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Abstract
Fessé, P. 2021. Epidermal Melanocyte Response to Radiotherapy. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Medicine 1748. 79 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1201-9.

Cutaneous interfollicular melanocytes protect the skin from UV-radiation (UVR), and their 
response to UVR is well established. To date, the response activated in melanocytes by 
repeated genotoxic insults from radiotherapy (RT) has not been explored. Assuming that the 
molecular pathways involved in the melanocyte response to UVR are similar upon ionizing 
radiation, the aim of this work was to examine the effects of RT concerning UVR-response 
proteins and resistance to DNA damage to reveal mechanisms behind hyperpigmentation and 
depigmentation caused by RT. The results are based on immunostained tissue sections of 530 
not sun-exposed skin punch biopsies. These are collected before, during, and after the end of 
adjuvant RT from the thoracic wall of breast cancer patients and the hip region of prostate 
cancer patients receiving curative RT. Fractionated RT with daily doses between 0.05 and 2.0 
Gy, as well as hypofractionation and accelerated fractionation were investigated. Based on this 
clinical assay sterilizing the hair follicles, excluding migration of immature melanocytes from 
the bulge, it was ensured that interfollicular melanocytes are an autonomous self-renewing cell 
population with cells presenting different degrees of differentiation of which one fourth is 
immature; the melanocytes divide rarely and are absolute radioresistant to any dose schedule 
of RT applied, keeping the number of melanocytes intact. Hyperradiosensitivity to dose 
fractions of 0.05 to 0.3 Gy is observed for DNA double strand breaks (DSBs), differentiation 
and anti-apoptotic signaling. Proliferation is not stimulated and apoptosis is negligible upon 
exposure to RT, and also post-treatment. Melanocyte differentiation is maintained during RT, 
but dedifferentiation occurs after RT ends. The expected activation of the p53/p21 signaling 
upon RT appears in keratinocytes but is attenuated in melanocytes. A new observation is that 
melanocytes constitutively express BMI1, further upregulated upon irradiation, indicating that 
melanocytes have stem cell properties, which suggest that BMI1 prevents apoptosis, terminal 
differentiation and premature senescence and likely allows dedifferentiation by suppressing 
the p53/p21-mediated response to genotoxic damage, in addition to the repression of p16 and 
ARF. Melanocytes exhibit and accumulate a higher amount of DSBs during the RT period 
compared to keratinocytes, indicating reduced repair capacity of DSBs in melanocytes. Thus, 
only efficient pro-survival mechanisms can explain the melanocyte radioresistance regarding 
cell death. The findings in this thesis suggest that melanocytes are protected by activation of 
the BMI1-NF-kappa/β-CXCL8/CXCR2 pathway, in addition to upregulation of Bcl-2 by 
melanocyte-specific MITF (microphthalmia-associated transcription factor).
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1 Introduction 

The focus of this thesis will be on the cutaneous interfollicular melanocyte 
response to radiotherapy (RT). The cascade of the molecular signaling trig-
gered in melanocytes by ionizing radiation (IR) is poorly understood com-
pared to the melanocyte response to ultraviolet radiation (UVR). Improved 
knowledge about the response mechanisms of the melanocytes to IR con-
cerning differentiation, proliferation, apoptosis, senescence, and survival is 
of importance to better understand the cause of hyperpigmentation and 
depigmentation, both frequent side effects from RT. 

1.1 Epidermis  
In human epidermis, melanocytes are a small part of the total amount of cells 
but play an extensive role in protection from UVR by providing  pigmenta-
tion that are characteristics of the human population. 

The skin has three different basic structures, epidermis, dermis and subcu-
tis (Figure 1). The function of skin is to provide a physical barrier against 
mechanical, chemical and microbial factors that can affect the body. The 
epidermis consists of three cell types: keratinocytes, melanocytes and Lang-
erhans cells. Keratinocytes constitute a multi-layered epithelium. The mela-
nocytes in humans are present in the interfollicullar epidermis on the base-
ment membrane of the epidermal-dermal junction, and in the hair follicles. 
The dermis gives a mechanical protection, plays an important role for the 
nutrition of the epidermis, and contains fibroblasts, mast cells, macrophages, 
collagen, elastin, blood vessels, lymph vessels and nerves.  Subcutaneous fat 
tissue  connects dermis to underlying tissue components (Burns et al., 2008). 

The keratinocytes form four cell layers. Melanocytes are located to the 
bottom cell layer of epidermis (Figure 1). This basal cell layer is separated 
from dermis by the basement membrane and consists of keratinocyte stem 
cells and transit amplifying cells; about every sixth cell in this cell layer is a 
melanocyte. Merkel cells are also sporadically located in the basal cell layer. 
The next two cell layers, stratum spinosum, consist of differentiated 
keratinocytes with limited capacity for cell division and in the outermost 
layer, stratum granulosum, the keratinocytes lack the cell nucleus and pro-
duce keratin to the outer stratum corneum. Stratum corneum contains nonvi-
able, but biochemically active, cells. The cornified cells provide a barrier 
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against the potentially damaging physical and chemical agents in the envi-
ronment and reduce trans-epidermal water loss (Sarkar and Gaddameedhi, 
2020).  Langerhans cells occur scattered in the epidermis and have an immu-
nologic function by representing the antigen-presenting cells of the skin. 

 
Figure 1. Epidermal structures with marked keratinocyte and melanocyte.  
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1.2 Melanocytes and their function in epidermis 
To understand the response of melanocytes to different genotoxic agents 
requires knowledge of their development and formation into epidermis and, 
also normal function.  

1.2.1 Development  
The development, formation and function of the interfollicular melanocytes 
in the epidermis are determined by their origin from the neural crest. Derived 
from a multipotent stem cell population, a bipotential glial-melanocyte line-
age progenitor passes into melanocyte precursor cells, melanoblasts (Liu et 
al., 2014). During embryonic development, melanoblasts undergo a coordi-
nated migration and proliferation, increasing their numbers sufficiently to 
colonize the interfollicullar epidermis and hair follicles. Multiple genes like 
tyrosine kinase receptor (c-Kit), microphthalmia-associated transcription 
factor (MITF), paired box gene 3 (PAX3), and SRY-box containing gene 10 
(SOX10) are expressed in neural crest cells committed to differentiate into 
melanocytes (Baxter et al., 2009; Hornyak, 2006). SOX10 is crucial for 
commitment to the melanocyte lineage and expressed in progenitor cells and 
early differentiated melanocytes (Harris et al., 2013; Shakhova et al., 2015). 
Expression of MITF is regarded as the key event in melanocyte specification 
from neural crest cells (Cooper and Raible, 2009; Levy et al., 2006; 
Opdecamp et al., 1997).  

As the first step towards differentiation, the melanoblasts express do-
pachrome tautomerase (DCT)/tyrosinase-related protein-2 (TRP-2), some-
what later tyrosinase-related protein-1 (TYRP1/TRP-1) and tyrosinase 
(TYR) are expressed (Hornyak, 2006). MITF plays a central role of melano-
cytic development and function. MITF is required for melanocyte differenti-
ation and melanin synthesis, survival, cell motility, and cell cycle progres-
sion (Cheli et al., 2010). During melanocyte development, PAX3 in synergy 
with SOX10 activates transcription of MITF (Kubic et al., 2008). Both 
PAX3 and SOX10 play a crucial role in maintaining melanocyte stem cells 
located in the bulge of the hair follicle (Harris et al., 2013; Lang et al., 
2005). MITF and SOX10 cooperate to induce transcriptional activation of 
DCT and initiate differentiation (Kubic et al., 2008). Melanoblasts do not 
express melanocyte specific proteins like MITF, TYR, TYRP1, DCT or 
MART-1 (Passeron et al., 2007). Therefore, melanoblasts are difficult to 
identify and localize. In human adult skin, a regenerative pool of melanocyte 
stem cells is localized within the niche in the bulge of the hair follicle 
(Inomata et al., 2009; Nishimura et al., 2005). These stem cells are quiescent 
and considered to be a reservoir that is engaged at each hair cycle and sup-
plying the interfollicular melanocytes as needed during adulthood (Bertrand 
et al., 2020). However, the finding of a subset of SOX10 stained cells in the 
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interfollicular epidermis means that immature melanocytes exist within this 
cell population. There are two reports confirming that melanocytes in the 
interfollicular epidermis have a variable differentiation status (He et al., 
2010; Medic and Ziman, 2010).  

1.2.2 Function  
In the interfollicular epidermis about every sixth cell is a melanocyte (Lin 
and Fisher, 2007; Park et al., 2007). One melanocyte is associated with about 
36 keratinocytes and one Langerhans cell. The number of melanocytes is 
around 12.6±0.9 (SE) per millimeter of the basement membrane (Yamaguchi 
et al., 2008). Melanocytes divide very rarely and remain for a long time in 
the basal layer (Sarkar and Gaddameedhi, 2020). There is no difference in 
the number of melanocytes in different skin locations or skin types, but mel-
anocytes differ in the melanogenic activity, the type of melanin produced in 
melanosomes and the size, number and packaging of melanosomes. The 
melanocytes form networks through their dendrites that reach all cells in the 
epidermis (Costin and Hearing, 2007). The melanin is produced in special-
ized organelles called melanosomes and is distributed through the tips of the 
dendrite of the melanocyte to adjacent keratinocytes. The melanin granules 
form a shield over the sun-exposed side of the nuclei of the keratinocytes. 
The melanin scatters UVR to avoid deeper penetration and absorb free radi-
cals produced by UVR. Pigment granules are distributed in the different 
layers to upper epidermis to protect the underneath cell layers with dividing 
keratinocytes and the upper part of dermis (Tadokoro et al., 2005).  

Besides the important role for melanin production, the melanocytes are 
involved in several biological processes through interaction with cells in 
their neighborhood through paracrine and juxtacrine signaling. In the first 
place, paracrine signaling from the keratinocytes directs differentiation and 
melanin synthesis (Cui et al., 2007; Moustakas, 2008; Yang et al., 2008), and 
fibroblasts, endothelial cells supply hormones and cytokines via the blood  
with the ability to regulate the synthesis of pigmentation of the melanocytes 
(Yamaguchi and Hearing, 2009). MITF is responsible for regulation of the 
major enzymes in the melanin synthesis, which are Tyr, Tyrp-1, DCT, 
PMEL and MLANA (Bertolotto et al., 1998; Costin and Hearing, 2007; Du 
et al., 2003; Hodgkinson et al., 1993; Hughes et al., 1994; Yasumoto et al., 
1994). Besides the key role of MITF in melanin synthesis, MITF has central 
functions in the response to DNA damage and proliferation (Figure 2) 
(Goding and Arnheiter, 2019). MITF is involved in melanocyte stem cell 
maintenance (Nishimura et al., 2005). Notably, PAX3 as a key regulator of 
MITF controls proliferation and survival of immature melanocytes (Kubic et 
al., 2008). 

Studies of vitiligo patients demonstrated presence of melanocyte precur-
sors in the hair follicles of vitiligo-depigmented skin (Birlea et al., 2017). 
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UVR stimulates migration of the precursor cells to the interfollicular epi-
dermis where they are able to differentiate, resulting in re-pigmentation to 
some extent. An accepted model in humans is that the immature melanocytes 
present in the interfollicular epidermis have migrated from the bulge of the 
hair follicles. 

Figure 2. MITFs different regulations of the melanocyte function. 

1.3 Radiation as a genotoxic treatment 
Melanocyte response to UVR is well characterized, while the effects induced 
by IR or its use in RT are still not investigated in detail. UVR is the major 
environmental factor responsible for the occurrence of skin tumors, in par-
ticular malignant melanoma with a high risk of mortality (Miller et al., 
2010). RT for eradication of cancer is usually associated with various de-
grees of fibrosis, and induction of secondary malignancies is not negligible. 

1.3.1 UV radiation 
UVR can be divided into three groups according to wavelength, measured in 
nanometers (nm), UVA (320-400 nm), UVB (280-320 nm) and UVC (200-
280 nm). The ozone in the atmosphere absorbs all UVC and a large amount 
of the UVB. UVB radiation reaches the basal layer, and stimulates the inter-
follicular melanocytes to melanin synthesis followed by tanning (Tadokoro 
et al., 2005). UVA causes immediate response of existing melanin or mela-
nogenic precursors due to the generation of reactive oxygen species (Choi et 
al., 2010). Upon UVR melanocytes increase their dendrites’ length and 
branching, which increases the melanin transfer to adjacent keratinocytes 
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(Arnette et al., 2020). After repetitive exposure of UVB or combined with 
UVA the expression of melanocyte-specific genes TYR, DCT, MITF and 
MART-1 increases substantially (Choi et al., 2010). High levels of MITF, 
MART1 and TYR persist several weeks after UVR. Elevated levels of 
MART1and TYR may exist for more than one year (Brenner et al., 2009). 
Thus, UV-induced molecular changes can persist in the melanocytes without 
visible pigmentation. In adult skin, PAX3 expression is restricted to the less 
differentiated melanocyte and is absent in fully matured and terminally dif-
ferentiated melanocytes (Medic and Ziman, 2009). PAX3 is suppressed in 
the absence of activating signals (Yang et al., 2008). Similarly, SOX10 is 
expressed in immature and early-differentiated melanocytes but is down 
regulated in terminally differentiated. Nuclear SOX10 is visible by immuno-
histochemical staining in a subset of normal human melanocytes located in 
the basal layer of the epidermis (Mascarenhas et al., 2010; Nonaka et al., 
2008). Upon UVR exposure, PAX3 and SOX10 act synergistically to initiate 
and prepare for the differentiation of the melanocytes and the melanin syn-
thesis. Simultaneously, PAX3 prevents terminal differentiation, thereby res-
cuing the subset of immature melanocytes from depletion (Kubic et al., 
2008; Lang et al., 2005).  

Paracrine signaling through secretion of cytokines from keratinocytes 
substantially regulates epidermal melanocyte survival, formation of den-
drites, melanin synthesis and their expression of cell surface receptors. The 
importance of the paracrine control of the melanocytes exerted by the 
keratinocytes is supported by the finding that UVR-exposed melanocytes 
adjacent to keratinocytes have a superior survival rate compared to melano-
cytes without neighboring keratinocytes (Bivik et al., 2005). The secretion of 
TGF-β from the surrounding keratinocytes regulates normal melanocytes. 
Constitutive TGF-β signaling suppresses PAX3 in the less mature melano-
cytes, maintaining them in a quiescent non-proliferating and non-melanin 
producing state (Figure 3) (Yang et al., 2008). UVR exposure represses 
TGF-β in keratinocytes through activation of ATM/ATR/p53 and the JNK 
pathways, resulting in upregulation of PAX3 in the melanocytes. 
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Figure 3. Paracrine signaling to the melanocyte and the effects of UVR, illustration 
modified from Moustakas (2008). 

