subunit 2 (beta) 2,276 

NM_003350 UBE2V2 ubiquitin-conjugating enzyme E2 variant 2 2,254 

NM_001956 EDN2 endothelin 2 2,194 
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NM_001729 BTC Betacellulin 2,177 

NM_006806 BTG3 BTG family, member 3 2,175 

NM_002748 MAPK6 mitogen-activated protein kinase 6 2,166 

M31157 PTHLH parathyroid hormone-like hormone 2,146 

NM_002037 FYN FYN oncogene related to SRC, FGR, YES 2,121 

NM_012307 EPB41L3 erythrocyte membrane protein band 4.1-like 3 2,117 

NM_001844 COL2A1 collagen, type II, alpha 1 2,108 

NM_006097 MYL9 myosin, light polypeptide 9, regulatory 2,103 

NM_001539 DNAJA1 DnaJ (Hsp40) homolog, subfamily A, member 1 2,088 

NM_006764 IFRD2 interferon-related developmental regulator 2 2,066 

NM_005860 FSTL3 follistatin-like 3 (secreted glycoprotein) 2,056 

NM_005264 GFRA1 GDNF family receptor alpha 1 2,025 

NM_003904 ZNF259 zinc finger protein 259 2,019 

NM_012330 MYST4 MYST histone acetyltransferase (monocytic leukemia) 4 2,006 

NM_004360 CDH1 fizzy/cell division cycle 20 related 1 (Drosophila) 1,997 

NM_001968 EIF4E eukaryotic translation initiation factor 4E 1,994 

NM_005544 IRS1 insulin receptor substrate 1 1,987 

NM_139313 YME1L1 YME1-like 1 (S. cerevisiae) 1,986 

NM_001536 HRMT1L2 HMT1 hnRNP methyltransferase-like 2 (S. cerevisiae) 1,914 

NM_003288 TPD52L2 tumor protein D52-like 1 1,907 

NM_001759 CCND2 cyclin D2 1,847 

BC009943 GPSM1 G-protein signalling modulator 1 (AGS3-like, C. elegans) 1,825 

NM_003784 SERPINB7 serine (or cysteine) proteinase inhibitor 1,782 

NM_015436 RCHY1 ring finger and CHY zinc finger domain containing 1 1,772 

NM_003017 SFRS3 splicing factor, arginine/serine-rich 3 1,766 

NM_000588 IL3 interleukin 3 (colony-stimulating factor, multiple) 1,75 

NM_006496 GNAI3 guanine nucleotide binding protein (G protein) 1,744 

NM_001675 ATF4 activating transcription factor 4 (tax-responsive enhancer element B67) 1,729 

NM_001658 ARF1 similar to dJ133P16.1 (ADP-ribosylation factor 1) 1,702 
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NM_012325 MAPRE1 microtubule-associated protein, RP/EB family, member 1 1,697 

NM_005585 SMAD6 SMAD, mothers against DPP homolog 6 (Drosophila) 1,696 

NM_004305 BIN1 bridging integrator 1 1,688 

NM_031314 HNRPC heterogeneous nuclear ribonucleoprotein C (C1/C2) 1,669 

NM_002112 HDC headcase homolog (Drosophila) 1,666 

NM_001881 CREM cAMP responsive element modulator 1,655 

NM_006253 PRKAB1 protein kinase, AMP-activated, beta 1 non-catalytic subunit 1,655 

NM_003633 ENC1 ectodermal-neural cortex (with BTB-like domain) 1,641 

NM_002745 MAPK1 mitogen-activated protein kinase 1 1,611 

NM_006481 TCF2 transcription factor 2, hepatic 1,603 

NM_001177 ARL1 aldo-keto reductase family 1, member B10 (aldose reductase) 1,582 

NM_012238 SIRT1 sirtuin (silent mating type information regulation 2 homolog) 1 1,568 

NM_015934 NOP5/NOP58 nucleolar protein NOP5/NOP58 1,565 

NM_001625 AK2 adenylate kinase 2 1,563 

NM_002842 PTPRH protein tyrosine phosphatase, receptor type, H 1,547 

NM_006023 C10orf7 chromosome 10 open reading frame 7 1,53 

NM_005880 DNAJA2 DnaJ (Hsp40) homolog, subfamily A, member 2 1,515 

NM_014503 DRIM down-regulated in metastasis 1,505 

 

 

Table 2: Genes down-regulated in irradiated keratinocyte stem cells: The expression of 59 genes related to cell 

death and apoptosis was repressed in stem cells after irradiation.  

Genbank no. Symbol Gene description 

Fold 

induction 

NM_003641 IFITM1 interferon induced transmembrane protein 1 (9-27) -15,083 

NM_000125 ESR1 estrogen receptor 1 -11,760 

NM_001942 DSG1 desmoglein 1 -7,407 

NM_003810 TNFSF10 tumor necrosis factor (ligand) -7,353 

NM_006435 IFITM2 interferon induced transmembrane protein 2 (1-8D) -5,525 

NM_005567 LGALS3BP lectin, galactoside-binding, soluble, 3 binding protein -5,051 
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NM_014456 PDCD4 programmed cell death 4 -5,025 

NM_002048 GAS1 growth arrest-specific 1 -4,444 

NM_004355 CD74 CD74 antigen -4,367 

NM_005532 IFI27 interferon, alpha-inducible protein 27 -4,292 

NM_000690 ALDH2 aldehyde dehydrogenase 2 family -4,132 

NM_017572 MKNK2 MAP kinase interacting serine/threonine kinase 2 -4,016 

NM_003254 TIMP1 tissue inhibitor of metalloproteinase 1 -3,891 

NM_021999 ITM2B integral membrane protein 2B -3,831 

NM_002038 IFI6 interferon, alpha-inducible protein (clone IFI-6-16) -3,759 

Z23090  heat shock 27 kda protein 1 -3,521 

NM_002957 RXRA retinoid X receptor, alpha -3,472 

NM_014568 GALNT5 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 5 -3,215 

NM_006084 ISGF3G interferon-stimulated transcription factor 3, gamma 48kDa -3,195 

NM_000099 CST3 cystatin C (amyloid angiopathy and cerebral hemorrhage) -3,030 

NM_005438 FOSL1 FOS-like antigen 1 -2,985 

NM_000325 PITX2 paired-like homeodomain transcription factor 2 -2,967 

NM_002167 ID3 inhibitor of DNA binding 3, dominant negative helix-loop-helix protein -2,786 

NM_002305 LGALS1 lectin, galactoside-binding, soluble, 1 (galectin 1) -2,660 

NM_002801 PSMB10 proteasome (prosome, macropain) subunit, beta type, 10 -2,611 

NM_014380 NGFRAP1 nerve growth factor receptor (TNFRSF16) associated protein 1 -2,525 

NM_006006 ZBTB16 zinc finger and BTB domain containing 16 -2,506 

NM_052889 COPl CARD only protein -2,463 

NM_004417 DUSP1 dual specificity phosphatase 12 -2,392 

NM_139266 STAT1 signal transducer and activator of transcription 1, 91kDa -2,358 

NM_032294 CAMKK1 calcium/calmodulin-dependent protein kinase kinase 1, alpha -2,353 

NM_013257 SGKL serum/glucocorticoid regulated kinase-like -2,268 

NM_016816 OAS1 2',5'-oligoadenylate synthetase 1, 40/46kDa -2,141 

NM_000516 GNAS GNAS complex locus -2,119 
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NM_020529 NFKBIA 

nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha -2,075 

AK091904  epithelial membrane protein 2 -2,049 

NM_016479 SCOTIN Scotin -2,033 

NM_002198 IRF1 interferon regulatory factor 1 -2,012 

NM_022162 CARD15 caspase recruitment domain family, member 15 -1,984 

NM_003222 TFAP2C 

transcription factor AP-2 gamma (activating enhancer binding protein 2 

gamma) -1,961 

NM_000345 SNCA synuclein, alpha -1,957 

NM_000041 APOE apolipoprotein E -1,946 

NM_000465 BARD1 BRCA1 associated RING domain 1 -1,938 

NM_001571 IRF3 interferon regulatory factor 3 -1,901 

NM_005745 BCAP31 B-cell receptor-associated protein 31 -1,852 

NM_002128 HMGB1 high-mobility group box 1 -1,815 

NM_002832 PTPN7 protein tyrosine phosphatase, non-receptor type 7 -1,715 

NM_004418 DUSP2 dual specificity phosphatase 2 -1,706 

NM_005611 RBL2 retinoblastoma-like 2 (p130) -1,669 

NM_148970 TNFRSF25 tumor necrosis factor receptor superfamily, member 25 -1,631 

NM_003488 AKAP1 A kinase (PRKA) anchor protein 1 -1,629 

NM_000065 C6 proteasome (prosome, macropain) subunit, alpha type, 7 -1,623 

NM_022121 PERP PERP, TP53 apoptosis effector -1,605 

NM_006712 FASTK Fas-activated serine/threonine kinase -1,595 

NM_004322 BAD BCL2-antagonist of cell death -1,575 

NM_003374 VDAC1 voltage-dependent anion channel 1 -1,567 

NM_003722 TP73L tumor protein p73-like -1,560 

NM_001436 FBL Fibrillarin -1,550 

XM_055766 MAPK3 mitogen-activated protein kinase 3 -1,531 
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Article 2 