1.3.2 Radiotherapy 
More than 100 years ago, RT with IR started to be used for cancer treatments 
and since has been developed over time. Today’s technique solutions deliver 
treatments, which are normal tissue sparing minimizing side effects. RT 
destroys tumor cells by assaulting the genome with damage. At the same 
time, these treatments add DNA damage to normal cells, which progresses to 
both reversible (acute) and irreversible (late) effects influencing normal tis-
sue functions. Clinical external beam therapies use single fields or the com-
bination of several fields, intensity-modulated radiation therapy (IMRT) and 
volumetric-modulated arc therapy (VMAT). The SI-unit for the radiation 
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dose is Gray (Gy) and 1 Gy is defined as absorbed radiation dose of 1 
Joule/kilogram. In general, linear accelerators are used for external RT.  
These produce high photon energies and electrons of variable energies. Both 
radiation qualities deliver low linear energy transfer (LET) radiation. A radi-
ation dose of 1 Gy to a cell produces over 1000 base damages, approximate-
ly 1000 single-strand breaks and 20-40 double-strand breaks (DSB). DSBs 
cause the most serious genetic insults (Blackford and Jackson, 2017; Hustedt 
and Durocher, 2016; Vignard et al., 2013). RT/IR in this thesis refers to low-
LET radiation as all patients included in the studies were irradiated with this 
radiation quality.   

Fractionated RT takes advantage of the difference in DNA repair mecha-
nisms between normal and tumor tissues. In fractionated RT, tissues are 
exposed to repeated DNA damage over several weeks. Therefore, the cellu-
lar response will ultimately be determined by the cell-type specific inherent 
radiosensitivity and the kinetics of DSB repair and checkpoint recovery be-
tween dose fractions. The molecular comprehensive signaling induced by 
DNA damage is referred to as the DNA damage response, DDR. In cell kill-
ing by RT, the DNA DSBs are considered to be the most important type of 
cellular damage. DNA damage translates into cell-specific tissue responses 
in a manner that depends on the dose per fraction, the interval between frac-
tions, the total dose administered, and the length of treatment period. Im-
portantly, the DNA damage inflicted to various normal cell types is often 
dose-limiting for therapeutic approach with genotoxic treatments. The mech-
anisms involved in the DDR is a research area that has gained increasing 
attention because of the understanding that accumulation of unrepaired and 
persistent DNA damage causes a variety of diseases, including cancer, and 
also contributes to the normal aging process (Jackson and Bartek, 2009). For 
many different cancer in situ changes, it has been demonstrated that the 
DDR is highly activated (Bartkova et al., 2005; Gorgoulis et al., 2005). The 
DDR in these circumstances is considered to constitute an anti-cancer barri-
er. But still, the knowledge about how DDR induced by various dosages 
used in RT manifested in molecular terms, cellular functions, and tissue 
damage is incomplete. 

1.3.3 Low dose radiation 
Fractionated RT always affects the skin, but to various degrees dependent on 
the technique, which determines the dose to the critical basal layer.  

Radiation damage to the basal cell layer results in a reduction of the cell 
number with a continuous thinning of the epidermal layers (Harney et al., 
2004; Joiner et al., 2001; Turesson et al., 2010; Turesson et al., 2020). Ra-
diation damage to the interfollicular melanocytes provided by RT often re-
sults in persistent hyperpigmentation or depigmentation. 



 19

Exposures to low doses of radiation have been studied for both UVR and 
IR.  The mechanisms that are involved in melanocyte activation and pigmen-
tation by repeated sub-erythema low doses of UVR are complex. Sub-
erythema low doses of UVR are sufficient to alter the expression of cell cy-
cle proteins (Cheli et al., 2010; Narbutt et al., 2009). Narbutt et al. (2009), 
but does not induce pigmentation and photo protection. Choi et al. (2010) 
did not find any paracrine melanogenic factors after repetitive UVR expo-
sure either at the gene expression or protein level but suggested a regulation 
effect on the receptor level. This could be due to the fact that low doses of 
UVR are more physiological and produce much lower levels of inflamma-
tion and vasodilation of local blood vessels compared to single acute irradia-
tion of UVB.    

In cancer treatment, the increasing use of IMRT and VMAT dose delivery 
to escalate the dose to the tumor entails that large normal tissue volumes are 
exposed to low and moderate doses of radiation.  The risks and consequenc-
es of using these techniques have motivated an interest in understanding the 
effects following sub-therapeutic doses, particularly for the cell types that 
respond with hypersensitivity (HRS) to very low doses of IR. Increased cell 
killing after exposure to low doses of IR (less than 0.5 Gy) has been demon-
strated. Possible mechanisms behind this effect have been related to a 
threshold dose necessary for an efficient repair of DNA DSBs (Bakkenist 
and Kastan, 2003; Joiner et al., 2001).  

The effect of irradiation on cells is strongly influenced by their position in 
the cell cycle, with cells in S-phase being more radioresistant regarding mi-
totic cell death than cells in G2 or mitosis (Figure 4). Cells in G0 phase are 
also more radioresistant than cycling cells. HRS regarding cell killing has 
been observed for doses below 0.3 to 0.5 Gy for many cell lines in vitro 
(Marples and Collis, 2008). Above that dose range these cells typically 
demonstrate increasing radioresistance. In many different cell lines from 
animal and human normal tissues, HRS followed by induced radioresistance 
(IRR)  has been established (Joiner et al., 2001; Wouters et al., 1996).  

The HRS phenomenon raises two main concerns: whether the higher ef-
fectiveness in the cell kill might be associated with more pronounced side 
effects, and whether the higher amount of DNA damage per dose unit in-
creases the risk of carcinogenesis (Barcellos-Hoff and Nguyen, 2009). Clini-
cal studies of the effects of IR assessed in skin samples have established that 
low-dose HRS exists below dose fractions of 0.3 Gy for keratinocytes for 
several endpoints: induction of DNA DSBs, growth arrest in the basal cell 
layer, apoptosis, and loss of keratinocytes in the basal layer (Qvarnstrom et 
al., 2009; Simonsson et al., 2008; Turesson et al., 2010). The low-dose HRS 
that was followed by IRR in the keratinocytes persisted for all measured 
effects over an RT course of 7 weeks, given with daily dose fractions of 
0.05-1.10 Gy. Whether the HRS/IRR phenomenon also exists in epidermal 
melanocytes is investigated in this thesis. 
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1.4 DNA damage response 
Over the last two decades, the cellular DDR to IR and UVR has been charac-
terized regarding the essential pathways for induced cell-cycle checkpoints 
and the repair of various types of DNA lesions. The p53/p21 pathway is 
highly important in the cellular response to DNA damage (el-Deiry et al., 
1993; Kastan et al., 1991; Zhou and Elledge, 2000). The transcription factor 
p53 is phosphorylated and stabilized upon genotoxic stress, reflected in a 
strong expression in the nucleus. The p53 protein activates the transcription 
of p21, a key player in the regulation of cell-cycle progression, both under 
normal cellular homeostasis (Arora et al., 2017; Cazzalini et al., 2010; 
Harper et al., 1995; Spencer et al., 2013; Weinberg and Denning, 2002) and 
upon genotoxic stress, in particular well characterized following IR (Sohn et 
al., 2006; Wouters et al., 1999). Impressive efforts have been made to under-
stand the repair mechanisms of DNA DSBs.  

1.4.1 Paracrine response of interfollicular melanocytes  
It has been recognized that significant regulation of melanocytes occurs 
through cell to cell interactions between keratinocytes and melanocytes 
(Hirobe, 2005). Keratinocytes secrete factors to melanocytes to promote 
melanin synthesis and support repair of DNA damage, in particular induced 
by UVR (Arnette et al., 2020). Preferentially in keratinocytes, genotoxic 
damage, like UVR and IR, induces increased expression of p53, that leads to 
transcription of the pro-opiomelanocortin gene and the production of mela-
nocyte-stimulating hormone (α-MSH), ACTH, and β-endorphin involved in 
melanogenesis and tanning addiction (Bowen et al., 2003; Hirobe, 2005; 
Kulesz-Martin et al., 2005; Nguyen and Fisher, 2019).  

Upon DNA damage from skin irradiation an elevated expression of the 
p53 protein in the keratinocytes is the result of ATM/ATR/p53 and JNK 
signaling. The p53 protein exerts at least three regulatory functions of mela-
nocytes (Figure 3). First, p53 suppresses TGF-β in keratinocytes, which re-
sults in upregulation of PAX3 in melanocytes. Secondly, p53 activates pro-
duction of α-MSH. The ligand α-MSH activates the melanocortin-1 receptor 
(MCIR) on melanocytes (Cui et al., 2007; Moustakas, 2008; Yang et al., 
2008). α -MSH/MCIR induces the cAMP (cyclic adenosine monophosphate) 
pathway and response element binding protein (CREB) mediating transcrip-
tion of MITF (Bertolotto et al., 1998; Price et al., 1998). SOX10 is upregu-
lated independent of p53 through the inhibition of ATR function in melano-
cytes under genotoxic stress (Ho et al., 2012). For the melanin synthesis 
PAX3 has to cooperate both with SOX10 and CREB (Huber et al., 2003). 
This complex regulates the transcription of MITF and pushes immature mel-
anocytes to enter differentiation and initiate melanin synthesis, which also 
increases in the more mature melanocytes (Lang et al., 2005; Nishimura et 
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al., 2005). Thirdly, p53 induces the stem cell factor (SCF) expression in 
keratinocytes. SCF is the ligand of the c-Kit receptor on the melanocytes 
(Murase et al., 2009). Immature human cutaneous melanocytes have been 
found to stain for the c-Kit receptor (Grichnik et al., 1996). C-Kit signaling 
is required for the survival and/or migration of melanoblasts. Furthermore, 
SCF/c-Kit signaling is another pathway that activates MITF (Grichnik et al., 
1996; Hou and Pavan, 2008).  

The current knowledge that proteins like p53 and p38 involved in the 
DDR of keratinocytes upon UVR via paracrine signaling regulate the effects 
on melanocytes is so far established in human foreskin (Cui et al., 2007; 
Yang et al., 2008), in organ culture of human skin (Murase et al., 2009), and 
for the bulge of hair follicles in mice (Nishimura et al., 2010). In adult inter-
follicular human epidermis, keratinocyte-melanocyte interactions upon UVR 
are not yet presented. Furthermore, whether the paracrine cytokine signaling 
from keratinocytes to melanocytes manifested upon DNA damage from 
UVR is true also for IR, other genotoxic agents and for genotoxic stress in 
general is not established. 

1.4.2 DNA double-strand breaks 
Induced structural changes in the nuclear chromatin as caused by DNA 
DSBs is sensed by a protein complex, which then recruits a lot of proteins to 
the break site. Efficient repair of DSBs is critical for the cell as unrepaired or 
misrepaired DSBs can lead to genomic instability resulting in malignant 
transformation or cell death. DNA DSBs can be identified by the large clus-
ters of proteins which accumulate at the break. Among these proteins, the 
phosphorylated histone, γH2AX, and the p53 binding protein 1, 53BP1, can 
be visualized with immunostaining already within minutes after the DSB 
damage is inflicted (Bonner et al., 2008; Schultz et al., 2000). These surro-
gate markers for a DSB are useful for studies of dose dependent induction of 
DSBs and their repair kinetics upon genotoxic exposure (Qvarnstrom et al., 
2017). A great advantage of using γH2AX and 53BP1 for detecting DSBs is 
that both can be applied to formalin-fixed and paraffin-embedded tissue 
samples (Qvarnstrom et al., 2017, 2021; Turesson et al., 2020). For example, 
both γH2AX and 53BP1 contribute with specific information about how 
DNA lesions are handled in individual cells within their tissue context at 
clinically relevant levels of DNA damage. Both proteins are also commonly 
used as biomarkers for evaluation of DSBs in radiation biology and radiation 
protection (Jakl et al., 2020). 

BMI1 (B lymphoma Mo-MLV insertion region 1) is a stem cell factor 
that belongs to the polycomb family. After radiation, BMI1 is reorganized at 
the chromatin and recruits ATM and co-localizes with γH2AX. In the DDR 
machinery it is crucial that ATM is recruited especially to the heterochroma-
tin as this is required for repair of DSBs associated with heterochromatin. 
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Therefore, BMI1 is considered to facilitate repair of DSBs and contribute to 
radioresistance, as demonstrated for neural stem cells (Facchino et al., 2010; 
Goodarzi et al., 2008; Lin et al., 2015). 

SWI/SNF complexes are ATP dependent chromatin remodeling enzymes 
that play an important role in transcription. During cellular differentiation, 
the chromatin structure of previous silent genes becomes accessible upon 
activation of gene expression. It has been demonstrated that MITF-mediated 
activation of melanin-synthesizing enzymes requires the SWI/SNF complex-
es. Thus, SWI/SNF is necessary for MITF regulation of the melanocyte dif-
ferentiation. In this process MITF recruits SWI/SNF complexes to the pro-
moters of the melanocyte-specific genes responsible for the melanin synthe-
sis. At this location, SWI/SNF enzymes remodel the chromatin in order to 
activate gene expression (de la Serna et al., 2006) and play a central role as 
cofactor in controlling expression of MITF target genes.  

It has recently been established that mammalian SWI/SNF complexes 
prevent DNA damage-induced apoptosis. This is in part related to the ability 
of SWI/SNF to facilitate repair of DNA DSB (Park et al., 2009). Thus, the 
SWI/SNF complexes have an outstanding impact on the fate of melanocytes 
by driving differentiation and preventing apoptosis upon genotoxic insult.  

1.4.3 Proliferation, apoptosis and senescence  
The total number of cells in a population is determined by the rate of cell 
proliferation minus the rate of cell death. Proliferation and cell division is 
carefully regulated. In the first phase (G1) of the cell cycle, the cell will 
grow and become larger. Progression through G1 is affected by availability 
of growth factors and nutrients. When the cell reaches a certain size, it enters 
the next phase, the DNA synthesis phase (S phase). Here, the genome is 
doubled (DNA replication) so that an identical copy of each chromosome is 
formed. During the next phase (G2), the cell checks that the DNA replication 
has been performed flawlessly and prepares for division. In the mitotic phase 
(M) the chromosomes are separated and the cell then divides into two daugh-
ter cells. Through this mechanism, the daughter cells get the identical chro-
mosome set as the mother cell. After division, the cells arrest in a quiescent 
state (G0) until mitogen stimulation pushes them into the cell cycle, or di-
rectly enters the cell cycle (Figure 4).  

Cyclins bind to cyclin dependent kinases (CDKs). Together, specific  
CDKs  and cyclins drive the cell from one phase of the cell cycle to the next 
(Alvarez-Fernandez et al., 2010). To exit G0 and enter G1, cells are depend-
ent on phosphorylation of pRb at serine 807/811 (Ren and Rollins, 2004). 
Ki-67, so far mostly used to estimate the proportion of cycling cells in a cell 
population, is expressed exclusively in all cycling cells. Cyclin A forms a 
complex with CDK2 and is active in the S and G2 phases and degraded in 
M.  Cyclin B1 forms a complex with CDK1 and is active in phases G2/ M. 
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Cyclin E forms complexes with CDK2 and is mainly found in late G1 phase 
or early S phase (Otto and Sicinski, 2017).  

Figure 4. The cell cycle phases and the cyclin activity during and cell cycle progres-
sion 

Induction of DNA damage activates different pathways arresting the cell 
cycle progression at certain positions, called checkpoints, to permit DNA 
repair. MITF activity has impact on the proliferation of melanocytes through 
the regulation of CDK2 expression (Du et al., 2004) and involved cyclins 
(Strub et al., 2011).  

MITF impedes the proliferation of melanocytes through transactivation of 
p21, p16 and p27, maintaining the melanocytes in G0/G1 arrest. On the other 
hand, MITF can promote proliferation by transcription of CDK2 under cer-
tain circumstances and simultaneously repress p21, p16 and p27 (Cheli et al., 
2010).  

The stem cell factor, BMI1, is expressed in adult neural stem cells and 
early progenitors and is of importance for their self-renewal (Molofsky et al., 
2003). Melanocytes are derived from the neural crest like neural stem cells 
(Sommer, 2011), but the presence and role of BMI1 expression in melano-
cytes has not yet been established. BMI1 is a transcriptional repressor. One 
important target of BMI1 is the INK4A/ARF gene locus that encodes 
p16INK4A and p14ARF, which function in the pRb and p53 pathways, re-
spectively, and regulate senescence and proliferation (Jacobs et al., 1999; 
Lowe et al., 2004; Sharpless and Sherr, 2015). In addition, BMI1 mediates 
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resistance to apoptosis upon genotoxic treatments through activating NF-
kappa/β.   

Cell death may occur through apoptosis, mitotic failure, or autophagy, 
mainly via activation of the ATM/p53 pathway in non-malignant tissues. An 
alternative response of this signaling is complete DNA-damage repair and 
reversible cell cycle arrest, or otherwise permanent arrest manifested as ter-
minal differentiation or senescence. The progression of DNA damage to cell 
death, terminal differentiation or senescence is cellular- and tissue depend-
ent, and also related to the amount DNA damage inflicted (Krenning et al., 
2019; Vousden and Prives, 2009). Apoptosis is a programmed cell death 
regulated and controlled through biochemical events that leads to character-
istic cell changes. Melanocytes actively express the apoptosis inhibitor Bcl-2 
(Bowen et al., 2003), which has been ascribed to be one of the key factors to 
protect melanocytes from apoptosis. The Bcl-2 expression is upregulated by 
MITF (Hornyak et al., 2009; McGill et al., 2002). A close relationship be-
tween Bcl-2 and MITF is easily understood as melanocytes must survive 
UVR to defend their task of producing melanin. With this background, one 
may expect a general resistance of melanocytes to DNA damage.  

Radiation damaged cells with unrepaired and persistent DNA DSBs can 
cause a cell-specific immunological response by activating pro-inflammatory 
cytokines and chemokines (Orjalo et al., 2009; Rodier et al., 2009; Schaue et 
al., 2012). NF-kappa/β is a key transcription factor, which is activated by 
DNA DSBs via ATM-NEMO, and induces secretion of interleukin 6 and 8 
and upregulation of their ligand CXCR2, acting in positive feedback with 
NF-kappa/β (Acosta et al., 2008). Long-lasting activity of NF-Kappa/β and 
secretion of IL-6 and IL-8 requires recruitment of ATM to the chromatin 
(Hinz et al., 2010; Malaquin et al., 2020). Both interleukins attract innate 
immunological cells for elimination of severely DNA-damaged cells (Acosta 
et al., 2008; Hellweg, 2015; Kuilman et al., 2008). NF-kappa/β activity also 
results in upregulation of Bcl-2 and several other anti-apoptotic proteins. 

The above response mechanisms are ascribed to premature senescence, a 
stable proliferation arrest that mostly is induced by persistent DNA DSBs. 
Senescent cells have an active metabolism but are resistant to mitogen and 
oncogenic stimuli. This is a particularly important response mechanism with 
the potential to cause permanent consequences of genotoxic treatments like 
premature aging and tissue dysfunction, as well as malignant transformation 
(d'Adda di Fagagna, 2008; Galbiati et al., 2017; Gorgoulis et al., 2019; 
Sharpless and Sherr, 2015). 
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2 Rationale 

In the basal layer of the epidermis, cutaneous melanocytes have the crucial 
function of protecting the skin from UVR. UVR is the major environmental 
factor that causes DNA damage to the epidermal cells which may result in 
malignant transformation and skin cancer. Epidermal melanocyte response to 
IR as it is applied in RT to cancer patients has not yet been investigated. The 
importance of paracrine communication and regulation of melanocytes from 
neighboring cells, in particular, adjacent keratinocytes, which is well estab-
lished for UVR, is unknown for IR. The paracrine signaling requires in situ 
studies to reveal the true molecular activities behind the response of melano-
cytes to genotoxic stress, which is a prerequisite for understanding the origin 
of depigmentation and hyperpigmentation, frequent side effects of RT. 

The knowledge of how melanocytes respond to UVR is relevant for iden-
tification of proteins involved in the melanocytes response to IR. Both UVR 
and IR cause base damage and single-strand breaks to DNA, but DSBs occur 
more often upon IR. The increased use of IMRT and VMAT in cancer 
treatment means that large normal tissue volumes are exposed to low and 
moderate doses of radiation. Therefore, there is a need of studies of RT cov-
ering the whole range of fraction sizes, from the lowest doses per fraction up 
to therapeutic dose fractions, usually about 2.0 Gy, and different total doses. 
Cutaneous interfollicular melanocytes are radioresistant, supposed to be 
associated with a pronounced repair capacity for DNA damage. Dose de-
pendent induction of DNA DSBs inflicted by IR and the following molecular 
signaling has not yet been described for melanocytes. The skin is available 
for multiple biopsy sampling, and immunohistochemistry is a straightfor-
ward way to assess protein expressions upregulated upon repeated genotoxic 
exposures, as provided by RT, for various cell types in tissue sections of the 
skin. In particular, to reveal the paracrine regulation of melanocytes such 
observations might be indicative for further molecular characterization with 
more sophisticated techniques.  
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3  Aims 

3.1 General aim 
The aim of this thesis is to reach an improved understanding of the DNA 
damage response to IR concerning differentiation, proliferation, apoptosis, 
senescence, and survival, to reveal the mechanisms behind hyperpigmenta-
tion and depigmentation caused by RT. 

3.2 Specific aims 
Study I 
To examine the response of subcutaneous interfollicular melanocytes to multi-
fraction low doses of IR by using UVR-related molecular markers for density, 
differentiation, proliferation and survival. 

Study II 
To determine the changes in the number of interfollicular melanocytes to 
conventional, accelerated and hypofractionated dose schedules of RT.  

Study III 
To examine the DNA damage response of interfollicular melanocytes upon 
RT with daily 2.0 Gy fractions by using molecular markers involved in dif-
ferentiation, proliferation, apoptosis, senescence and survival. 

Study IV 
To compare the dose dependent induction and accumulation of DNA DSBs 
between epidermal melanocytes and keratinocytes to daily doses per fraction 
in the range of 0.05 to 2.0 Gy applied for 5 to 7 weeks for the patients in-
cluded in Study I and III. 
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4 Materials and methods 

This PhD-project was initiated in 2007 and investigates melanocyte response 
to fractionated IR. Four experimental studies are included in this thesis. In 
Study I-IV, multiple skin punch biopsies at predetermined intervals were 
taken before, during or after completion of treatment.  The objective was to 
assess the response of interfollicular melanocytes to multi-fraction IR using 
molecular markers identified for the melanocyte response upon UVR expo-
sure, regarding low-dose HRS, proliferation, differentiation, senescence, 
survival; in addition induction and accumulation of DNA DSBs in melano-
cytes and keratinocytes were compared upon various dose schedules of RT. 
All individuals in the studies were recruited at Sahlgrenska University Hos-
pital in Gothenburg, Sweden. Approval was obtained from the Ethical 
Committee at the University of Gothenburg. All patients gave their written 
informed consent prior to participation.  

4.1 Patients 
All recruited patients belong to a Swedish population from the region Västra 
Götaland, having skin type 2 and 3 (Fitzpatrick, 1988; Roberts, 2009). The 
recruitment of patients is presented in Table 1. 

Table 1. Patients included in the studies 
Study Intent Diagnosis Recruitment 

Years 
Number of 
Patients 

Age 
Distribution 

Median 
Age 

I+IV Curative Prostate 
cancer 

2003-2005 
(Turesson et 
al., 2010) 

33 49-74 66 

II Curative post- 
mastectomy 

Breast  
cancer 

1988-1993 
(Nyman et al, 
1994) 

20 40-85 63 

III+IV Curative post- 
mastectomy 

Breast  
cancer 

2005-2007 15 48-75 57 
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4.2 Radiotherapy schedules 
In the studies, the exact location for each individual biopsy taken was regis-
tered and the dose at a depth of 0.1 mm below the skin surface was carefully 
determined; this depth is relevant for assessment of the cellular response in 
the basal layer of epidermis. Dosimetric issues of concern in these cohorts 
were related to the dose gradients in the penumbra region and the build-up 
and build-down gradients at the skin surface. Accurate and reliable dose 
determinations are a prerequisite for dose response studies involving both 
the low and conventional dose range. The absorbed dose determination at the 
location of each skin biopsy was based on a series of ionization chamber 
measurements for the individual field setups. The locations of each sample 
in relation to the treatment fields were transferred to a transparency film and 
were compared with the dose plan to compensate for possible deviations 
from the intended biopsy locations (Nyman and Turesson, 1994; Simonsson 
et al., 2008; Turesson et al., 2010).   

For the prostate cancer cohort included in Study I and IV, the dose to the 
tumor was prescribed according to ICRU50 (1993). All these patients re-
ceived 35 fractions of 2.0 Gy daily for 7 weeks to the prostate. Photons 11 or 
15 MV applied in a 3-field technique with one anterior field and opposed 
lateral fields with wedges was the standard treatment. A 5-mm bolus was 
added on left lateral field. The breast cancer patients in Study III and IV 
received 25 fractions of 2.0 Gy daily for 5 weeks. RT was given to the tho-
racic wall with opposed tangential fields using photons, 5 MV, and a tissue-
equivalent bolus of 5 mm in a 5 to 10 cm broad strip covering the surgical 
scar (Simonsson et al., 2008; Turesson et al., 2010). In Study I and IV, the 
estimated maximum uncertainty of the determined doses was less than 12 % 
for the two lower doses and less than 7 % for the two higher doses. The av-
erage and standard deviation of the individual dose estimations for each bi-
opsy taken from the four different sites for all 33 patients was 0.05 ± 0.01, 
0.13 ± 0.05, 0.44 ± 0.03, and 1.09 ± 0.08 Gy. The skin dose to each biopsy 
taken from the breast cancer patients was 100 % of the prescribed dose. 

In Study II, RT to the thoracic wall was given with electrons with bolus 
over the mastectomy scar. Four different fractionation schedules and dose 
levels were evaluated, calculated to be equivalent to 5 times 2.0 Gy/week 
and 25 fractions in 5 weeks according to the cumulative radiation effect 
model (Kirk et al., 1971) and the total effect using the LQ-IR-model 
(Thames, 1985).  

RT was given with the following schedules: 
• daily fractions of 2.0 Gy applied 5 times per week to a total dose 

of 50 Gy 
• 2.0 Gy applied twice a day (8-hour interval) and 5 times per week 

to a total dose of 50 Gy  
• 2.4 Gy applied 4 times per week to a total dose of 48 Gy 
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• 4.0 Gy applied 2 times per week to a total dose of 40 Gy  
Electron energy in the range of 6 to 14 MeV was used depending on the 

thickness of the thoracic wall (Nyman and Turesson, 1994). One cm tissue-
equivalent bolus was used on all patients to obtain a full dose at the skin 
surface. The mean value of dosimetry measurements of TLD at the skin sur-
face under the bolus was 94.9 % ± 7.7 (SD).  

4.3 Sampling of skin biopsies 
Sampling of skin biopsies in a clinical setting provides unique material to 
investigate human normal tissue radiation effects involving cellular interac-
tions in vivo. All unexposed skin biopsies were taken before the CT exami-
nation for dose planning and the simulation procedure. The unique biopsy 
sampling procedure made it possible to determine dose-response relation-
ships for each individual patient and all investigated endpoints for the cells 
of the melanocyte lineage. All biopsies were taken at 30 min after the latest 
fraction and were fixed immediately in 4 % formaldehyde, dehydrated and 
imbedded in paraffin. The skin punch biopsies were 3 mm in diameter. This 
procedure preserves and protects proteins, cells and tissues structures by 
creating covalent bonds, anchoring the different structures to each other. 

In Study I and IV, collection of four irradiated skin punch biopsies was 
performed at each occasion, corresponding to doses per fraction of 0.1 Gy, 
0.2 Gy, 0.45 Gy and 1.1 Gy from the hip region (Figure 5). This location is 
normally unexposed to sun. The two lowest dose fractions were obtained by 
taking biopsies at 15 and 30 mm outside the lateral fields in the penumbra 
region. Biopsies for the two highest dose fractions were obtained within the 
lateral fields. A bolus of 5 mm was applied on the left lateral field, resulting 
in a dose of 1.1 Gy at a depth of 0.1 mm from the skin surface. Four unex-
posed biopsies were taken outside the fields from all patients (Figure 5). 
During the RT course, in Study I, biopsies were collected at three occasions: 
after the first dose fraction and after 5 fractions in one week from 21 pa-
tients, and after 6.5-7 weeks from 12 patients. In Study IV the same biopsies 
as in Study I were used, but also included biopsies taken at 2 hours in addi-
tion to the biopsies taken after 30 minutes after the latest fraction delivered, 
from 10 patients. A total of 386 skin punch biopsies were collected for the 
Study I and IV (Table 2). 
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Figure 5. Skin punch biopsies taken from the hip region receiving doses 0 Gy, 0.1 
Gy, 0.2 Gy, 0.45 Gy and 1.1 Gy. Illustration republished with permission 
(Qvarnström, 2009). 