S4: Genes induced by irradiation in keratinocyte stem cells. To characterize the signaling pathways activated by 

γ-rays, we compared gene expression of irradiated and control keratinocyte stem cells by gene profiling and found a 

subset of 577 genes specifically induced by irradiation in keratinocyte stem cells. The following table gives the list 

of these induced genes and the fold changes (1.5 to 13) found in the gene profiling experiment. The genes of the 

FGF2 pathway and the genes related to DNA repair are marked in bold.  

                          Induced genes in irradiated keratinocyte stem cells  

Genbank Common Gene description Fold change 

NM_003246 THBS1 thrombospondin 1 13.12 

NM_012242 DKK1 dickkopf homolog 1 (Xenopus laevis) 11.31 

NM_003483 HMGA2 high mobility group AT-hook 2 7.802 

NM_003236 TGFA transforming growth factor, alpha 7.488 

NM_014363 SACS spastic ataxia of Charlevoix-Saguenay 

(sacsin) 

6.822 

NM_020182 TMEPAI transmembrane, prostate androgen induced 

RNA 

6.12 

NM_003979 RAI3 G protein-coupled receptor, family C, 

group 5, member A 

6.111 

NM_016201 AMOTL2 angiomotin like 2 5.869 

NM_003236 TGFA transforming growth factor, alpha 5.69 

NM_001354 AKR1C2 aldo-keto reductase family 1, member C2  5.435 

NM_015685 SDCBP2 syndecan binding protein (syntenin) 2 5.28 

NM_019060 C1orf42 chromosome 1 open reading frame 42 5.183 

NM_022767 FLJ12484 hypothetical protein FLJ12484 5.138 

NM_138573 NRG4 neuregulin 4 5.047 

NM_006022 TGFB1I4 TSC22 domain family 1 5.029 

NM_004760 STK17A serine/threonine kinase 17a (apoptosis-

inducing) 

5.028 

NM_004852 ONECUT2 one cut domain, family member 2 4.97 

XM_294019 LOC345930 similar to ECT2 protein (Epithelial cell 

transforming sequence 2 oncogene) 

4.908 

AL833395 LOC388418 hypothetical gene supported by AL833395 4.889 
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NM_004431 EPHA2 EPH receptor A2 4.853 

NM_152355 ZNF441 zinc finger protein 441 4.815 

NM_001394 DUSP4 dual specificity phosphatase 4 4.796 

NM_005704 PTPRU protein tyrosine phosphatase, receptor type, 

U 

4.796 

NM_000584 IL8 interleukin 8 4.779 

NM_001748 CAPN2 calpain 2, (m/II) large subunit 4.759 

NM_031459 SESN2 sestrin 2 4.743 

NM_004062 CDH16 cadherin 17, LI cadherin (liver-intestine) 4.742 

NM_003101 SOAT1 sterol O-acyltransferase (acyl-Coenzyme 

A: cholesterol acyltransferase) 1 

4.69 

NM_176081 DNMT2 DNA (cytosine-5-)-methyltransferase 2 4.624 

NM_006216 SERPINE2 serine (or cysteine) proteinase inhibitor, 

clade E, member 2 

4.559 

NM_021209 CARD12 caspase recruitment domain family, 

member 12 

4.553 

NM_017715 ZNF3 zinc finger protein 3 (A8-51) 4.511 

NM_032718 MGC11332 hypothetical protein MGC11332 4.474 

AK021428 C6orf210 chromosome 6 open reading frame 210 4.457 

NM_002755 MAP2K1 mitogen-activated protein kinase kinase 

1 

4.438 

NM_017576 KIF27 kinesin family member 27 4.419 

NM_004685 MTMR6 myotubularin-related protein 6 4.385 

AL831866 LOC120376 hypothetical protein LOC120376 4.35 

NM_005515 HLXB9 homeo box HB9 4.348 

XM_060307 OR5BF1 olfactory receptor, family 5, subfamily BF, 

member 1 

4.329 

NM_004817 TJP2 tight junction protein 2 (zona occludens 2) 4.298 

NM_007207 DUSP10 dual specificity phosphatase 10 4.291 

NM_000547 TPO thrombopoietin  4.288 

NM_006636 MTHFD2 methylenetetrahydrofolate dehydrogenase 

2, methenyltetrahydrofolate cyclohydrolase 

4.268 
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NM_012448 STAT5B signal transducer and activator of 

transcription 5B 

4.25 

NM_138720 HIST1H2BD histone 1, H2bd 4.237 

NM_016639 TNFRSF12A tumor necrosis factor receptor superfamily, 

member 12A 

4.235 

NM_000020 ACVRL1 activin A receptor type II-like 1 4.206 

BC035696 MGC57827 Similar to RIKEN cDNA 2700049P18 gene 4.196 

NM_006072 CCL26 chemokine (C-C motif) ligand 26 4.195 

AA683321 PAR1 coagulation factor II (thrombin) receptor 4.172 

NM_002752 MAPK9 mitogen-activated protein kinase 9 4.162 

L26245 BIRC5 baculoviral IAP repeat-containing 5 

(survivin) 

4.145 

NM_007049 BTN2A1 butyrophilin, subfamily 2, member A1 4.126 

NM_021006 MGC12815 chemokine (C-C motif) ligand 3-like 1 4.119 

NM_030970 MGC3771 hypothetical protein MGC3771 4.117 

NM_001717 BNC1 amiloride-sensitive cation channel 1, 

neuronal (degenerin) 

4.098 

NM_012334 MYO10 myosin X 4.086 

AK022384 FLJ34870 FLJ34870 protein 4.057 

NM_032858 FLJ14904 hypothetical protein FLJ14904 4.03 

NM_002268 KPNA4 karyopherin alpha 4 (importin alpha 3) 4.027 

NM_147198 WFDC9 WAP four-disulfide core domain 9 4.026 

NM_032325 MGC11102 hypothetical protein MGC11102 3.996 

NM_002539 ODC1 solute carrier family 25 (mitochondrial 

oxodicarboxylate carrier), member 21 

3.97 

NM_017527 LY6K lymphocyte antigen 6 complex, locus K 3.944 

NM_018699 PRDM5 PR domain containing 5 3.906 

NM_147130 NCR3 natural cytotoxicity triggering receptor 3 3.887 

NM_020124 IFNK interferon, kappa 3.88 

NM_004876 ZNF539 zinc finger protein 539 3.859 

NM_000270 NP kallikrein 8 (neuropsin/ovasin) 3.857 
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NM_005409 CXCL11 chemokine (C-X-C motif) ligand 11 3.853 

XM_038788 TGFBR1 transforming growth factor, beta receptor I 

(activin A receptor type II-like kinase, 

53kDa) 

3.804 

NM_006449 CDC42EP3 CDC42 effector protein (Rho GTPase 

binding) 3 

3.798 

NM_058172 ANTXR2 anthrax toxin receptor 2 3.798 

NM_016561 BFAR bifunctional apoptosis regulator 3.784 

AL365373 C19orf10 chromosome 19 open reading frame 10 3.777 

BC031867 KIAA1967 KIAA1967 3.761 

NM_004271 LY86 lymphocyte antigen 86 3.737 

NM_000557 GDF5 growth differentiation factor 5 (cartilage-

derived morphogenetic protein-1) 