In the Study II, skin biopsies were collected from the thoracic wall of 46 
patients having mastectomy for breast cancer; these patients were treated 
with 4 different fractionation schedules. Twenty of these patients were in-
cluded for assessments of melanocytes. One or two control biopsies were 
collected outside the treatment field followed by multiple biopsies taken 
within the field at predetermined intervals during and after completion of 
RT, at the longest up to 10 weeks. A total of 174 skin punch biopsies were 
included in the melanocyte analysis (Table 2). 

In the Study III and IV, skin biopsies from 15 breast cancer patients were 
taken within the thoracic radiation field after dose fractions of 2.0 Gy (Fig-
ure 6). All biopsies were taken from the skin area under the bolus. Two con-
trol biopsies were collected followed by multiple biopsies sampled at prede-
termined intervals during and after completion of the treatment, at the long-
est up to 5 weeks. A total of 144 skin punch biopsies were sampled (Table 
2). 
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Figure 6. Skin punch biopsies taken from the thorax region under the bolus resulting 
in a dose of 2.0 Gy to the skin surface. Illustration republished with permission 
(Qvarnström, 2009). 

Table 2. Biopsies acquired for dose response determination until week 10 

Study Weeks Total no. of  collected 
treated biopsy sets 

Total 
dose Gy 

Total no. of collected pre- or 
post-treatment biopsy sets 

I-IV 0 120 0.05-2 182 
I, III & IV 1 127 0.1-14  
II & III 2 33 16-40  
II & III 3 30 24-50  
II & III 4 24 32-44 5 
II & III 5 30 40-50 5 
II & III 6   32 
I & IV 6.5 48 1-38  
II & III 7   26 
II & III 8   17 
II 9   3 
II & III 10   4 

4.4 Immunohistochemistry and immunofluorescence 
Immunohistochemistry combines the techniques of biochemistry and histol-
ogy for the identification and visualization of microstructures of cells and 
tissues. With immunohistochemistry techniques, it is possible to detect pro-
tein expression within various cell compartments with the use of specific 
antibodies. Immunohistochemistry staining usually reveals protein expres-
sion with high contrast, which allows image analysis by microscope. 

4.4.1 Immunohistochemistry procedures and molecular markers 
In all studies, immunostainings were used to determine protein expressions 
of interfollicular melanocytes in tissue sections from unexposed and irradiat-
ed skin samples. Four-μm thick tissue sections were cut from various levels 
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of each biopsy and mounted on a Super-frost Plus microscope slide with 
three or five sections on each slide. The sections were deparaffinised, rehy-
drated and underwent an epitope retrieval procedure. The slides were dried 
at 37°C overnight. Immunohistochemical staining was performed on a Ven-
tana Benchmark® automated IHC stainer using the Ventana iView™ DAB 
detection kit (Ventana Medical Systems, Tucson, AZ, USA); subsequent 
manual counterstaining was carried out with Meyers HTX. Tissues known to 
express the antigen of interest were used as positive controls. As negative 
controls, skin biopsy sections omitting the primary antibodies from the stain-
ing procedure were used. For each molecular marker (Table 3), all tissue 
sections from one patient were stained simultaneously to avoid influence 
from fluctuations in the procedure. 

Table 3. Performed staining 

Study Staining Intention Number of  
sections Concentration 

I & II eosin-PAS Melanocyte density 1674  
I & III ΔNp63 Melanocyte density 1236 1:200 
I & III MITF Melanocyte-specific Density  

Differentiation, Survival 
1236 1:50 

I & III Bcl-2 Melanocyte-specific Density 
Anti-apoptotic 

1236 1:15 

III SOX10 Density, Differentiation 60 1:100 
III & IV BMI1 Stem cell property 828 1:100 
III pRb Cell cycle index 432 1:20 
III Ki67 Cell cycle index 72 1:100 
III Cyclin A Cell cycle progression 165 1:300 
III Cyclin B1 Cell cycle progression 165 1:50 
III HTA28 Mitos 72 1:200 
II & III p21 DNA damage response 477 1:100 
III p53 DNA damage response 30 1:50 
III & IV CXCR2 Senescence 330 1:200 
IV 53BP1 DNA DSB 832 1:800 

4.4.2 Immunofluorescence procedures and molecular markers 
In the immunofluorescence (IF) procedure, proteins are tagged with a fluo-
rescent antibody that glows when put under the right wavelength of light. 
Different filters are used in the fluorescence microscope to determine the 
proper wavelength of the light. This procedure made it possible to double-
stain tissue sections and tag fluorescent antibodies with different fluoro-
phores to detect expressions of two proteins simultaneously in the melano-
cytes. This approach allowed quantitation of melanocytes with positive or 
negative staining for the proteins of interest. 

Double-staining experiments in Study I and III were performed with ap-
propriate pairs of fluorescent secondary antibodies raised in goat or donkey 
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and attached to the fluorescent dyes Alexa 480 and Alexa 555 (1:100). The 
intensity and stability of the immunofluorescence applications were depend-
ent on the quality of the mounting procedure, mounting media and fluoro-
phores. The manual staining protocol included epitope retrieval in boric acid 
buffer (pH 7.0) heated in a water bath (90 °C) for 45 minutes. Antibody in-
cubations were performed at 20 °C for 1 hour and followed by three 5-min 
washes in phosphate-buffered saline (pH 7.4). In the IF procedure a subse-
quent counter staining was used to identify the melanocytes´ nuclei. For this 
purpose, we used the DAPI molecule that actively binds to DNA and permit-
ted a clear-cut visualization of the nuclei in the blue spectra. For the nuclear 
staining 4’,6-diamidino-2-phenylindole dilactate (DAPI; 0.4 μg/ml) was 
used. Air-dried slides decreased the intensity variations within the tissue 
sections. The slides were then mounted in Vectashield mounting medium 
(Vector Laboratories). Different staining combinations performed are pre-
sented in Table 4. 

Table 4. Performed double-staining 

Study Combination Intention Biopsy 

I 
III MITF-ΔNp63 Melanocyte-specific 

Differentiation 

Baseline; 1 week & 7 weeks 1.1 Gy 
Baseline; 5 weeks 2 Gy; 5 weeks past 
treatment 

I MITF-Bcl-2 Melanocyte-specific 
Anti-apoptotic protein Baseline; 3 & 7 weeks 1.1 Gy 

I MITF-SOX10 Melanocyte-specific 
Differentiation Baseline; 7 weeks 1.1 Gy 

I MITF-PAX3 Melanocyte-specific 
Differentiation Baseline; 1 week & 7 weeks 1.1 Gy 

I MITF-DCT Melanocyte-specific 
Differentiation Baseline; 3 weeks & 7 weeks 1.1 Gy 

I 
III Bcl-2- ΔNp63 Melanocyte-specific 

Anti-apoptotic protein 

Baseline; 3 weeks 1.1Gy 
Baseline; 5 weeks 2Gy; 5 weeks past  
treatment 

I 
III DCT- ΔNp63 Differentiation 

Baseline; 1 week & 7 weeks 1.1 Gy 
Baseline; 5 weeks 2 Gy; 5 weeks past 
treatment 

I PAX3- ΔNp63 Differentiation Baseline; 3 weeks 1.1 Gy 
I PAX3-SOX10 Differentiation Baseline; 1 week 1.1 Gy 
I SOX10- ΔNp63 Differentiation Baseline; 1 week & 5 weeks 1.1 Gy 

III BMI1- ΔNp63 Stem cell property Baseline; 7 weeks 1.1 Gy  
III BMI1-SOX10 Stem cell property  Baseline 

I 
III Ki67- ΔNp63 Proliferation 

Baseline; 1 week 1.1 Gy 
Baseline; 0.2, 2, 4 & 5 weeks 2 Gy; 1, 2 
& 3 weeks past treatment 

I p53- ΔNp63 DNA damage response Baseline; 3 weeks 1.1 Gy 
I p21- ΔNp63 DNA damage response Baseline; 5 weeks & 7 weeks 1.1 Gy 
I c-KIT- ΔNp63 Differentiation Baseline; 1 week & 7 weeks 1.1 Gy 
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4.5 Quantification of molecular markers 
The whole procedure necessary to obtain dose-response relationships for 
various protein expressions in the melanocytes is illustrated in Figure 7.  
Melanocytes in the basal layer can easily be distinguished from keratino-
cytes through the morphological characteristics revealed by eosin-PAS stain-
ing (Barlow et al., 2007; Fitzpatrick and Wolff, 2008; Lin and Fisher, 2007); 
melanocytes have distinct nucleoli, tendency for vacuolization, cytoplasm 
adherence to the nucleus, and lack of desmosomes. In all studies counting of 
interfollicular melanocytes with positive or negative staining of a specific 
protein was performed in a bright field microscope (Nikon eclipse, 50i, To-
kyo, Japan) at high power with a 100x objective. By using 1000-times mag-
nification the desmosomes of the keratinocyte cell membrane were clearly 
visualized, facilitating the separation of melanocytes from keratinocytes 
located at the basement membrane. This allowed an accurate identification 
and quantification of the melanocytes in all immunostainings. Melanocytes 
in the hair follicles were not counted. In order to investigate the accuracy of 
the quantification of the melanocytes, a second person also counted all eo-
sin-PAS samples in Study I. The two determinations demonstrated a good 
agreement (R=0.84 p<0.0001).  

The total number of identified melanocytes per millimeter of the basal 
membrane was determined for each of the 3 to 5 sections from all biopsies 
and for each immunostaining, as well as for eosin-PAS staining. Quantitative 
estimation of the number of melanocytes with negative and positive staining 
was restricted to the basal layer of the epidermis. Epidermis became thinner 
throughout the treatment with RT, which affected the structure; but still the 
morphology of the melanocytes was intact and enabled their identification.   

In the use of eosin-PAS in Study I and II a clear staining of the cell struc-
tures including the cytoplasm, nucleus, and extra-cellular components was 
achieved, and allowed an accurate identification of melanocytes morphology 
in the skin context.  

In the immunostaining for ΔNp63 cells with morphological criteria of 
melanocytes were negative. According to Kulesz-Martin et al. (2005), 
ΔNp63 is a cell-cycle regulator expressed in keratinocytes but is undetecta-
ble in normal melanocytes. Therefore, all ΔNp63-negative cells were associ-
ated with the melanocyte lineage in Study I and III.  

MITF is a melanocyte-specific protein (Brenner et al., 2009; Hodgkinson 
et al., 1993). Antibody to MITF distinctly stained the cell nucleus of the 
melanocytes. The stained cells fulfilled the morphological criteria of mela-
nocytes (Study I and III). 

In Study I and III, the Bcl-2 expression in the interfollicular melanocytes 
was assessed. Bcl-2 protein was observed only in the cytoplasm of the mela-
nocytes. Bcl-2 was undetectable in the keratinocytes, in agreement with pre-
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vious findings of Bcl-2 expression in a comparison between in melanocytes 
and keratinocytes upon UVR exposure (Bowen et al., 2003).  

To determine differentiation of melanocytes upon IR exposure, assess-
ment of SOX10 was performed in five patients (Study III). SOX10 was ex-
clusively detected in the melanocyte nucleus. 

In Study III, proliferation of interfollicular melanocytes was investigated 
in detail; the cell-cycle progression before, during and up to 5 weeks post-
treatment was determined with the use of several proliferation markers. Ki-
67 is a cell-cycle marker, expressed in the nucleus and easily detected during 
late G1-, S-, M- and G2 phases of the cell cycle; in the early G1 phase Ki-67 
is observed only associated with the nucleolus (Hopewell et al., 2003; 
Scholzen and Gerdes, 2000). Quiescent cells do not express Ki-67. Two 
patients were analyzed for Ki-67. In these two patients, staining with HTA28 
was also performed as this antibody detects phosphorylated histone H3 at all 
stages of cells in mitosis (Hirata et al., 2004). Cyclins are involved in the cell 
cycle progression from one phase to the next. We stained for Cyclin A and 
Cyclin B1 in five patients. Cyclin A is expressed in the nucleus during cell-
cycle progression through the S-phase until the middle of the M-phase, 
where it is degraded. Cyclin B1 is expressed in the cytoplasm in early G2 
and both in the cytoplasm and the nucleus during the late G2/M phases, and 
is degraded in late M phase (Lim and Kaldis, 2013). Cell-cycle progression 
of the melanocytes was also determined in all samples from 15 patients 
stained for phosphorylated pRb at serine 807/811, strongly expressed in the 
nucleus in all stages of the cell-cycle except in the G0 phase  (Ren and 
Rollins, 2004) (Study III).  

BMI1, a stem cell factor, regulates the cell proliferation by repressing the 
INK4A/ARF gene locus (Jacobs et al., 1999). We stained all samples from 
the 15 patients receiving daily 2.0 Gy fractions in Study III, and samples 
collected after 1 and 5 fractions in 11 patients receiving daily fractions of 
0.05 to 1.1 Gy in Study IV. BMI1 is expressed in the nucleus of interfollicu-
lar melanocytes. 

The p53/p21 pathway was upregulated in the keratinocytes and both pro-
teins were strongly expressed in the nucleus upon RT (Turesson et al., 2001), 
but were virtually undetectable in the nucleus of melanocytes (Study I); this 
is in contrast to the upregulation of both proteins observed in vitro (Carreira 
et al., 2005; Kulesz-Martin et al., 2005). In addition, p21 expression in the 
cytoplasm has an anti-apoptotic role in certain contexts (Heo et al., 2011). In 
Study II and III, the p21-stainings were evaluated both concerning the nucle-
ar expression and the expression in the cytoplasm of the melanocytes. Great 
effort was devoted to separate the p21 expression in the keratinocytes from 
that in the melanocytes, which rarely stain for p21.  

To evaluate if a senescence response is instigated upon the DNA damage 
induced by RT, immunostaining for the cell membrane receptor CXCR2 was 
used (Acosta et al., 2008) (Study III and IV). Evaluation in 1000-times mag-
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nification clearly visualized that irradiation upregulated the CXCR2 receptor 
exclusively in the melanocytes among the cells in the basal layer. 

In Study IV, the immunostaining of 53BP1, a surrogate marker for DNA-
DSBs, allowed us to determine the number of DNA DSBs for each individu-
al melanocyte and the adjacent keratinocyte on each side in the basal layer, 
both as a function of dose per fraction in the range 0.05 to 2.0 Gy and over a 
treatment period of 5 to 7 weeks. In total 60 interfollicular melanocytes and 
120 keratinocytes were assessed for each dosage. The foci number was de-
fined as the mean number of foci per cell determined in biopsies collected 30 
minutes after delivered dose fractions minus the mean foci per cell in the 
control biopsies. The foci density was defined as foci per dose unit. The 
DSB/53BP1 foci density for interfollicular melanocytes was defined to 1.0 
for dose fraction of 2.0 Gy. 

In the double-staining with immunofluorescence, the images from each 
stained section were analyzed to identify melanocytes positive or negative 
for each protein and co-expression of melanocyte-specific markers and DNA 
damage proteins. An estimation of the number of cells within each subset of 
markers was performed in the different staining combinations (Table 4), to 
evaluate the presence of melanocyte-specific marker MITF in different com-
binations for differentiation with the markers ΔNp63, SOX10, PAX3 and 
DCT. In addition, to be able to determine differentiation of melanocytes 
upon IR exposure ΔNp63 was combined with SOX10, PAX3, DCT and c-
KIT; also a combination between PAX3 and SOX10 was assessed. To reveal 
anti-apoptotic mechanisms double-staining for Bcl-2 in combination with 
ΔNp63 and MITF was performed. To determine the proliferation of the mel-
anocytes ΔNp63 was co-stained with Ki67. ΔNp63 was double-stained with 
p53 and p21 to assess DNA damage response expressed in melanocytes. To 
determine if melanocytes have stem-cell characteristics, double-staining of 
BMI1 with ΔNp63 and SOX10, respectively, was performed. 
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Figure 7. Different steps in the dose response determination process, RT, tissue 
sampling, immunohistochemistry, tissue preparation, quantification of molecular 
markers and data analysis. Illustrations were performed by Noelle Fessé. 

4.6 Statistics 
The number of melanocytes per mm in the basal layer of epidermis was 
quantified for each tissue section on the slide. The mean number of melano-
cytes per mm was calculated from three or five separate sections of each 
staining, representing each biopsy from the patient, taken at a specified dose 
and time point. Descriptive statistics were computed from the software Sig-
maPlot (version 12.5, Systat Software, Inc.) and Statistical Package for the 
Social Sciences (SPSS, version 22-25, Chicago, IL, USA), (Mean, Median, 
SD, SE, CV, Max, Min). Correlation graphs/plots and estimates were com-
puted from the software SigmaPlot, SPSS and R (Team, 2015). In the statis-
tical hypothesis testing p-value≤0.05, were determined as statistically signif-
icant in all studies. 

In Study I, two methods were used to analyze if there was any relation be-
tween the melanocyte response, positive or negative for a specific protein 
expression,   and IR exposure. In the first method we used Kendall’s tau, 
non-parametric correlation coefficient to analyze if there was a positive cor-
relation between dose and response for each individual and staining (Agresti, 
2010). This method does not assume linearity in the relationship in the corre-
lation that is estimated at five expected dose measuring points. Thereupon 
we tested in a one-sample t-test the hypothesis that the true mean equals zero 
for each individual’s mean values of the correlation coefficients. In the sec-
ond method, a calculation of the slope of the regression line adapted to each 
individual’s and staining’s, respectively, for response and dose was per-
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formed. To determine if the average slope differs significantly from zero, we 
used one-sample t-test. The second method analyzes the linearity in the rela-
tionship between the logarithm of dose and response, respectively. Since the 
logarithm of value zero is not defined, the response at dose = 0 is excluded 
in the second method. It is also in that step, from 0 to 0.1, that the largest 
difference in response can be seen. In the second method, the slope of the 
dose-response relationship is calculated at 4 measuring points. The regres-
sion line is adopted to the actual received IR dose for each individual. Inter-
pretation at p <0.05 is that there is a significantly increasing trend for the 
cellular response with an increasing dose for both methods. 

Repeated measures analysis of variance was used for comparisons among 
the two patient groups. SPSS (version 22) and R were used for all statistical 
analyses.   

In order to test if low-dose HRS exists, assessment of the shapes for each 
individual dose-response curves was performed. To be able to measure 
whether the effect per dose unit is comparable within each patient’s biopsy 
set, the individual dose-response relationships were normalized to fraction 
dose. The normalized values were logged and plotted against the logged 
dose. Values close to zero imply no HRS and negative values imply HRS. 
Analyzing the hypothesis that the true mean equals zero, the slopes from all 
individual regressions were collected and tested in a t-test (Turesson et al., 
2010).  

In Study II and III, the main question is whether the number of melano-
cytes changes with RT and if the number then returns after the end of the 
treatment. Therefore, we divided the analysis into two steps - "during treat-
ment" and "after treatment." Each individual’s last follow-up opportunity for 
the treatment itself (approximately at the end of week 5) is thus included in 
both sub-analyses, first as an end point and then as a starting point. Since the 
scheduled skin biopsy samples and total dose connected to each patient vary 
over a time period, we used the total dose as an independent variable for the 
analysis of the treatment period and then the number of days for the analysis 
of the period after treatment. Due to correlated data within patients, Linear 
Mixed Model was chosen with one independent variable in the analysis 
("Total dose" or "Time"), where the Linear Mixed Model analyzed dose-
response relationship during treatment and time-response relationship after 
treatment. Complementary evaluation was performed with Linear Mixed 
Model to test change from baseline values for measurements at certain dose 
points during treatment and time points post RT.  

In Study IV, to analyze if there is a positive relationship between dose 
and "number of cells" estimated, the Spearman correlation coefficient was 
computed for the correlation between dose and number of cells for each in-
dividual patient. Thereafter, we tested with a one-sample t-test the hypothe-
sis that the estimated correlation differs from 0 for each individual, i.e. if 
there is a significant relationship between dose and number of cells. The 
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choice of analysis is motivated by the fact that the relationships are not linear 
and that a non-parametric relationship measure (i.e. the spearman's correla-
tion) is most appropriate. In addition, the number of 53BP1 foci was ex-
pressed as a function of dose and time after dose delivery to establish the 
dose-response relationships of DSB formation and accumulation in keratino-
cytes and melanocytes for identical radiation exposure conditions. 
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5 Results 

The results of the quantification of the expression of various markers chosen 
to determine melanocyte density, differentiation and various aspects of DNA 
damage response of interfollicular melanocytes are presented. 

5.1 Melanocyte density in interfollicular skin 
Staining for eosin-PAS, ΔNp63, MITF, Bcl-2 and SOX10 (Study I-III) was 
used for assessing the density of melanocytes; cells with positive or negative 
staining fulfilled the morphological criteria of melanocytes.  

In total 68 patients, 35 females and 33 males were recruited for the four 
studies. The average number of interfollicular melanocytes was 18.1±0.2 
(SE) in unexposed skin, including melanocytes with positive and negative 
staining (Table 5). No difference between skin areas of males and females 
could be observed. 

Table 5. Cells per millimeter for each marker unexposed skin 

Study Staining Unexposed Average Number of 
Biopsies 

Number of 
Patients 

I & II eosin-PAS 17.1±0.3 152 53 

I & III 
ΔNp63 negative 17.6±0.3 

162 48 MITF positive+negative 18.1±0.3 
Bcl-2 positive+negative 19.4±0.3 

III SOX10 positive+negative 21.7±1.7 10 5 
Data are presented as mean (SE). 
 
The total number of melanocytes varied to some extent during the RT, inde-
pendent of the dose per fraction, but no significant loss of melanocytes oc-
curred during the treatment course (Study I-III).  Independent of dose per 
fraction, no loss of melanocytes could be observed in the ΔNp63 and eosin-
PAS staining (Study I). In Study II, no time-response relationship could be 
established for the melanocytes in the staining with eosin-PAS. In Study III, 
no loss of ΔNp63-negative melanocytes was observed during the treatment 
or up to 5 weeks post-treatment. The absence of melanocyte loss was also 
confirmed in the staining for MITF and Bcl-2 (Study I and III). Accordingly, 
the number of melanocytes was considered undisturbed during RT with dose 
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fractions in range of 0.05 to 2.0 Gy during 5 to 7 weeks or for hypofractiona-
tion with 2.4 and 4.0 Gy per fraction as well as for accelerated  fractionation 
with 2 times 2.0 Gy per day assessed with the same clinical assay (Table 6). 

Table 6. Cells per millimeter for each marker during treatment 

Study Staining 
Time in Weeks & no. of Biopsies & no. of patients during RT 

0.2-1 2 3 4 5+6 7 
 

eosin-PAS 
88 21 20 20 20 20 15 15 16 15 48 12 

I 22.4±0.6     21.2±0.7 
II eosin-PAS  14.5±0.4 13.3±0.5 14.8±0.6 15.0±0.4  

I & 
III 

 123 36 13 10 10 8 9 5 15 15 48 12 
ΔNp63- 
negative 19.0±0.4 14.6±1.7 17.3±2.0 16.1±2.1 16.6±1.2 16.0±1.2 

MITF posi-
tive+negative 22.0±0.5 18.9±1.7 21.6±1.4 19.9±2.3 21.8±1.5 20.2±0.8 

Bcl-2 posi-
tive+negative 22.5±0.5 21.8±1.5 24.1±1.3 23.6±2.4 24.1±1.1 22.2±0.6 

III SOX10 posi-
tive+negative 

    5 5  
    19.8±2.6  

Total 
dose 

 0.1-14 Gy 16-40 Gy  24-50 Gy  32-44 Gy  40-50 Gy    1-38 Gy 

Data are presented as mean (SE). 
 

Up to 5 weeks post-treatment, there were no changes in number of melano-
cytes with dose fractions in range of 2.0 to 4.0 Gy included hypofractiona-
tion and accelerated fractionation (Study II and III, Table 7).  

Table 7. Cells per millimeter for each marker post RT 

Study Staining 
Time in Weeks & no. of Biopsies & no. of patients post RT 

1 2 3 4 5 

II  19 19 19 19 13 13 5 5 2 2 
eosin-PAS 14.6±0.5 15.4±0.6 15.9±0.6 15.6±0.7 14.8±1.2 

III 

 13 13 9 9 7 7   3 3 
ΔNp63 negative 17.7±1.5 17.5±2.1 17.8±2.2  19.9±2.7 
MITF posi-
tive+negative 23.4±1.6 22.2±2.1 23.8±3.1  22.1±4.1 

Bcl-2 posi-
tive+negative 23.4±1.6 23.2±1.8 23.6±2.9  24.4±2.5 

Data are presented as mean (SE). 
  



 42 

5.2 Differentiation and dedifferentiation 
In the immunohistochemistry staining for MITF, Bcl-2 and SOX10, a subset 
of cells was identified that did not stain but met the morphological criteria 
for melanocytes (Study I and III). The IF double-staining for MITF, Bcl-2 
and SOX10 with ΔNp63 confirmed that the subset of negative cells also was 
ΔNp63-negative, both in unexposed skin and upon IR exposure (Study I and 
III). All MITF, Bcl-2 and SOX10-positive cells were exclusively observed in 
the ΔNp63-negative population. Co-staining with MITF and Bcl-2 con-
firmed a complete overlap in the expression of the two proteins, and no cells 
stained exclusively for MITF or Bcl-2. The subsets of MITF- and Bcl-2-
negative melanocytes in unexposed skin consisted of on average 5.0 
cells/mm and 4.4 cells/mm, respectively, for both the female and male pa-
tients included in Study I and III. Thus, among the interfollicular melano-
cytes about one fourth is immature or undifferentiated.  

Upon RT, MITF- and Bcl-2-negative melanocytes disappeared in a hy-
persensitive manner at doses below 0.3 Gy (Study I). Both MITF- and Bcl-2-
negative melanocytes decreased to about 1 cell/mm at the end of treatment 
for doses per fraction in the range of 0.44 to 2.0 Gy (P<0.001). In Study III 
the reduction in the negative cells to 1 cell/mm was reached after 1 week of 
RT for Bcl-2 and after 2 weeks for MITF. A reduction of SOX10-negative 
melanocytes from 6.7 ± 0.6 cells/mm to 1.6 ± 0.3 cells/mm occurred upon 5 
weeks of RT (P=0.001). The decrease of SOX10-, MITF- and Bcl-2-negative 
melanocytes was reflected in the parallel increase of MITF-, Bcl-2-, and 
SOX10-positive melanocytes indicating differentiation upon RT (Study I 
and III). MITF- and Bcl-2-positive melanocytes demonstrated gradual in-
creases during RT in the dose per fraction range of 0.05 to 2.0 Gy (P<0.001); 
a hypersensitive response for the expressions of MITF and Bcl-2 was estab-
lished for doses per fraction below 0.3 Gy. By the sampling of biopsies after 
completion of RT from the breast cancer patients receiving daily 2.0 Gy 
fractions, it could be demonstrated that the number of MITF-, Bcl-2-, and 
SOX10-negative melanocytes increased to their pre-treatment levels. This 
suggested that dedifferentiation occurred post-treatment (Study III). This 
was also the case in the co-staining for MITF and Bcl-2 with ΔNp63, respec-
tively, which confirmed the disappearance of the subset of melanocytes neg-
ative for MITF and Bcl-2 during RT, followed by restoration of the pre-
treatment subset of negative melanocytes after the end of exposure (Study 
III). 

Immunohistochemistry staining for MITF, Bcl-2 and SOX10 revealed 
that about one fourth of the interfollicular melanocytes was immature. This 
subset of immature melanocytes was also identified in IF double-staining 
with SOX10-MITF, PAX3-MITF, PAX3-SOX10, c-KIT-MITF and DCT-
MITF (Study I). PAX3, c-KIT and DCT positive cells were only observed 
among the ΔNp63-negative cells (Study I and III). In unexposed skin, mela-
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nocytes were identified with the following protein expression: SOX10+-
MITF+, SOX10+-MITF-, SOX10--MITF+, PAX3+-MITF+, PAX3+-MITF-, 
PAX3--MITF+, c-KIT+-MITF+, c-KIT--MITF-, DCT+-MITF+ and DCT--
MITF-. 

Increased expression of PAX3, SOX10, c-KIT, and DCT in association 
with increased overlap with MITF upon low doses of IR indicated that dif-
ferentiation was initiated. This was reflected in a corresponding reduction of 
MITF-negative/ΔNp63-negative melanocytes (Study I). At the end of treat-
ment, after 6.5 weeks RT, almost all melanocytes were PAX3-, DCT- and 
MITF-positive (Study I). Upon IR exposure to doses per fraction of  1.1  and 
2.0 Gy, the interfollicular melanocytes expressed increased number of den-
drites (Study I and III), and at 5 weeks post-treatment the number of DCT-
positive cells was similar to the pre-treatment number but maintained the 
larger number of dendrites (Study I).  

5.3 DNA damage response 
The DNA damage response of cutaneous melanocytes to IR provided by RT 
concerning DNA DSBs and protein expressions related to proliferation, sur-
vival, apoptosis and senescence were investigated.  