3.732 

NM_012124 CHORDC1 cysteine and histidine-rich domain 

(CHORD)-containing, zinc binding protein 

1 

3.721 

HSHTPRH0

7 

OR2L2 olfactory receptor, family 2, subfamily L, 

member 2 

3.714 

NM_005729 PPIF peptidylprolyl isomerase F (cyclophilin F) 3.682 

NM_138799 OACT2 O-acyltransferase (membrane bound) 

domain containing 2 

3.68 

AL357212 GPR133 G protein-coupled receptor 133 3.669 

AB062484 CALD1 caldesmon 1 3.664 

NM_018092 NETO2 neuropilin (NRP) and tolloid (TLL)-like 2 3.655 

NM_012250 RRAS2 related RAS viral (r-ras) oncogene 

homolog 2 

3.641 

NM_133328 DEDD2 death effector domain containing 2 3.637 

NM_025195 TRIB1 tribbles homolog 1 (Drosophila) 3.633 

NM_031968 NARF nuclear prelamin A recognition factor 3.622 

AF147404 FALZ fetal Alzheimer antigen 3.596 

NM_033258 GNG8 guanine nucleotide-binding protein (G 

protein), gamma-transducing activity 

polypeptide 2 

3.542 

AK094369 IGSF4 immunoglobulin superfamily, member 4 3.538 
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AK057533 RBPMS RNA-binding protein with multiple 

splicing 

3.532 

NM_012341 GTPBP4 GTP-binding protein 4 3.503 

NM_024524 AFURS1 ATPase type 13A3 3.501 

BF125408 FNBP3 formin-binding protein 3 3.492 

BC023657 LOC284804 hypothetical protein LOC284804 3.488 

NM_014670 BZW1 basic leucine zipper and W2 domains 1 3.467 

NM_032730 RTN4IP1 reticulon 4 interacting protein 1 3.454 

NM_000903 NQO1 NAD(P)H dehydrogenase, quinone 1 3.451 

NM_001274 CHEK1 CHK1 checkpoint homolog (S. pombe) 3.413 

NM_005292 GPR18 G protein-coupled receptor 18 3.395 

AK025332 PLXNA2 plexin A2 3.393 

NM_078467 CDKN1A p21 (CDKN1A)-activated kinase 3 3.39 

NM_033661 WDR4 WD repeat domain 4 3.385 

AA157955 SC4MOL sterol-C4-methyl oxidase-like 3.307 

NM_006000 TUBA1 tubulin, alpha 1 (testis specific) 3.306 

NM_004752 GCM2 glial cells missing homolog 2 (Drosophila) 3.282 

NM_017816 LYAR hypothetical protein FLJ20425 3.27 

NM_020127 TUFT1 tuftelin 1 3.269 

NM_007178 STRAP serum response factor binding protein 1 3.258 

NM_002160 TNC troponin C, slow 3.256 

NM_014302 SEC61G Sec61 gamma subunit 3.247 

NM_020177 FEM1C fem-1 homolog c (C. elegans) 3.234 

NM_006367 CAP1 CAP, adenylate cyclase-associated protein 

1 (yeast) 

3.223 

NM_022578 CSH2 chorionic somatomammotropin hormone 2 3.197 

NM_032589 DSCR8 Down syndrome critical region gene 8 3.185 

NM_014670 BZW1 basic leucine zipper and W2 domains 1 3.169 

NM_152284 Shax3 chromatin modifying protein 4C 3.153 

NM_005338 HIP1 huntingtin interacting protein 1 3.14 
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NM_015420 DKFZP564O046

3 

gene model 83 3.138 

NM_018509 PRO1855 hypothetical protein PRO1855 3.123 

NM_000275 OCA2 oculocutaneous albinism II (pink-eye 

dilution homolog, mouse) 

3.119 

NM_001945 DTR heparin-binding EGF-like growth factor 3.116 

NM_002354 TACSTD1 tumor-associated calcium signal transducer 

1 

3.111 

NM_002627 PFKP phosphofructokinase, platelet 3.107 

NM_001900 CST5 cystatin D 3.091 

NM_002086 GRB2 growth factor receptor-bound protein 2 3.091 

NM_021249 SNX6 sorting nexin 6 3.075 

NM_001860 SLC31A2 solute carrier family 31 (copper 

transporters), member 2 

3.06 

NM_002970 SAT spermidine/spermine N1-acetyltransferase 3.048 

NM_005760 CEBPZ DNA-damage-inducible transcript 3 3.04 

NM_003191 TARS threonyl-tRNA synthetase 3.028 

AB037820 MARCH-IV membrane-associated ring finger (C3HC4) 

4 

3.024 

NM_018465 C9orf46 chromosome 9 open reading frame 46 3.024 

BC012486 KRTAP2-4 keratin associated protein 2-4 3.015 

BC045765 SHANK3 SH3 and multiple ankyrin repeat domains 3 3.01 

NM_002574 PRDX1 peroxiredoxin 1 3.008 

NM_003114 SPAG1 sperm associated antigen 1 2.997 

NM_018107 RBM23 RNA binding motif protein 23 2.989 

NM_017755 FLJ20303 NOL1/NOP2/Sun domain family, member 

2 

2.981 

NM_004782 SNAP29 synaptosomal-associated protein, 29kDa 2.979 

NM_007350 PHLDA1 pleckstrin homology-like domain, family 

A, member 1 

2.966 

BC029799 DMRTC1 DMRT-like family C1 2.96 

NM_005112 WDR1 WD repeat domain 1 2.94 
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NM_016584 IL23A interleukin 23, alpha subunit p19 2.918 

XM_113743 TMEM16F transmembrane protein 16F 2.913 

NM_000604 FGFR1 fibroblast growth factor receptor 1 (fms-

related tyrosine kinase 2, Pfeiffer 

syndrome) 

2.901 

NM_006795 EHD1 EH-domain containing 1 2.897 

NM_153344 C6orf141 chromosome 6 open reading frame 141 2.896 

NM_015444 RIS1 ubiquinol-cytochrome c reductase, Rieske 

iron-sulfur polypeptide 1 

2.863 

NM_001347 DGKQ diacylglycerol kinase, theta 110kDa 2.861 

AK021634 POLR2B polymerase (RNA) II (DNA directed) 

polypeptide B, 140kDa 

2.858 

NM_001393 ECM2 extracellular matrix protein 2, female organ 

and adipocyte specific 

2.854 

NM_016306 DNAJB11 DnaJ (Hsp40) homolog, subfamily B, 

member 11 

2.849 

NM_018983 NOLA1 nucleolar protein family A, member 1 

(H/ACA small nucleolar RNPs) 

2.826 

AK090441 FLJ46041 FLJ46041 protein 2.824 

AK094373 ADARB2 adenosine deaminase, RNA-specific, B2 

(RED2 homolog rat) 

2.823 

NM_005648 TCEB1 transcription elongation factor B (SIII), 

polypeptide 1 (15kDa, elongin C) 

2.822 

NM_023938 SARG specifically androgen-regulated protein 2.817 

NM_003971 SPAG9 sperm associated antigen 9 2.808 

NM_004735 LRRFIP1 leucine-rich repeat (in FLII) interacting 

protein 1 

2.804 

NM_002844 PTPRK protein tyrosine phosphatase, receptor type, 

K 

2.784 

BC009524 PSMD14 proteasome (prosome, macropain) 26S 

subunit, non-ATPase, 14 

2.771 

AK023045 LOC340351 hypothetical protein LOC340351 2.768 

NM_003937 KYNU kynureninase (L-kynurenine hydrolase) 2.766 

NM_005721 ACTR3 ARP3 actin-related protein 3 homolog 

(yeast) 

2.76 
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NM_032735 MGC13168 hypothetical protein MGC13168 2.742 