5.3.1 DNA DSBs  
As described above, epidermal interfollicular melanocytes demonstrated a 
hypersensitive response to differentiation up to 0.3 Gy per fraction (Study I). 
The dose-response relationship regarding DNA DSB/53BP1 foci determined 
30 minutes after dose fractions in the range 0.05 to 1.1 Gy revealed low-dose 
hypersensitivity that persisted over a treatment period of 7 weeks (Study IV). 
The number of foci was higher for melanocytes compared with the keratino-
cytes already after the first dose fraction larger than 0.5 Gy and the differ-
ence increased up to 2.0 Gy, and was even more pronounced after five dose 
fractions.  Melanocytes accumulated 53BP1 foci during the treatment course 
to a much higher degree than the keratinocytes; for the melanocytes a net 
increase in the number of foci about a factor of two was observed between 
the first fraction and the last dose fraction of 1.09 Gy at the end of treatment. 
Furthermore, melanocytes had a higher number of 53BP1 foci compared to 
keratinocytes both after 30 minutes and 2 hours after the first fraction of 1.09 
Gy. In the breast cancer patient group treated with daily 2.0 Gy fractions for 
5 weeks, the number of 53BP1 foci in the melanocytes was greater compared 
to the keratinocytes over the whole RT period. After two weeks of RT, the 
number of DSBs was almost a factor of 2 higher in the melanocytes com-
pared to the keratinocytes; at this point in time almost all keratinocytes were 
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in G0 as were the melanocytes. An accumulation of foci occurred in the 
melanocytes during the treatment period also for this dose schedule. 

The DSB/53BP1 foci density for interfollicular melanocytes was defined 
to 1.0 for dose fractions of 2.0 Gy (Study IV). The foci density increased 
gradually with decreasing fraction size, in the same way for melanocytes and 
keratinocytes when determined 30 minutes after the first fraction. 

5.3.2 p53 and p21 response 
In the co-staining with p53-ΔNp63 (Study I) and in the immunostaining of 
p53 (Study III), upregulation of nuclear p53 was not observed in interfollicu-
lar melanocytes upon RT exposure. Upregulation of nuclear p21 did not 
occur neither for sub-therapeutic dose fractions (Study I) and only very spo-
radically after the use of daily 2.0 Gy fractions for 5 weeks or hypo- and 
accelerated fractionation (Study II). A very few melanocytes, less than one 
melanocyte/mm, were quantified with intense nuclear p21-staining pre-, 
during, or post-treatment (Study III). Of note, the co-staining p21-ΔNp63 
(Study I) and the immunostaining (Study III) displayed p21 in the cyto-
plasm. The presence of p21 in the cytoplasm peaked at 4 to 5 weeks of RT 
(P<0.001) and decreased post-treatment.  

5.3.3 Proliferation  
The most accurate determination of the proliferation of interfollicular mela-
nocytes was expected from the staining for pRb phosphorylated at serine 
807/811, which was clearly expressed in the nucleus of melanocytes having 
passed the G0/G1 transition. In Study III, all samples from the 15 breast 
cancer patients receiving daily dose fractions were stained for pRb; the pro-
portions of cycling cells were 0.3 %, 0.1 % and 0.1 % before RT, during RT, 
and up to 5 weeks after the end of RT, respectively (Study III). Staining for 
the other proliferation markers Ki-67, HTA28, as well as for cyclin A and 
cyclin B1 confirmed this picture. In conclusion, interfollicular melanocytes 
divide very rarely, but still growth arrest in G0 was recognized upon IR ex-
posure, and there was no evidence of a compensatory proliferation post-
treatment.  

5.3.4 Melanocyte survival 
Interfollicular melanocytes expressed constitutively MITF and the anti-
apoptotic protein Bcl-2; the pre-treatment numbers of melanocytes with 
positive staining were determined to 12.3-14.1 and 14.4-16.9 per millimeter, 
respectively (Study I and III). IR induced an upregulation of the MITF and 
increasing number of MITF-positive melanocytes, and this was reflected in 
increasing number of Bcl-2 positive melanocytes, for daily dose fractions in 
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the range of 0.05-2.0 Gy (P<0.001) (Study I and III). Strong correlation be-
tween MITF- and Bcl-2-positive melanocytes was confirmed for each indi-
vidual patient in unexposed skin, as well as during RT and post-treatment 
(P≤ 0.001) (Study I and III).  The upregulation of the anti-apoptotic protein 
Bcl-2 by MITF has been associated with the melanocytes’ resistance to DNA 
damage (McGill et al., 2002). 
In Study II, apoptosis in the basal/suprabasal layer was determined. Alt-
hough there was an increase towards the end of RT, the maximum number of 
apoptotic cells observed was 1.5 per millimeter and included both keratino-
cytes and melanocytes. Therefore, we concluded that apoptosis of melano-
cytes was negligible upon RT. 

In Study III, we demonstrated that among the cells in the basal layer only 
the melanocytes expressed BMI1, through co-staining with ΔNp63. In skin 
samples taken before, during and after treatment nearly all melanocytes ex-
pressed BMI1. This was confirmed for 11 prostate cancer patients in Study 
IV; the majority of the melanocytes expressed BMI1 before and during 
treatment. However, in unexposed skin a few (2.5 and 4.7 cells/mm, respec-
tively, in Study III and IV) melanocytes were negative for BMI1. After one 
week of RT the BMI1-negative melanocytes were reduced to 0.6 cells/mm 
(P<0.001) for 2.0 Gy fractions and remained that low during the rest of the 
treatment. At one fraction and five fractions of treatment course, upregula-
tion in a hypersensitive manner was demonstrated for the prostate cancer 
patients with doses per fraction below 0.3 Gy, followed by a slower increase 
in the number of BMI1-positive melanocytes between 0.4 and 1.09 Gy per 
fraction (Study IV). The number of BMI1-negative melanocytes increased to 
the origin number within five weeks post-treatment (Study III). Strong corre-
lations between MITF- and BMI1-postive melanocytes, as well as between 
Bcl-2- and BMI1-positive melanocytes, were observed both in unexposed 
and exposed skin (Study III).  

In the evaluation of the CXCR2 receptor on the melanocyte cell mem-
brane for two breast cancer patients in Study III and 12 prostate cancer pa-
tients in Study IV, only a few cells (2 respective 1 cells/mm) were detected 
as positive for CXCR2 in unexposed skin. During RT, the CXCR2 expres-
sion increased for dose fractions of 2.0 and 4.0 Gy for the breast cancer pa-
tients. In both breast cancer patients, the number of CXCR2-positive mela-
nocytes decreased post-RT. Upregulation of CXCR2 in a hypersensitive 
manner was demonstrated for the prostate cancer patients with doses per 
fraction below 0.3 Gy, followed by a slower increase in the number of 
CXCR2-positive melanocytes between 0.4 and 1.09 Gy per fraction.  The 
upregulation of CXCR2 was reflected in a corresponding reduction of the 
number of CXCR2-negative melanocytes. The CXCR2 expression demon-
strated a hypersensitive response for each patient. Upon irradiation, CXCR2 
expression was also observed on the cell surface of endothelial cells and 
fibroblasts in the dermis.   
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6 Discussion 

The findings obtained from the studies in the thesis contribute to a better 
understanding of how IR provided by RT affects cutaneous interfollicular 
melanocytes. Melanocytes are radioresistant regarding cell death, but RT can 
inflict genetic damage resulting in permanent hyperpigmentation and depig-
mentation within the radiation field, which can be disfiguring; there is also a 
risk for malignant transformation to melanoma. New knowledge about the 
underlying molecular mechanisms involved in the melanocyte response to 
DNA damage and resistance to cell death induced by IR might result in new 
therapeutic approaches for melanoma. 

6.1 Melanocyte density in interfollicular skin 
The present thesis provides an extensive determination of the density of cu-
taneous interfollicular melanocytes in Swedish females and males being 
patients undergoing RT; the melanocyte density was determined for unex-
posed skin, during treatment with various fractionation schedules, and up to 
5 weeks post-treatment. The number of interfollicular melanocytes remained 
unchanged for all investigated dosage regimens: 7 weeks treatment with 
doses per fraction in the range of 0.05 to 1.09 Gy, 5 weeks treatment with 
daily 2.0 Gy fractions, or hypofractionation with 2.4 Gy fractions and 4.0 Gy 
fractions, and 2.5 weeks with accelerated fractionation with 2.0 Gy twice per 
day. The following 5 weeks after end of RT, the number of the melanocytes 
was still the same. Thus, radioresistance of the interfollicular melanocytes in 
terms of cell death was firmly established in the present studies. 

The melanocyte density was 18.1 ± 0.2 (SE) per millimeter, as an average 
of all evaluated molecular markers. Of note, all melanocytes were identified 
for each staining including melanocytes with positive and negative staining. 
In the staining with eosin-PAS and ΔNp63, all interfollicular melanocytes 
were identified and quantified. In the staining with MITF, Bcl-2, and SOX10 
the number of the melanocytes with positive staining was on average 12.7 
per millimeter, and the number of melanocytes with negative staining was on 
average 5.4 per millimeter, representing immature interfollicular melano-
cytes in unexposed skin. Yamaguchi et al. (2008) studied 15 individuals with 
skin types 2 and 3 with an average age of 32 years, and Tadokoro et al. 
(2005) investigated 10 individuals regardless of skin type; they determined 
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the density of interfollicular melanocytes to be around 12.2 and 12.8 per 
millimeter, respectively, in counting cells expressing specific melanocyte 
markers in unexposed skin. These numbers are in agreement with the corre-
sponding number in the present studies, 12.7 per millimeter with positive 
staining of specific markers in unexposed skin.  

In 10 individuals, Shin et al. (2012) counted 19.6 (5.7, SD) and 20.8 (6.9, 
SD) melanocytes/mm stained for MITF and SOX10, respectively. In the 
present studies of unexposed skin, the number of MITF-positive melano-
cytes was 13.1 (4.4, SD) per millimeter (Study I and III) and for SOX10-
positive melanocytes 15.0 (5.2, SD) per millimeter (Study III). The numeri-
cal differences between the studies can be explained by the history of sun 
exposure for the studied skin samples.  

The expressions of MITF, Bcl-2, and SOX10 increased upon RT, result-
ing in increasing number of melanocytes with positive staining compared to 
unexposed skin. The maximum numbers of melanocytes during RT, positive 
for MITF, Bcl-2, and SOX10, were 21.6, 23.4, and 23.5 per millimeter 
(Study I and III), respectively. Yamaguchi et al. (2008) determined the inter-
follicular melanocyte density also after repetitive UVR exposure to three 
different skin regions over 3-4 weeks, and found 32.7 ± 3.2, 34.4 ± 3.5, and 
30.2 ± 1.9 melanocytes/mm, i.e. about a 3-fold increase compared to unex-
posed skin. There was no difference between the three irradiated sites. 
Brenner et al. (2009) and Coelho et al. (2009) also demonstrated a 2- to 3-
fold increase in melanocyte density within 4 to 5 weeks of repetitive UVR 
exposures. The increase in interfollicular melanocytes upon periods of UVR 
exposure was explained by migration from the hair bulge. In contrast, we 
established in the present studies that no increase in number of interfollicular 
melanocytes occurred upon RT exposure (Study I, II, and III). The reason is 
that the high photon energies used in RT and total doses applied sterilize the 
hair follicles (Lawenda et al., 2004). Therefore, migration of immature mel-
anocytes from the bulge to the interfollicular epidermis can be excluded. In 
addition, a very low proliferation of melanocytes was determined before, 
during and post-treatment. To our knowledge, this is the first time as it has 
been proven for human skin that interfollicular melanocytes are an autono-
mous self-renewing population of cells presenting with various degrees of 
differentiation of which one fourth is immature (Study III). Based on studies 
of vitiligo patients, the current understanding is that the immature melano-
cytes present in the interfollicular epidermis have migrated from the bulge of 
the hair follicles (Birlea et al., 2017). 

We found no significant differences in the melanocyte density concerning 
gender, age (40 to 85 years), and skin area (hip and thorax) (Study I-III). 
This is in agreement with that reported by Barlow et al. (2007), who found 
no difference in melanocyte density between skin samples taken from re-
gions of the head, neck, trunk, and extremities or skin types. However, they 
demonstrated a high degree of individual variability in melanocyte density, 
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ranging from 0.7 to 33.4 per millimeter of interfollicular epidermis and the 
coefficient of variation, CV, was 84 %. The individual variability in the 
number of melanocytes per millimeter in the present studies were 12-27 for 
eosin-PAS, 11-29 for ΔNp63, 11-26 for MITF (positive and negative), 10-30 
for Bcl-2 (positive and negative) and 16-29 for SOX10 (positive and nega-
tive); the CV was in the range of 21-31 % for all markers (Study I, II and 
III). Thus, the individual variability in melanocyte density was about three-
fold lower than reported by Barlow et al. (2007). 

In Study I the biopsies were collected from the hip region, which normal-
ly is not exposed to sun and with skin types 2 and 3 (Turesson et al., 2010); 
skin types 1 and 4 are rare in this population (Fitzpatrick, 1988; Roberts, 
2009). In this patient cohort, Turesson et al. (2010) determined the number 
of basal keratinocytes to 160 per millimeter, and from the evaluations in 
Study I the number of cutaneous interfollicular melanocytes was 18-23 per 
millimeter. Thus, the cutaneous interfollicular melanocytes constitutes about 
13 % of the cells in the basal cell layer of the interfollicular epidermis in a 
skin area, protected from the sun for most of life. Pigment-producing mela-
nocytes in the basal layer in the epidermis is stated to be approximately one 
per five to six basal keratinocytes, i.e. 20 to 17 % (Lin and Fisher, 2007; 
Park et al., 2007). 

6.2 Differentiation and dedifferentiation 
We established the existence of a subset of immature/undifferentiated cuta-
neous interfollicular melanocytes in skin, normally unexposed to sun (Study 
I and III). This subset of cutaneous interfollicular melanocytes was MITF-, 
Bcl-2- and SOX10-negative in the immunostaining, and these less differenti-
ated melanocytes do not produce melanin and usually not express melano-
cyte specific proteins like MITF and DCT (Passeron et al., 2007). 

The subset of melanocytes negative for MITF and Bcl-2 demonstrated a 
dose-dependent decrease within the dose range 0.05 to 1.09 Gy and a hyper-
sensitive reduction to dose fractions in the range of 0.05 to 0.3 Gy (Study I). 
The parallel upregulation of PAX3, SOX10, c-Kit and MITF suggests that 
differentiation was instigated already at very low doses of IR. This was con-
firmed by increase in the expression of DCT, which is an early indication of 
differentiation (Study I). Our in situ findings confirmed the connection be-
tween MITF and Bcl-2 from in vitro studies demonstrating that MITF up-
regulates Bcl-2 (McGill et al., 2002). This was illustrated by the strong cor-
relation between Bcl-2 and MITF levels in each patient (Study I and III). 
The double-staining assessments confirmed the existence of a subset of neg-
ative melanocytes, i.e. undifferentiated melanocytes, in the cutaneous inter-
follicular melanocyte population and their disappearance upon IR exposure.  
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Medic and Ziman (2010) also established variable differentiation status 
among interfollicular melanocytes; approximately 20 % of the melanocytes 
were less differentiated. In our investigations (Study I and III) the subset of 
less differentiated interfollicular melanocytes represented about 25 % of the 
interfollicular melanocytes from skin areas assumed to be protected from sun 
exposure for most of life.  

In Study III, during the 5-week course of RT the subgroup of MITF-, Bcl-
2- and DCT-negative melanocytes decreased and a concomitant increase in 
MITF-, Bcl-2- and DCT-positive melanocytes occurred. Within 5 weeks 
after the end of treatment the number of melanocytes expressing MITF, Bcl-
2, and DCT declined and the pretreatment subset of immature melanocytes 
was restored. The increase in the number of DCT expressing melanocytes 
during RT and their decline post-treatment, strongly suggests IR-induced 
differentiation followed by dedifferentiation, bearing in mind that the total 
number of melanocytes was undisturbed and that no significant proliferation 
or apoptosis occurred within the interfollicular melanocyte population over 
an assessment period of 10 weeks; in addition migration of immature mela-
nocytes from the hair bulge was excluded in the clinical assay we used. To 
the best of our knowledge, this work is the first to demonstrate temporary 
and reversible melanocyte differentiation upon prolonged exposure to IR 
(Study III). Inomata et al. (2009) demonstrated that the melanocyte stem 
cells in the bulge region of adult mice exhibited terminal differentiation and 
MC1R-mediated melanogenesis after a single dose of IR of 5 Gy; neither 
apoptosis nor senescence could be established.  

Yamaguchi et al. (2006) present data suggesting that undifferentiated 
melanocytes are more vulnerable to UVR than differentiated melanocytes. 
Therefore, intermittent exposure to UVR should be more harmful than con-
tinuous exposure to the subset of immature melanocytes. The very slow cell-
turnover of the interfollicular melanocytes permits repeated exposure events 
to the immature subset, which dedifferentiates after each irradiation and will 
be re-sensitized to subsequent exposure; this suggests that interfollicular 
melanocytes within the immature subset possess the greatest risk of malig-
nant transformation to melanoma (Study III). 

6.3 Melanocyte survival and DNA damage response 
The DNA damage response of melanocytes is largely governed by paracrine 
signaling from adjacent keratinocytes. Upon DNA damage induced by UVR 
and IR exposure upregulation of p53 in the keratinocytes instigates differen-
tiation and melanin synthesis in the melanocytes (Cui et al., 2007; 
Moustakas, 2008; Yang et al., 2008); in addition the p53 signaling in the 
keratinocytes contributes to repair of DNA damage in the melanocytes by 
activation of α-MSH/MC1R (Goding and Arnheiter, 2019), and also to mel-
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anocyte  survival by anti-apoptotic signaling via activation of MITF/Bcl-2 
and NF-kappa/β by pro-inflammatory cytokines (Acosta et al., 2008; 
Hellweg, 2015; Hornyak et al., 2009; McGill et al., 2002; Takabe et al., 
2019). Due to the prominent paracrine role of p53 in the response of mela-
nocytes to genotoxic exposure, very similar melanocyte response to UVR 
and IR are expected. 

Epidermal melanocytes are resistant to UVR-induced apoptosis (Bowen 
et al., 2003; Hornyak et al., 2009). Melanocyte resistance to DNA damage 
has been ascribed to the upregulation of anti-apoptotic protein Bcl-2 by 
MITF (McGill et al., 2002). The resistance to cell death was also confirmed 
for IR (Study I, II and III).The importance of the upregulation of Bcl-2 by 
MITF was supported by the strong correlation between MITF and Bcl-2 
expression observed in in each patient (Study I and III). 

The existence of apoptosis was examined by evaluating cells with ho-
mogenous confluent nuclear staining of γH2AX (Simonsson et al., 2008), 
both upon daily dose fractions of 0.05 to 1.09 Gy (Turesson et al., 2010) and 
daily 2.0 Gy fractions (Turesson et al., 2020). The maximum number of 
apoptotic cells including both keratinocytes and melanocytes at the end of 
treatment was about 1.5 per millimeter. Thereby we could state that apopto-
sis of melanocytes was negligible upon RT both for sub-therapeutic and 
therapeutic dosages. The TUNEL assay is commonly used to assess apopto-
sis. However, we found that in our hands this staining was not good enough 
for accurate quantification of apoptotic cells. 

Neural cells derived from the neural crest express the stem cell factor 
BMI1, of importance for cell renewal of stem cells and early progenitors. In 
Study III and IV, we highlighted that also melanocytes with the same origin 
constitutively express BMI1, which became even more pronounced upon 
exposure to IR. The keratinocytes do not stain for BMI1, but endothelial 
cells and fibroblast do so. To our knowledge, the BMI1 expression in mela-
nocytes has not been reported previously. The major part of interfollicular 
melanocytes expresses BMI1 in the nucleus in unexposed skin (Study III and 
IV); during RT, no significant increase of the number of BMI1-postive mel-
anocytes  was observed, but the number of BMI1-negative melanocytes de-
creased to 0.4 per millimeter at the end of treatment (P<0.001) (Study III). 
The subset of BMI-1 negative melanocytes restored to its original number 
within 5 weeks post-treatment. In Study IV, we demonstrated that the BMI1-
positive melanocytes increased in a hypersensitive manner up to 0.3 Gy 
(P<0.001), and the number of BMI1-negative melanocytes decreased in a 
corresponding manner (P<0.001); in agreement with all other markers inves-
tigated. 

The BMI1 protein is not expressed in cultured normal human melano-
cytes (Basu et al., 2019), why we suggested that the high expression of 
BMI1 in situ  is most likely regulated by paracrine signaling from the neigh-
boring keratinocytes; the Notch1 and Wnt/β-catenin pathways may be in-
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volved in the constitutive transcription of BMI1 in situ and upregulation 
upon IR exposure (Bellei et al., 2011; Katoh and Katoh, 2020; Seleit et al., 
2014). The p53 protein induces Notch1 activity in keratinocytes (Lefort et 
al., 2007), and is supposed to enhance Notch1 signaling in melanocytes, and 
increase their BMI1 expression upon irradiation (Moriyama et al., 2006). 
However, the molecular mechanisms behind the regulation of the expression 
of BMI1 in melanocytes deserve detailed characterization. 

BMI1 represses the INK4A/ARF gene locus that encodes tumor suppres-
sors that function in the pRb and p53 pathways, which regulates senescence 
and cell proliferation (Jacobs et al., 1999; Sharpless and Sherr, 2015). We 
suggested that BMI1 also has implications on the DNA damage response of 
the melanocytes. We concluded that from the knowledge gained on neural 
tumors, which describes that BMI1 can directly bind to and degrade the p53 
protein (Calao et al., 2013; Koifman et al., 2019), and also suppress the tran-
scription of p21 by blocking its promoter (Fasano et al., 2007; 
Subkhankulova et al., 2010). In addition, BMI1 is mediating resistance to 
apoptosis by activating NF-kappa/β (Li et al., 2010). Thus, BMI1 can protect 
cells both from apoptosis and terminal differentiation in certain contexts. 
These regulatory effects of BMI1 are probably relevant for interfollicular 
melanocytes, also derived from the neural crest. 

Upon UVR and IR exposure melanocytes in culture express both p53 and 
p21 in the nucleus, but in situ both proteins are hardly detectable. Although, 
p21 mRNA and p21 protein levels increase upon DNA damage to melano-
cytes, p53 binding to the p21 promoter was undetectable (Kulesz-Martin et 
al., 2005). The molecular pathways that suppress the p53-p21 pathway in 
melanocytes in situ are poorly understood still. We suggested that the BMI1 
expression in the melanocytes in situ contributes to the discrepancy between 
the in vitro and in situ response to genotoxic stress.  Previously it was 
demonstrated that PAX3 also can stimulate ubiquitination and degradation of 
p53 in melanocytes (Wang et al., 2011).  Of note, recently it was revealed 
that radiation-induced Notch1 activity inhibits the kinase activity of ATM 
resulting in suppression of phosphorylation and stabilization of p53 
(Vermezovic et al., 2015), which is relevant for melanocytes exposed to 
UVR and IR in situ. Furthermore, it is known that RhoJ inactivates ATR 
kinase upon genotoxic stress from UVR and chemotherapy, which prevents 
phosphorylation and subsequent stabilization of the p53 protein in melano-
cytes (Ho et al., 2012). This is probably also the case following IR.  

Lack of nuclear expression of p53 was previously reported for human 
skin after exposure to UVR (Gupta et al., 2014; Rudolph et al., 1998). In 
Study I we confirmed the lack of nuclear p53 expression also upon RT with 
dose fractions of 0.05 to 1.09 applied over 7 weeks, and that was also the 
case for p21. However, p21 was observed in the cytoplasm in some melano-
cytes. In Study III we confirmed that nuclear expression of p21 was ob-
served only sporadically during RT with daily fractions of 2.0 Gy, but p21 
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appeared more frequently in the cytoplasm towards the end of 5 weeks 
treatment. Nuclear p21 protein regulates cell cycle progression, while cyto-
plasmic p21 inhibits apoptosis. We suggested that the high BMI1 expression 
in the melanocytes could be primarily responsible for the response to DNA 
damage by degrading the p53 protein and repressing transcription of p21. 
Thereby, BMI1 prevents apoptosis and terminal differentiation and enables 
dedifferentiation when the genotoxic treatment ends, and maintains the self-
renewal capability of interfollicular melanocytes. 

Melanocytes divide very rarely, why it is a challenge to determine the 
proliferation index of the small quantity that exists in the basal cell layer of 
the interfollicular epidermis. Staining for pRb phosphorylated at serine 
807/811, which is required for transition from G0 to G1, revealed that 0.3 % 
of the melanocytes were cycling in unexposed skin; during the treatment 
period even fewer melanocytes, 0.1 %, were cycling. Post-treatment the pro-
liferation remained at a low level, 0.1 %. Staining with Ki-67 and Cyclin A 
and Cyclin B1 confirmed this picture (Study III). Brenner et al. (2009) and 
Coelho et al. (2009) demonstrated a 2- to 3-fold increase in melanocyte den-
sity within 4 to 5 weeks of repetitive UVR exposure, but no proliferation 
was observed with the use of cyclins D and E, or PCNA as cell cycle mark-
ers. Therefore, migration of melanocytes from the hair follicle bulge was 
assumed to result in the increased number of melanocytes upon UVR expo-
sure. In co-staining with MART-1 and Ki-67, Yamada et al. (2014) estab-
lished the proliferation rate of interfollicular melanocytes to 0.01 % in un-
exposed skin. 

An accurate as possible determination of the melanocyte proliferation was 
a prerequisite for a proper interpretation of the quantitative estimates of mel-
anocytes stained for each specific molecular marker. The very low prolifera-
tion rate established allowed us to conclude that neither the increase in the 
number of melanocytes expressing MITF, Bcl-2-, and SOX10 during RT nor 
the restoration post-treatment of the immature subset of melanocytes without 
expression of these markers, can be explained by proliferation (Study I and 
III).  

In spite of the very low melanocyte proliferation rate in unexposed skin 
we noticed an arrest during IR exposure by staining for Ki-67, cyclin A and 
cyclin B1 and phosphorylation of pRb at serine 807/811. Although nuclear 
p21 was virtually undetectable in the immunostaining (Study I), p21 proba-
bly causes the arrest in G0 (Carreira et al., 2005); to arrest cells in G0 just a 
small amount of p21 is necessary to prevent pRb phosphorylation and the G0 
to G1 transition (Overton et al., 2014; Spencer et al., 2013; Turesson et al., 
2020; Yang et al., 2017).  

To get a deeper understanding of the radioresistance of the melanocytes 
we determined the induction, accumulation and persistence of DNA DSBs 
upon doses per fraction in the range of 0.05 to 2.0 Gy applied for 5 to 7 
weeks. Immunostaining of 53BP1 foci was used as a surrogate marker for 
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DSBs (Study IV). We designed the study for as accurate a comparison as 
possible regarding 53BP1 foci between keratinocytes and melanocytes in the 
basal cell layer of epidermis. Cell triplets consisting of a melanocyte and the 
adjacent keratinocyte on each side ensured proper identification of each cell 
type, and we know for certain that each cell in the triplet received identical 
dose exposure. We established dose-response relationships for comparison 
between 53BP1 foci in keratinocytes and melanocytes. 

The finding of significant higher numbers of DNA DSB/53BP1 foci in 
melanocytes compared to keratinocytes after exactly the same dose was un-
expected. Surprisingly, also a more pronounced accumulation of 53BP1 foci 
occurred during the treatment course in melanocytes compared to keratino-
cytes. The current opinion is that the radioresistance of melanocytes is asso-
ciated with a pronounced capacity to repair DNA damage. On the contrary, 
our findings suggest that interfollicular melanocytes have a high tolerance 
for DNA DSBs compared to keratinocytes. This scenario raises the question 
of which molecular mechanisms protect against melanocyte death upon se-
vere DNA damage, including DNA DSBs. 

Virtually all melanocytes are in quiescence. In the G0 phase cells repair 
about 75 % of the DSBs with fast kinetics using canonical non-homologous 
end-joining (Goodarzi et al., 2008; Shibata and Jeggo, 2020). That means 
that a large amount of the DSBs was repaired already within 30 minutes after 
the dose fraction when the biopsy was taken. Therefore, the 53BP1 assess-
ments rather reveal the capacity of the slow repair of DSBs appearing in the 
heterochromatin of G0 cells. The repair of these DSBs requires ATM kinase 
phosphorylation of KAP1. In melanocytes, this step might be prevented by 
radiation induced Notch1 activity (Vermezovic et al., 2015). Therefore, het-
erochromatin associated DSBs in the melanocytes can remain unrepaired 
during the treatment period. This is the most likely explanation to both the 
higher amount of 53BP1 foci and the pronounced accumulation of 53BP1 
foci observed in melanocytes compared to keratinocytes. Post-treatment the 
ATM kinase activity is normalized in the melanocytes, and the 53BP1 foci 
disappear in a similar way for keratinocytes and melanocytes (Study IV Fig-
ure 3 and 5). 

Melanocytes are expected to be lost mainly by senescence; the senescent 
cells are expected to be eliminated by the innate immunological cells. An 
early indication of senescence is the upregulation of the cell membrane re-
ceptor CXCR2 (Acosta et al., 2008; Kuilman et al., 2008). We assessed the 
expression of CXCR2, clearly visible at 1000-times magnification, in a cou-
ple of patients receiving   2.0 and 4.0 Gy per fraction and in 12 patients re-
ceiving 0.05 to 1.09 Gy per fraction (Study III and IV). In unexposed skin 
only a few cells were CXCR2 positive. During the radiotherapy the number 
of stained melanocytes increased, in a hypersensitive manner up to 0.3 Gy 
per fraction (Study IV), and by the end of treatment, all melanocytes exhibit-
ed cell membrane staining, which started to decline post-treatment (Study 
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III). However, the upregulation of CXCR2 was not associated with an obvi-
ous melanocyte reduction. Keratinocytes were not stained, but endothelial 
cells and fibroblasts in the dermis upregulated the CXCR2 receptor upon 
irradiation. 