NM_015641 TES testis-derived transcript (3 LIM domains) 2.718 

NM_021149 COTL1 coactosin-like 1 (Dictyostelium) 2.708 

NM_002897 RBMS1 RNA-binding motif, single-stranded 

interacting protein 1 

2.704 

NM_004846 EIF4EL3 eukaryotic translation initiation factor 4E 

member 2 

2.701 

BC033490 LOC285016 hypothetical protein LOC285016 2.685 

NM_003681 PDXK pyridoxal (pyridoxine, vitamin B6) kinase 2.681 

NM_006339 HMG20B high-mobility group 20B 2.674 

NM_002006 FGF2 fibroblast growth factor 2 2.671 

NM_017723 FLJ20245 hypothetical protein FLJ20245 2.665 

NM_016038 SBDS Shwachman-Bodian-Diamond syndrome 2.663 

NM_024331 C20orf121 chromosome 20 open reading frame 121 2.658 

NM_080725 C20orf139 chromosome 20 open reading frame 139 2.657 

NM_006580 CLDN16 claudin 16 2.647 

NM_015070 KIAA0853 KIAA0853 2.641 

NM_004805 POLR2D polymerase (RNA) II (DNA directed) 

polypeptide D 

2.623 

NM_024115 SARG specifically androgen-regulated protein 2.612 

NM_170610 HIST1H2BA histone 1, H2ba 2.612 

NM_080927 DCBLD2 discoidin, CUB and LCCL domain 

containing 2 

2.611 

NM_001295 CCR1 chemokine (C-C motif) receptor 1 2.608 

NM_018530 GSDML gasdermin-like 2.601 

NM_172390 NFATC1 nuclear factor of activated T-cells, 

cytoplasmic, calcineurin-dependent 1 

2.601 

NM_032825 ZNF382 zinc finger protein 382 2.545 

NM_015458 MTMR9 myotubularin related protein 9 2.536 

NM_000596 IGFBP1 insulin-like growth factor binding protein 1 2.534 

NM_016146 TRAPPC4 trafficking protein particle complex 4 2.523 
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NM_004194 ADAM22 a disintegrin and metalloproteinase domain 

22 

2.523 

NM_004179 TPH1 tryptophan hydroxylase 1 (tryptophan 5-

monooxygenase) 

2.522 

NM_032175 FLJ12787 Src-associated protein SAW 2.504 

NM_173080 SPRR4 small proline-rich protein 4 2.503 

XM_038933 USP24 ubiquitin-specific protease 24 2.5 

NM_031480 RIOK1 RIO kinase 1 (yeast) 2.496 

NM_001949 E2F3 E2F transcription factor 3 2.494 

NM_014325 CORO1C coronin, actin binding protein, 1C 2.487 

NM_022366 TFB2M transcription factor B2, mitochondrial 2.482 

NM_178537 Beta4GalNAc-T4 beta1,4-N-acetylgalactosaminyltransferases 

IV 

2.478 

NM_016525 UBAP1 ubiquitin associated protein 1 2.473 

NM_153341 IBRDC3 IBR domain containing 3 2.468 

NM_022130 GOLPH3 golgi phosphoprotein 3 (coat-protein) 2.466 

NM_003090 SNRPA1 small nuclear ribonucleoprotein 

polypeptide A' 

2.464 

NM_001450 FHL2 four and a half LIM domains 2 2.461 

NM_004728 DDX21 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

56 

2.457 

NM_006773 DDX18 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

18 

2.451 

NM_002808 PSMD2 proteasome (prosome, macropain) 26S 

subunit, non-ATPase, 2 

2.442 

NM_014851 KIAA0469 kelch-like 21 (Drosophila) 2.442 

AK022337 NEBL nebulette 2.439 

NM_000606 C8G complement component 8, gamma 

polypeptide 

2.43 

XM_353037 LOC387885 hypothetical LOC387885 2.428 

AK091508 LOC441421 hypothetical gene supported by AK091508 2.426 

NM_031445 MGC4268 hypothetical protein MGC4268 2.422 
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NM_006328 RBM14 RNA binding motif protein 14 2.41 

NM_000716 C4BPB complement component 4 binding protein, 

beta 

2.408 

AK024480 LOC126917 hypothetical protein LOC126917 2.4 

NM_003463 PTP4A1 protein tyrosine phosphatase type IVA, 

member 1 

2.399 

NM_032904 PTPN11 protein tyrosine phosphatase, non-

receptor type 11 (Noonan syndrome 1) 

2.398 

NM_006170 NOL1 nucleolar protein 1, 120kDa 2.397 

NM_015238 KIBRA KIBRA protein 2.394 

NM_000529 MC2R melanocortin 2 receptor 

(adrenocorticotropic hormone) 

2.378 

NM_004124 GMFB glia maturation factor, beta 2.376 

NM_004492 GTF2A2 general transcription factor IIA, 2, 12kDa 2.364 

NM_001827 CKS2 CDC28 protein kinase regulatory subunit 2 2.363 

NM_006541 TXNL2 thioredoxin-like 2 2.359 

NM_138572 TBN taube nuss homolog (mouse) 2.352 

NM_015646 RAP1B RAP1B, member of RAS oncogene family 2.351 

NM_175737 LOC152831 klotho beta like 2.348 

NM_006938 SNRPD1 small nuclear ribonucleoprotein D2 

polypeptide 16.5kDa 

2.346 

NM_175878 MGC57211 hypothetical protein MGC57211 2.346 

NM_032704 TUBA6 tubulin alpha 6 2.339 

NM_014745 LOC348180 hypothetical protein LOC348180 2.333 

NM_017866 FLJ20533 hypothetical protein FLJ20533 2.327 

NM_003201 TFAM transcription factor A, mitochondrial 2.323 

NM_005765 ATP6AP2 ATPase, H+ transporting, lysosomal 

accessory protein 2 

2.32 

NM_007173 PRSS23 protease, serine, 23 2.314 

NM_005857 ZMPSTE24 zinc metallopeptidase (STE24 homolog, 

yeast) 

2.314 

NM_177966 2'-PDE 2'-phosphodiesterase 2.303 
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NM_032338 MGC14817 hypothetical protein MGC14817 2.3 

NM_016567 BCCIP BRCA2 and CDKN1A interacting 

protein 

2.299 

NM_015932 C13orf12 chromosome 13 open reading frame 12 2.298 

NM_003879 CFLAR CASP8 and FADD-like apoptosis regulator 2.292 

NM_003340 UBE2D3 ubiquitin-conjugating enzyme E2D 3 

(UBC4/5 homolog, yeast) 

2.292 

NM_015508 TIPARP TCDD-inducible poly(ADP-ribose) 

polymerase 

2.291 

NM_000317 PTS 6-pyruvoyltetrahydropterin synthase 2.29 

NM_012479 YWHAG tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, gamma 

polypeptide 

2.286 

NM_020230 PPAN peter pan homolog (Drosophila) 2.282 

NM_003160 AURKC aurora kinase C 2.28 

NM_006431 CCT2 chaperonin containing TCP1, subunit 2 

(beta) 

2.276 

NM_016485 C6orf55 chromosome 6 open reading frame 55 2.262 

AY007113 AMMECR1 Alport syndrome, mental retardation, 

midface hypoplasia and elliptocytosis 

chromosomal region, gene 1 

2.259 

NM_003610 RAE1 RAE1 RNA export 1 homolog (S. pombe) 2.258 

NM_003350 UBE2V2 ubiquitin-conjugating enzyme E2 variant 2 2.254 

NM_033274 ADAM19 a disintegrin and metalloproteinase domain 

19 (meltrin beta) 

2.252 

NM_153649 TPM3 tropomyosin 3 2.252 

NM_006762 LAPTM5 lysosomal associated multispanning 

membrane protein 5 

2.25 

NM_005614 RHEB Ras-homolog enriched in brain pseudogene 

1 

2.248 

NM_176871 PDLIM2 PDZ and LIM domain 2 (mystique) 2.233 

NM_006002 UCHL3 ubiquitin carboxyl-terminal esterase L3 

(ubiquitin thiolesterase) 

2.229 

NM_001939 DRP2 dihydropyrimidinase-like 2 2.221 
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NM_020375 C12orf5 chromosome 12 open reading frame 5 2.221 

NM_016040 TMED5 transmembrane emp24 protein transport 

domain containing 5 

2.22 

XM_043885 DKFZP564F052

2 

DKFZP564F0522 protein 2.217 

NM_007235 XPOT exportin, tRNA (nuclear export receptor for 

tRNAs) 

2.214 

NM_015440 FTHFSDC1 methylenetetrahydrofolate dehydrogenase 

(NADP+ dependent) 1-like 

2.212 

NM_016072 CGI-141 golgi transport 1 homolog B (S. cerevisiae) 2.199 

NM_001956 EDN2 endothelin 2 2.194 

NM_012141 DDX26 DEAD/H (Asp-Glu-Ala-Asp/His) box 

polypeptide 26 

2.177 

NM_003714 STC2 stanniocalcin 2 2.177 

NM_018266 FLJ10902 transmembrane protein 39A 2.177 

NM_001729 BTC betacellulin 2.177 

NM_006806 BTG3 BTG family, member 3 2.175 

NM_002748 MAPK6 mitogen-activated protein kinase 6 2.166 

NM_015959 TMX2 thioredoxin-related transmembrane protein 

2 

2.163 

BC035314 BXDC1 brix domain containing 1 2.161 

NM_030674 SLC38A1 solute carrier family 38, member 1 2.159 

XM_351869 C9orf111 chromosome 9 open reading frame 111 2.155 

NM_017819 RG9MTD1 RNA (guanine-9-) methyltransferase 

domain containing 1 

2.153 

HSM804727 UBE2D3 ubiquitin-conjugating enzyme E2D 3 

(UBC4/5 homolog, yeast) 

2.153 

M31157 PTHLH parathyroid hormone-like hormone 2.146 

NM_014462 LSM1 LSM1 homolog, U6 small nuclear RNA 

associated (S. cerevisiae) 

2.145 

NM_001416 EIF4A1 eukaryotic translation initiation factor 4A, 

isoform 1 

2.14 

NM_152132 PSMA3 proteasome (prosome, macropain) subunit, 

alpha type, 3 

2.137 
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NM_005479 FRAT1 frequently rearranged in advanced T-cell 

lymphomas 

2.137 

NM_017510 HSGP25L2G transmembrane emp24 protein transport 

domain containing 9 

2.134 

AK091649 TEX27 testis expressed sequence 27 2.131 

NM_181528 NAT5 N-acetyltransferase 5 (ARD1 homolog, S. 

cerevisiae) 

2.13 

NM_032017 MGC4796 Ser/Thr-like kinase 2.128 

NM_005038 PPID peptidylprolyl isomerase D (cyclophilin D) 2.127 

NM_002037 FYN FYN oncogene related to SRC, FGR, YES 2.121 

NM_152484 ZNF569 zinc finger protein 569 2.118 

NM_012307 EPB41L3 erythrocyte membrane protein band 4.1-

like 3 

2.117 

NM_020368 SAS10 disrupter of silencing 10 2.109 

NM_014671 UBE3C ubiquitin protein ligase E3C 2.108 

NM_001844 COL2A1 collagen, type II, alpha 1 (primary 

osteoarthritis, spondyloepiphyseal 

dysplasia, congenital) 

2.108 

AK094155 UBE2J2 ubiquitin-conjugating enzyme E2, J2 

(UBC6 homolog, yeast) 

2.106 

NM_006097 MYL9 myosin, light polypeptide 9, regulatory 2.103 

NM_025085 TBDN100 NMDA receptor regulated 1 2.1 

NM_024596 MCPH1 microcephaly, primary autosomal recessive 

1 

2.098 

NM_080738 EDARADD EDAR-associated death domain 2.097 

NM_033412 MCART1 mitochondrial carrier triple repeat 1 2.097 

NM_002788 PSMA3 proteasome (prosome, macropain) subunit, 

alpha type, 3 

2.096 

NM_000265 NCF1 neutrophil cytosolic factor 1 (47kDa, 

chronic granulomatous disease, autosomal 

1) 

2.096 

NM_015324 KIAA0409 KIAA0409 protein 2.091 

NM_001539 DNAJA1 DnaJ (Hsp40) homolog, subfamily A, 

member 1 

2.088 
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D26067 TMEM41B transmembrane protein 41B 2.084 

NM_006555 YKT6 SNARE protein Ykt6 2.083 

NM_177452 TRAPPC6B trafficking protein particle complex 6B 2.08 

NM_005690 DNM1L dynamin 1-like 2.08 

XM_117451 LOC402617 hypothetical LOC402617 2.076 

NM_023927 NS3TP2 HCV NS3-transactivated protein 2 2.076 

NM_006174 NPY5R neuropeptide Y receptor Y5 2.071 

NM_006149 LGALS4 lectin, galactoside-binding, soluble, 4 

(galectin 4) 

2.068 

NM_006764 IFRD2 interferon-related developmental regulator 

2 

2.066 

NM_152132 PSMA3 proteasome (prosome, macropain) subunit, 

alpha type, 3 

2.064 

AF285120 MRPL47 mitochondrial ribosomal protein L47 2.06 

NM_014999 RAB21 RAB21, member RAS oncogene family 2.06 

NM_005860 FSTL3 follistatin-like 3 (secreted glycoprotein) 2.056 

NM_024329 EFHD2 EF hand domain family, member D2 2.054 

NM_021203 SRPRB signal recognition particle receptor, B 

subunit 

2.053 

NM_032047 B3GNT5 UDP-GlcNAc:betaGal beta-1,3-N-

acetylglucosaminyltransferase 5 

2.051 

NM_006912 RIT1 B-cell CLL/lymphoma 11B (zinc finger 

protein) 

2.041 

NM_000247 MICA MHC class I polypeptide-related sequence 

A 

2.037 

NM_007126 VCP valosin-containing protein 2.034 

NM_001751 CARS cysteinyl-tRNA synthetase 2.027 

NM_005264 GFRA1 GDNF family receptor alpha 1 2.025 

NM_003904 ZNF259 zinc finger protein 259 2.019 

NM_145804 ABTB2 ankyrin repeat and BTB (POZ) domain 

containing 2 

2.017 

NM_018840 C20orf24 chromosome 20 open reading frame 24 2.016 
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NM_006948 STCH stress 70 protein chaperone, microsome-

associated, 60kDa 

2.015 

NM_023934 FUNDC2 FUN14 domain containing 2 2.009 

NM_016243 NQO3A2 NAD(P)H:quinone oxidoreductase type 3, 

polypeptide A2 

2.006 

NM_012330 MYST4 MYST histone acetyltransferase 

(monocytic leukemia) 4 

2.006 

NM_002793 PSMB1 proteasome (prosome, macropain) subunit, 

beta type, 1 

1.998 

NM_004360 CDH1 fizzy/cell division cycle 20 related 1 

(Drosophila) 

1.997 

NM_001968 EIF4E eukaryotic translation initiation factor 4E 1.994 

NM_005544 IRS1 insulin receptor substrate 1 1.987 

NM_001966 EHHADH enoyl-Coenzyme A, hydratase/3-

hydroxyacyl Coenzyme A dehydrogenase 

1.986 

NM_139313 YME1L1 YME1-like 1 (S. cerevisiae) 1.986 

NM_175893 DKFZP564J0863 DKFZP564J0863 protein 1.98 

NM_002799 PSMB7 proteasome (prosome, macropain) subunit, 

beta type, 7 

1.98 

BC030224 CD48 CD48 antigen (B-cell membrane protein) 1.979 

NM_005619 RTN2 reticulon 2 1.979 

NM_022137 SMOC1 SPARC-related modular calcium binding 1 1.977 

XM_059140 dJ39G22.2 dJ39G22.2 (novel protein) 1.976 

NM_005926 MFAP1 microfibrillar-associated protein 1 1.975 

NM_006711 RNPS1 RNA binding protein S1, serine-rich 

domain 

1.974 

NM_004582 RABGGTB Rab geranylgeranyltransferase, beta subunit 1.971 

NM_176889 TAS2R49 taste receptor, type 2, member 49 1.959 

NM_024902 FLJ13236 hypothetical protein FLJ13236 1.958 

NM_004134 HSPA9B heat-shock 70kDa protein 9B (mortalin-2) 1.952 

NM_138395 METRS methionine-tRNA synthetase 1.949 

NM_019016 KRT24 keratin 24 1.943 
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AK022028 C1orf43 chromosome 1 open reading frame 43 1.942 

NM_003139 SRPR signal recognition particle receptor 

('docking protein') 

1.94 

AF348999 MTM metallothionein M 1.939 

NM_012399 PITPNB phosphatidylinositol transfer protein, beta 1.933 

NM_012286 MORF4L2 mortality factor 4-like 2 1.927 

XM_036589 KIAA1078 KIAA1078 protein 1.926 

NM_013417 IARS isoleucine-tRNA synthetase 1.923 

NM_018428 HCA66 hepatocellular carcinoma-associated 

antigen 66 

1.922 

NM_032578 MYPN myopalladin 1.917 

NM_139279 MCFD2 multiple coagulation factor deficiency 2 1.914 

NM_001536 HRMT1L2 HMT1 hnRNP methyltransferase-like 2 (S. 

cerevisiae) 

1.914 

NM_006430 CCT4 chaperonin containing TCP1, subunit 4 

(delta) 

1.913 

NM_014050 MRPL42 mitochondrial ribosomal protein L42 1.908 

NM_006392 NOL5A nucleolar protein 5A (56kDa with KKE/D 

repeat) 

1.907 

NM_003288 TPD52L2 tumor protein D52-like 1 1.907 

NM_025151 RCP opsin 1 (cone pigments), long-wave-

sensitive (color blindness, protan) 

1.904 

NM_080655 MGC17337 similar to RIKEN cDNA 5730528L13 gene 1.901 

NM_020162 DHX33 DEAH (Asp-Glu-Ala-His) box polypeptide 

33 

1.898 

NM_006298 ZNF192 zinc finger protein 192 1.897 

NM_178167 ZNF598 zinc finger protein 598 1.892 

NM_018696 ELAC1 elaC homolog 1 (E. coli) 1.89 

NM_001997 FAU Finkel-Biskis-Reilly murine sarcoma virus 

ubiquitously expressed (fox-derived); 

ribosomal protein S30 

1.887 

XM_353083 LOC388117 hypothetical LOC388117 1.885 

NM_003143 SSBP1 single-stranded DNA binding protein 1 1.882 
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NM_003710 SPINT1 serine protease inhibitor, Kunitz type 1 1.881 

NM_014171 CRIPT postsynaptic protein CRIPT 1.874 

NM_173791 PDZK8 PDZ domain containing 8 1.874 

NM_004094 EIF2S1 eukaryotic translation initiation factor 2, 

subunit 1 alpha, 35kDa 

1.869 

NM_006660 CLPX ClpX caseinolytic protease X homolog (E. 

coli) 

1.859 

XM_290592 HIP1R huntingtin interacting protein-1-related 1.858 

NM_015889 PCQAP PC2 (positive cofactor 2, multiprotein 

complex) glutamine/Q-rich-associated 

protein 

1.855 

NM_022917 NOL6 nucleolar protein family 6 (RNA-

associated) 

1.852 

NM_015959 TMX2 thioredoxin-related transmembrane protein 

2 

1.847 

NM_001759 CCND2 cyclin D2 1.847 

NM_020240 CDC42SE2 CDC42 small effector 2 1.846 

NM_004849 APG5L APG5 autophagy 5-like (S. cerevisiae) 1.844 

X58235 ATP8B2 ATPase, Class I, type 8B, member 2 1.843 

NM_005339 HIP2 huntingtin interacting protein 2 1.843 

NM_004078 CSRP1 cysteine and glycine-rich protein 1 1.843 

NM_145062 C6orf113 chromosome 6 open reading frame 113 1.842 

NM_015470 RAB11FIP5 RAB11-family interacting protein 5 (class 

I) 

1.84 

NM_024894 FLJ14075 hypothetical LOC79954 1.836 

NM_144711 MGC2610 hypothetical protein MGC2610 1.83 

BC009943 GPSM1 G-protein signaling modulator 1 (AGS3-

like, C. elegans) 

1.825 

NM_018491 CBWD1 COBW domain containing 1 1.823 

NM_004398 DDX10 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

10 

1.822 

NM_013323 SNX11 sorting nexin 11 1.821 

NM_002817 PSMD13 proteasome (prosome, macropain) 26S 1.819 
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subunit, non-ATPase, 13 

BC012148 DENR density-regulated protein 1.816 

NM_016451 COPB coatomer protein complex, subunit beta 1.816 

AK023887 ANKRD11 ankyrin-repeat domain 11 1.813 

NM_000498 CYP11B2 cytochrome P450, family 11, subfamily B, 

polypeptide 2 

1.811 

NM_005998 CCT3 chaperonin containing TCP1, subunit 3 

(gamma) 

1.81 

NM_006710 COPS8 COP9 constitutive photomorphogenic 

homolog subunit 8 (Arabidopsis) 

1.8 

AF186109 TPM4 tropomyosin 4 1.799 

NM_019095 C20orf155 chromosome 20 open reading frame 155 1.799 

NM_006392 NOL5A nucleolar protein 5A (56kDa with KKE/D 

repeat) 

1.798 

NM_015702 C2orf25 chromosome 2 open reading frame 25 1.795 

NM_031422 CHST9 carbohydrate (N-acetylgalactosamine 4-0) 

sulfotransferase 9 

1.793 

NM_014397 NEK6 NIMA (never in mitosis gene a)-related 

kinase 6 

1.791 

NM_002092 GRSF1 G-rich RNA sequence binding factor 1 1.786 

NM_003784 SERPINB7 serine (or cysteine) proteinase inhibitor, 

clade B (ovalbumin), member 7 

1.782 

NM_152913 DKFZp761L141

7 

hypothetical protein DKFZp761L1417 1.781 

NM_015436 RCHY1 ring finger and CHY zinc finger domain 

containing 1 

1.772 

NM_002938 RNF4 ring finger protein 4 1.766 

NM_003017 SFRS3 splicing factor, arginine/serine-rich 3 1.766 

NM_002018 FLII flightless I homolog (Drosophila) 1.763 

NM_080605 B3GALT6 UDP-Gal:betaGal beta 1,3-

galactosyltransferase polypeptide 6 

1.755 

AK054652 ARL5 ADP-ribosylation factor-like 5 1.754 

AL833897 MYLK myosin, light polypeptide kinase 1.752 
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NM_006330 LYPLA1 lysophospholipase I 1.751 

NM_031298 MGC2963 hypothetical protein MGC2963 1.751 

NM_000588 IL3 interleukin 3 (colony-stimulating factor, 

multiple) 

1.75 

NM_003127 SPTAN1 spectrin, alpha, non-erythrocytic 1 (alpha-

fodrin) 

1.75 

NM_006496 GNAI3 guanine nucleotide-binding protein (G 

protein), alpha-inhibiting activity 

polypeptide 3 

1.744 

NM_182631 LOC348840 hypothetical protein LOC348840 1.74 

NM_021062 HIST1H2BB histone 1, H2bb 1.738 

NM_000426 LAMA2 laminin, alpha 2 (merosin, congenital 

muscular dystrophy) 

1.734 

AL834353 KIAA1043 KIAA1043 protein 1.731 

NM_005499 UBA2 SUMO-1 activating enzyme subunit 2 1.729 

NM_001675 ATF4 activating transcription factor 4 (tax-

responsive enhancer element B67) 

1.729 

NM_022044 SDF2L1 stromal cell-derived factor 2-like 1 1.728 

NM_018362 LIN7C lin-7 homolog C (C. elegans) 1.727 

NR_001541 TTTY5 testis-specific transcript, Y-linked 5 1.722 

NM_001892 CSNK1A1 casein kinase 1, alpha 1 1.715 

NM_021141 XRCC5 X-ray repair complementing defective 

repair in Chinese hamster cells 5 

(double-strand-break rejoining; Ku80) 

1.715 

NM_012456 TIMM10 translocase of inner mitochondrial 

membrane 10 homolog (yeast) 

1.714 

NM_006114 TOMM40 translocase of outer mitochondrial 

membrane 40 homolog (yeast) 

1.711 

NM_003372 VBP1 von Hippel-Lindau binding protein 1 1.708 

NM_002925 RGS10 regulator of G-protein signaling 10 1.706 

NM_020859 ShrmL Shroom-related protein 1.703 

NM_001658 ARF1 similar to dJ133P16.1 (ADP-ribosylation 

factor 1) 

1.702 

NM_014793 LCMT2 leucine carboxyl methyltransferase 2 1.702 
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NM_006870 DSTN destrin (actin depolymerizing factor) 1.699 

NM_017656 ZNF562 zinc finger protein 562 1.698 

NM_012325 MAPRE1 microtubule-associated protein, RP/EB 

family, member 1 

1.697 

NM_015888 HOOK1 hook homolog 1 (Drosophila) 1.696 

NM_005585 SMAD6 SMAD, mothers against DPP homolog 6 

(Drosophila) 

1.696 

NM_032016 STARD3NL STARD3 N-terminal like 1.694 

NM_004733 SLC33A1 solute carrier family 33 (acetyl-CoA 

transporter), member 1 

1.694 

NM_020865 DHX36 DEAH (Asp-Glu-Ala-His) box polypeptide 

36 

1.691 

XM_036408 CHR2SYT family with sequence similarity 62 (C2 

domain containing) member B 

1.688 

NM_004305 BIN1 bridging integrator 1 1.688 

BC032822 EPB41L5 erythrocyte membrane protein band 4.1 like 

5 

1.687 

NM_012110 CHIC2 cysteine-rich hydrophobic domain 2 1.684 

NM_000785 CYP27B1 cytochrome P450, family 27, subfamily B, 

polypeptide 1 

1.684 

NM_182513 Spc24 spindle pole body component 24 homolog 

(S. cerevisiae) 

1.681 

NM_138446 C7orf30 chromosome 7 open reading frame 30 1.676 

NM_006379 SEMA3C sema domain, immunoglobulin domain 

(Ig), short basic domain, secreted, 

(semaphorin) 3C 

1.675 

NM_024111 MGC4504 hypothetical protein MGC4504 1.674 

NM_006275 SFRS6 splicing factor, arginine/serine-rich 6 1.672 

NM_020939 CPNE5 copine V 1.672 

NM_016013 NDUFAF1 NADH dehydrogenase (ubiquinone) 1 

alpha subcomplex, assembly factor 1 

1.672 

NM_033086 FGD3 FYVE, RhoGEF and PH domain 

containing 3 

1.671 

NM_006601 TEBP thyroid transcription factor 1 1.669 
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NM_031314 HNRPC heterogeneous nuclear ribonucleoprotein C 

(C1/C2) 

1.669 

BC032771 FLJ13105 methylenetetrahydrofolate dehydrogenase 

(NADP+ dependent) 2-like 

1.666 

NM_002112 HDC headcase homolog (Drosophila) 1.666 

NM_002669 PLRG1 pleiotropic regulator 1 (PRL1 homolog, 

Arabidopsis) 

1.664 

NM_001881 CREM cAMP responsive element modulator 1.655 

NM_006253 PRKAB1 protein kinase, AMP-activated, beta 1 non-

catalytic subunit 

1.655 

NM_001851 COL9A1 collagen, type IX, alpha 1 1.644 

NM_007204 DDX20 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

20 

1.642 

NM_003633 ENC1 ectodermal-neural cortex (with BTB-like 

domain) 

1.641 

NM_033550 TP53RK TP53-regulating kinase 1.64 

NM_006993 NPM3 nucleophosmin/nucleoplasmin, 3 1.638 

NM_015525 IBTK inhibitor of Bruton agammaglobulinemia 

tyrosine kinase 

1.638 

NM_001829 CLCN3 chloride channel 3 1.638 

NM_016507 CRK7 CDC2-related protein kinase 7 1.637 

NM_017825 ADPRHL2 ADP-ribosylhydrolase like 2 1.632 

NM_002376 MARK3 MAP/microtubule affinity-regulating 

kinase 3 

1.63 

NM_003872 NRP2 NEL-like 2 (chicken) 1.63 

NM_005548 KARS lysyl-tRNA synthetase 1.628 

NM_005605 PPP3CC protein phosphatase 3 (formerly 2B), 

catalytic subunit, gamma isoform 

(calcineurin A gamma) 

1.627 

NM_021154 PSAT1 phosphoserine aminotransferase 1 1.626 

NM_017847 C1orf27 chromosome 1 open reading frame 27 1.626 

NM_178517 PIGW phosphatidylinositol glycan, class W 1.626 

NM_015607 DKFZP547E101

0 

DKFZP547E1010 protein 1.622 
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NM_005628 SLC1A5 solute carrier family 1 (neutral amino acid 

transporter), member 5 

1.619 

AB046773 KIAA1553 KIAA1553 1.619 

NM_014928 HSHIN1 HIV-1-induced protein HIN-1 1.614 

NM_018299 FLJ11011 hypothetical protein FLJ11011 1.613 

NM_000373 UMPS uridine monophosphate synthetase (orotate 

phosphoribosyl transferase and orotidine-

5'-decarboxylase) 

1.613 

NM_002879 RAD52 RAD52 homolog (S. cerevisiae) 1.611 

NM_002745 MAPK1 mitogen-activated protein kinase 1 1.611 

NM_152711 LOC399978 hypothetical gene supported by BC031979 1.61 

NM_144652 LETM2 leucine zipper-EF-hand containing 

transmembrane protein 2 

1.61 

NM_002266 KPNA2 karyopherin alpha 2 (RAG cohort 1, 

importin alpha 1) 

1 605 

NM_173510 FLJ33814 hypothetical protein FLJ33814 1 605 

NM_013326 C18orf8 chromosome 18 open reading frame 8 1 604 

NM_006481 TCF2 transcription factor 2, hepatic; LF-B3; 

variant hepatic nuclear factor 

1 603 

NM_003648 DGKD diacylglycerol kinase, delta 130kDa 1 603 

AF143885 PACSIN2 protein kinase C and casein kinase 

substrate in neurons 2 

1 602 

NM_139021 ERK8 mitogen-activated protein kinase 15 1 601 

NM_002787 PSMA2 proteasome (prosome, macropain) subunit, 

alpha type, 2 

1.6 

NM_002134 HMOX2 heme oxygenase (decycling) 2 1 599 

NM_052943 FAM46B family with sequence similarity 46, 

member B 

1 598 

NM_007214 SEC63 SEC63-like (S. cerevisiae) 1 597 

NM_032869 CML66 NudC domain containing 1 1 596 

NM_019644 ANKRD7 ankyrin repeat domain 7 1 593 

NM_002874 RAD23B RAD23 homolog B (S. cerevisiae) 1 591 

NM_018149 FLJ10587 hypothetical protein FLJ10587 1 589 
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NM_015942 CGI-12 CGI-12 protein 1 585 

NM_001177 ARL1 aldo-keto reductase family 1, member B10 

(aldose reductase) 

1 582 

NM_145648 SLC15A4 solute carrier family 15, member 4 1.581 

NM_016626 RKHD2 ring finger and KH domain containing 2 1.58 

NM_006588 SULT1C2 sulfotransferase family, cytosolic, 1C, 

member 2 

1.58 

NM_007266 XAB1 XPA binding protein 1 1.578 

NM_024831 NCOA6IP nuclear receptor coactivator 6 interacting 

protein 

1.578 

NM_003081 SNAP25 synaptosomal-associated protein, 25kDa 1.573 

NM_032331 ECE2 endothelin converting enzyme 2 1.573 

NM_005692 ABCF2 ATP-binding cassette, sub-family F 

(GCN20), member 2 

1.57 

NM_013375 ABT1 activator of basal transcription 1 1.57 

NM_001569 IRAK1 interleukin-1 receptor-associated kinase 1 1.57 

NM_012238 SIRT1 sirtuin (silent mating type information 

regulation 2 homolog) 1 (S. cerevisiae) 

1.568 

NM_013352 SART2 squamous cell carcinoma antigen 

recognized by T cells 2 

1.568 

NM_003819 PABPC4 poly(A)-binding protein, cytoplasmic 4 

(inducible form) 

1.567 

NM_007033 RER1 RER1 retention in endoplasmic reticulum 1 

homolog (S. cerevisiae) 

1.567 

NM_032810 ATAD1 ATPase family, AAA domain containing 1 1.566 

NM_015934 NOP5/NOP58 nucleolar protein NOP5/NOP58 1.565 

NM_002175 IFNA21 interferon, alpha 21 1.564 

NM_001625 AK2 adenylate kinase 2 1.563 

NM_172006 WFDC10B WAP four-disulfide core domain 10B 1.563 

NM_005063 SCD stearoyl-CoA desaturase (delta-9-

desaturase) 

1.558 

NM_052998 ODC-p ornithine decarboxylase-like 1.557 

NM_030578 MGC4093 hypothetical protein MGC4093 1.556 
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NM_000403 GALE UDP-galactose-4-epimerase 1.555 

NM_032116 KATNAL1 katanin p60 subunit A-like 1 1.552 

NM_018471 LEREPO4 likely ortholog of mouse immediate early 

response, erythropoietin 4 

1.551 

NM_017958 PLEKHB2 pleckstrin homology domain containing, 

family B (evectins) member 2 

1.548 

NM_002842 PTPRH protein tyrosine phosphatase, receptor type, 

H 

1.547 

NM_053034 ANTXR1 anthrax toxin receptor 1 1.547 

NM_018838 DAP13 13kDa differentiation-associated protein 1.546 

NM_024021 MS4A4A membrane-spanning 4-domains, subfamily 

A, member 4 

1.544 

NM_016045 C20orf45 GNAS complex locus 1.539 

NM_004429 EFNB1 ephrin-B1 1.537 

NM_005772 RCL1 RNA terminal phosphate cyclase-like 1 1.533 

NM_022768 RBM15 RNA binding motif protein 15 1.533 

NM_020437 LOC57168 similar to aspartate beta hydroxylase 

(ASPH) 

1.532 

NM_014248 RBX1 ring-box 1 1.531 

NM_024520 FLJ22555 hypothetical protein FLJ22555 1.531 

NM_006023 C10orf7 chromosome 10 open reading frame 7 1.53 

NM_018093 FLJ10439 hypothetical protein FLJ10439 1.53 

NM_014550 CARD10 caspase recruitment domain family, 

member 10 

1.53 

NM_002786 PSMA1 proteasome (prosome, macropain) subunit, 

alpha type, 1 

1.53 

NM_174925 LOC205251 hypothetical protein LOC205251 1.527 

NM_032479 MRPL36 mitochondrial ribosomal protein L36 1.524 

NM_000607 ORM1 orosomucoid 1 1.521 

NM_015523 DKFZP566E144 small-fragment nuclease 1.52 

NM_004225 MFHAS1 malignant fibrous histiocytoma amplified 

sequence 1 

1.519 
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NM_006590 USP39 ubiquitin-specific protease 39 1.519 

NM_005880 DNAJA2 DnaJ (Hsp40) homolog, subfamily A, 

member 2 

1.515 

NM_015001 SPEN RNA-binding motif protein 15 1.514 

L03172 IGKV1-5 immunoglobulin kappa variable 1-5 1.511 

NM_019618 IL1F9 interleukin 1 family, member 9 1.505 

NM_014503 DRIM down-regulated in metastasis 1.505 

NM_033225 CSMD1 CUB and Sushi multiple domains 1 1.503 

NM_018000 FLJ10116 likely ortholog of mouse dilute suppressor 1.502 

NM_005057 RBBP5 retinoblastoma binding protein 5 1.502 

NM_145001 STK32A serine/threonine kinase 32A 1.501 

NM_003387 WASPIP Wiskott-Aldrich syndrome protein 

interacting protein 

1.5 
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Part 3 

Table 1: List of the induced genes related to the transcription in keratinocyte stem cells. This list was established 

using the software DAVID and EASE. 

Common Description 

CCRN4L CCR4 carbon catabolite repression 4-like (S. cerevisiae) 

GATA2 GATA binding protein 2 

KLF4 Kruppel-like factor 4 (gut) 

MXD4 MAX dimerization protein 4 

PHF20 PHD finger protein 20 

PHF20L1 PHD finger protein 20-like 1 

PRDM14 PR domain containing 14 

PRDM6 PR domain containing 6 

RORA RAR-related orphan receptor A 

TBX19 T-box 19 

TBR1 T-box, brain, 1 

  TAF1 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 250kDa 

YAF2 YY1 associated factor 2 

ARX aristaless related homeobox 

N-PAC cytokine-like nuclear factor n-pac 

FOXH1 forkhead box H1 

GFI1 Growth factor independent 1 

HOXB1 homeo box B1 

MGC15631 hypothetical protein MGC15631 

LITAF lipopolysaccharide-induced TNF factor 

MTERF mitochondrial transcription termination factor 

NFAT5 nuclear factor of activated T-cells 5, tonicity-responsive 

PITX1 paired-like homeodomain transcription factor 1 

PPARD peroxisome proliferative activated receptor, delta 
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POGK pogo transposable element with KRAB domain 

  potassium voltage-gated channel, subfamily H (eag-related), member 2 

HSGT1 suppressor of S. cerevisiae gcr2 

TLE4 Transducin-like enhancer of split 4 (E(sp1) homolog, Drosophila) 

ZNF214 Zinc finger protein 214 

ZNF331 Zinc finger protein 331 

ZNF46 zinc finger protein 46 (KUP) 

ZNF499 Zinc finger protein 499 

ZNF550 Zinc finger protein 550 

ZNF565 Zinc finger protein 565 

 

Table 2: List of the genes related to the protein synthesis and translation repressed in keratinocyte stem cells. This 

list was established using the software DAVID and EASE. 

Common Description 

BZW1 basic leucine zipper and W2 domains 1 

EIF2S2 Eukaryotic translation initiation factor 2, subunit 2 beta, 38kDa 

EIF3S4 eukaryotic translation initiation factor 3, subunit 4 delta, 44kDa 

EIF4EL3 eukaryotic translation initiation factor 4E member 2 

IARS isoleucine-tRNA synthetase 

METAP2 methionyl aminopeptidase 2 

RPN2 ribophorin II 

RPL15 ribosomal protein L15 

DKFZp547I014 ribosomal protein L23a 

RPL28 ribosomal protein L28 

RPL36A ribosomal protein L36a 

RPL9 ribosomal protein L9 

RPS21 ribosomal protein S21 

RPLP2 ribosomal protein, large P2 

RPLP1 ribosomal protein, large, P1 
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SUMMARY 
 

 

 

Keratinocyte stem cells (KSCs) from the human interfollicular epidermis 

are regarded as the major target to radiation during radiotherapy. We found 

herein that KSCs are more resistant to ionizing radiation than their direct 

progeny, and presented more rapid DNA damage repair kinetics than the 

progenitors. Furthermore, we provided evidence describing the effect of 

fibroblast growth factor 2 (FGF2) signaling on the ability of KSCs and 

progenitors to repair damaged DNA. Despite our knowledge of the fact, that 

FGF is an anti-apoptotic factor in multiple cell types, the direct link between 

DNA repair and FGF2 signaling has rarely been shown. Existence of such link is 

an important issue with implications not only to stem cell field but also to cancer 

therapy. 

 

 

Key words: Keratinocytes, stem cells, progenitors, human skin, ionizing 

radiation, FGF2, DNA repair 
 

 

 

 

RÉSUMÉ 
 

 

 

Les cellules souches de l’épiderme interfolliculaire humain  sont 

considérées comme étant une cible majeure à l’irradiation pendant la 

radiothérapie. Nous avons démontré que les cellules souches sont plus 

radiorésistantes aux radiations ionisants que les progéniteurs, et présentent une 

cinétique de réparation des lésions d’ADN plus rapide. En outre, nous avons 

démontré l'effet du facteur de croissance FGF2 sur la capacité de réparation 

d’ADN des kératinocytes souches  et progéniteurs. Le FGF2 a été décrit comme 

facteur anti-apoptotique dans différents types cellulaires, mais un lien direct 

entre la réparation d'ADN et la voie de signalisation FGF2 a rarement été 

démontré. L'existence d'une telle liaison a son importance autant dans le 

domaine des cellules souches que dans la thérapie du cancer. 

 

 

Mots clés : Keratinocytes, cellules souches, progéniteurs, irradiation, FGF2, 

réparation d’ADN 


	RACHIDI et al, 2007, Radiother Oncol.pdf
	RACHIDI et al, 2007, Radiother Oncol.pdf
	app18
	Sensing radiosensitivity of human epidermal stem cells
	Methods and materials
	Reagents
	Isolation of keratinocytes
	Cell staining and sorting: clonogenic assay
	Irradiation
	Short-term radiosensitivity: XTT Assay
	Long-term radiosensitivity: colony-forming assay
	Cell-cycle analysis
	DNA microarray hybridisation
	Microarray data analysis

	Results
	Isolation and characterization of progenitor and stem cell populations
	Progenitors and stem cells have different radiosensitivity
	Transcriptome analysis of irradiated progenitors and stem cells

	Discussion
	Acknowledgements
	Supplementary data
	References