Upregulation of the CXCR2 receptor on the cell membrane is mediated 
by NF-kappa/β and C/EBPβ (Acosta et al., 2008; Gorgoulis et al., 2019; Ha 
et al., 2017; Kuilman et al., 2008). UVR activates NF-kappa/β, stimulating 
IL-6 and IL-8 secretion from melanocytes (Decean et al., 2013; Takabe et 
al., 2019), which mediate their signals via extracellular binding to the 
CXCR2 receptor. There is a positive feedback between CXCR2 and NF-
kappa/β (Acosta et al., 2008; Ha et al., 2017).  The CXCR2 expression is 
tightly regulated and will quickly decline when the stimulus has disappeared 
(Ha et al., 2017), as demonstrated in Study III. Concomitant with upregula-
tion of CXCR2, NF-kappa/β activity also upregulates Bcl-2 and several other 
anti-apoptotic proteins. Thus, the temporary CXCR2 expression of the mela-
nocytes protects against apoptosis during genotoxic exposure (Childs et al., 
2014) and prevents development of an irreversible senescent phenotype post-
treatment. 

BMI1 maintains constitutive activation of NF-kappa/β in certain cell con-
texts, and was demonstrated for cells derived from the neural crest (Li et al., 
2010). Therefore we can assume that BMI1 promotes survival of the mela-
nocytes via NF-kappa/β. It is known that NF-kappa/β is upregulated by DNA 
damage, particularly DNA DSBs (Habraken and Piette, 2006; McCool and 
Miyamoto, 2012). In addition, NF-kappa/β can be activated through the cell 
surface-bound IL-1α/IL-1 receptor signaling initiated by pro-inflammatory 
cytokines secreted by both keratinocytes and melanocytes (Orjalo et al., 
2009).  

Ultimately, the senescent state in melanocytes is regulated by Notch1, ac-
tivated by upregulation of p53 in the keratinocytes (Lefort et al., 2007; Seleit 
et al., 2014). Senescence instigation by DNA damage response is regulated 
by transient induction of Notch1 signaling. Notch1 activation suppresses the 
secretion IL-6 and IL-8, preventing recruitment of innate immune cells and 
elimination of CXCR2 expressing melanocytes when being in a pre-
senescent state (Hoare et al., 2016). This is in line with our observation that 
the number of melanocytes remains unchanged for a long irradiation period. 

To our knowledge, upregulation of CXCR2 on the melanocyte cell mem-
brane during genotoxic exposure has not been observed previously. We as-
cribe the transient nature of this anti-apoptotic and pro-survival phenomenon 
to paracrine and juxtacrine keratinocyte stimulation and autocrine melano-
cyte activities, induced and maintained by IR exposure, but interrupted when 
the exposure ends. 
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6.4 Methodological considerations 
For all the markers assessed in the immunostainings  of cutaneous interfol-
licular melanocytes their morphology of distinct nucleoli, tendency for vac-
uolization, cytoplasm adherence to the nucleus, and lack of desmosomes was 
obvious in the use of 1000-times magnification. Interfollicular melanocytes 
in the basal layer were easily distinguished from keratinocytes, which exclu-
sively expressing desmosomes in the cell membrane (Barlow et al., 2007; 
Fitzpatrick and Wolff, 2008; Lin and Fisher, 2007). 

A possible confounding factor in the analysis for the staining of ΔNp63 is 
that melanocytes express small amounts of two of the six isoforms of p63, 
which have not been definitively determined (Brinck et al., 2002; Senoo et 
al., 2007; Truong et al., 2006). Of note, IR or UVR induces none of the p63 
isoforms (Kulesz-Martin et al., 2005). We used the 4A4 anti-p63 monoclonal 
antibody in a manner similar to other studies and found intense staining of 
keratinocytes in the basal and suprabasal cell layers. The ΔNp63 staining 
was of variable intensity in keratinocytes and comparable to previous find-
ings (Pellegrini et al., 2001). All of the ΔNp63-negative cells were associat-
ed with the melanocyte lineage and this marker was used to distinguish mel-
anocytes from keratinocytes to characterize the two cell types by im-
munostaining. With the intense p63 staining, it could not be ruled out that a 
small amount of p63 expression in melanocytes resulted in a small underes-
timation of the number of melanocytes (I and III). By using decreasing con-
centrations of the 4A4 anti-p63 monoclonal antibody (from 1:100 up to 
1:4000), we discovered that 1:800 would have been the most optimal con-
centration, giving a 10 % higher number of ΔNp63-negative cells than the 
1:200 concentration used in Study I and III. 

 Counting of melanocytes in eosin-PAS might underestimate the number 
in control biopsies compared to that in exposed skin. Irradiation-induced 
chromatin changes cause a halo around the nucleus of the melanocytes, mak-
ing them easier to detect. The chromatin remodeling SWI/SNF complexes 
necessary for MITF activities may contribute to the morphological changes 
observed already after the very low dose fractions. This is the most likely 
explanation for the significant increase in melanocytes upon irradiation in 
the morphological evaluation in the eosin-PAS staining (Study I).  

In spite of the confounding factors considered for the ∆Np63 and eosin-
PAS staining, the strong correlation between the two estimations for each 
individual patient in both unexposed and IR-exposed skin indicates that the 
accuracy of the number of melanocytes determined in each staining is satis-
factory. However, slightly lower estimates of the number of melanocytes 
were determined in the eosin-PAS staining for all dose schedules in Study II. 
These biopsies were 10 years older than the others, prepared in a different 
laboratory and were stored a longer time before embedded in paraffin, which 
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might explain the differences to the number of melanocytes determined in 
Study III. 

The statistical analyses were based on small number of patients in each 
dose group. This concern was offset by that the study design enabled estab-
lishment of dose-response relationship for each individual patient within a 
study group, and the patients were their own control. Therefore, the data 
allowed us to evaluate the effects of interest. In particular, dose-dependent 
upregulation of various protein expressions upon irradiation and their down-
regulation post-treatment could be determined for each of the patients. 
Thereby the impact of individual differences in response on the outcome was 
minimized.   

To make sure of a low bias and accuracy of the repeated quantifications 
of the melanocytes performed by the same person, a second person also 
counted all eosin-PAS samples in Study I; a good agreement could be ascer-
tained. In addition, melanocyte identification was implemented for each 
marker in the immunostaining and the double-staining by a second person.  

In Study I and IV, a non-parametric correlation coefficient was used to 
analyze if there was a positive correlation between dose and response for 
each individual and staining. The method was chosen because it does not 
assume linearity in the dose-response relationship that was estimated for five 
dose levels.  

In Study II and III, the total dose associated with each patient biopsy var-
ied over a time, therefore the Linear Mixed Model was chosen with one in-
dependent variable in the analysis ("Total dose" or "Time"), where the Line-
ar Mixed Model analyzed the dose-response relationship during treatment 
and the time-response relationship after treatment. Linear mixed models use 
random effects models to analyze the overall effect of dose or time for the 
population and, in addition, the individual effects. That resembles individual 
regression analyses with separate intercepts and slope coefficients. 

The Linear Mixed Model is an extension of the general linear model. In 
medical studies where a wide variety of factors influence the response to a 
treatment of interest, the Linear Mixed Model is useful, especially in longi-
tudinal data settings. Traditional statistical methodologies require that the 
patient receive the treatments at the same time intervals for all patients in the 
group in order for the statistical analysis and conclusions to be accurate. 
Linear Mixed Models techniques allow making inferences about the treat-
ment by modeling and estimating the random components. Additionally, 
Linear Mixed Models allow making greater use of incomplete data, such as 
in our case, where the sampling of tissue from the patients differed in time, 
which allows modeling of both heterogeneous variances and correlations 
among observations. Traditional methods would exclude such individuals 
from the analysis, losing valuable information. We analyzed the residuals in 
the majority of the models and found approximate normal distributions.  
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7 Conclusion 

Interfollicular melanocytes: 
 
• constitute an autonomous self-renewing cell population, dividing rarely, 

and present various degrees of differentiation of which about one fourth 
is immature. 

• are radioresistant to apoptosis and maintain their numbers upon all dos-
age regimens used clinically: low sub-therapeutic doses, and conven-
tional fractionation as well as for hypofractionation and accelerated frac-
tionation in adjuvant settings, and also up to several weeks post-
treatment. 

• demonstrate hypersensitivity to low doses per fraction in the range 0.05 
to 0.3 Gy in the expression of MITF, Bcl-2, BMI1 and SOX10. 

• initiate differentiation and melanin synthesis upon IR, in a similar way 
as UVR. 

• initiate differentiation to daily doses of IR as low as 0.05 Gy. 
• maintain increased differentiation, resistance to apoptosis, and prolifera-

tion arrest during at least 5-7 weeks of RT. 
• differentiate temporarily as long as the radiation exposure is ongoing, 

and dedifferentiate within 5 weeks post-treatment. 
• express BMI1, which is further upregulated upon RT, indicating that 

melanocytes have stem cell characteristics. BMI1 is likely primarily re-
sponsible for the DDR and the attenuated p53/p21 signaling in the mela-
noctyes by degrading the p53 and p21 proteins, in addition to suppres-
sion of p16 and upregulation of NF-kappa/β, which altogether enables 
dedifferentiation, and prevents both premature senescence and cell 
death. 

• upregulate CXCR2 transiently upon RT, indicating that a pro-senescence 
response occur concomitant with differentiation and melanin synthesis. 
The anti-apoptotic pathway BMI1-NF-kappa/β-CXCL8/CXCR2 is an ef-
ficient pro-survival mechanism of the melanocytes that likely contribute 
to the resistance to genotoxic damage.. 

• demonstrate low-dose hypersensitivity to induction of DNA DSBs, 
which means that the relative DNA DSB foci density increases with de-
creasing dose per fraction below 2 Gy. 

• accumulate DNA DSBs during the treatment period, to a higher degree 
than the adjacent keratinocytes under identical RT exposure conditions, 
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indicating reduced repair capacity of DSBs as long as the treatment is 
ongoing. 

• have a high tolerability to DSBs compared to keratinocytes, which can 
explain the exceptional radioresistance of the melanocytes. 
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8 Future perspectives 

Melanocytes are considered to live long which allow them to experience 
many UVR exposure events and accumulate unrepaired DNA damage that 
may potentially cause malignant transformation to melanoma. An assump-
tion is that the high BMI1 expression in the melanocytes can be primarily 
responsible for the DDR by degrading the p53 and p21 proteins, suppres-
sion of p16 and activation of NF-kappa/β. These mechanisms prevent the 
melanocytes from terminal differentiation and allow dedifferentiation post-
exposure, and also counteract premature senescence and apoptosis. The 
remarkable resistance of melanocytes to DNA damage deserves to be in-
vestigated in detail with the purpose to identify the pro-survival mecha-
nisms in the first place. 

Temporary and reversible melanocyte differentiation induced by irradia-
tion is a novel finding presented in this thesis. Our data indirectly indicted 
that the temporary differentiation is mainly regulated through paracrine sig-
naling from the keratinocytes, and highlight the need of further in situ stud-
ies of the melanocyte response to genotoxic damage. 

During the treatment period the melanocytes exhibit reduced capacity to 
repair DSBs, and accumulate DSB, upon daily dose exposures, which means 
a high tolerability against DSBs, lasting for many weeks of irradiation. The 
significance of the larger amount and accumulation of DSBs in melanocytes 
compared to keratinocytes upon the same dose was reflected in the upregula-
tion of CXCR2 exclusively in the melanocytes, indicating a senescence re-
sponse, as long as the exposure was going on. Further studies of the DSB 
repair mechanism and the protective CXCR2 response may reveal mecha-
nisms that can result in new therapeutic strategies for melanoma. 

Melanocytes are hypersensitive to doses per fraction below 0.3 to 0.4 Gy 
concerning the induction of DNA DSBs. Therefore, the DNA DSB density 
gradually increases with decreasing fraction size. Further studies are relevant 
to determine the clinical impact of this phenomenon.  

Further staining is highly motivated: for nuclear p65 to reveal activation 
of NF-kappa/β in melanocytes, and also for pChk2-Thr68 and pKAP1-S824 
to determine if ATM phosphorylation occurs to a substantial less degree in 
melanocytes compared to keratinocytes during the treatment period, and is 
normalized post-treatment. 
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9 Abstract in Swedish (sammanfattning) 

Hudens melanocyter belägna i överhudens nedersta cellager, basalcellslagret, 
skyddar huden mot UV-strålning (UVR), genom att bilda pigment. Melano-
cyternas respons på UVR är väl kartlagd, men hittills inte beskriven för joni-
serande strålning som ges vid radioterapi (RT). Syftet med dessa studier var 
att undersöka effekterna av RT, med utgångspunkten att samma molekylära 
aktiviteter induceras av RT som av UVR, för att om möjligt avslöja mekan-
ismerna bakom hyperpigmentering och depigmentering orsakade av RT. 
Resultaten är baserade på immunofärgade vävnadsavsnitt ifrån 530 icke 
solexponerade hudbiopsier. Dessa är insamlade före, under och efter avslu-
tad adjuvant RT mot bröstkorgsväggen hos bröstcancerpatienter och höft-
regionen hos patienter med prostatacancer som fått RT i kurativt syfte. 
Fraktionerad RT med dagliga doser mellan 0,05 och 2,0 Gy, såväl som hy-
pofraktionering och accelererad fraktionering undersöktes. RT steriliserar 
hårfolliklarna, varför invandring av omogna melanocyter till interfollikulära 
epidermis kunde uteslutas.  

Det unika med denna kliniska modell var möjligheten att fastslå att inter-
follikulära melanocyter utgör en autonom självförnyande cellpopulation av 
melanocyter som uppvisar olika grader av differentiering, varav en fjärdedel 
är omogna; vidare konstaterades att melanocyterna delar sig mycket sällan 
med endast 0,3 % i cell cykeln i oexponerad hud, och proliferationen stimu-
lerades varken under RT-perioden eller under de närmaste veckorna efter 
RT. Ingen apoptos av melanocyterna kunde säkert påvisas. Antalet melano-
cyter förblev oförändrat oavsett dosering, vilket innebär att melanocyterna är 
absolut motståndskraftiga mot alla vanliga doseringsschema inom RT. Hy-
perstrålkänslighet i lågdosområdet 0,05 till 0,3 Gy observerades för DNA-
dubbelsträngsbrott (DSB), differentiering och anti-apoptotisk signalering. 
Melanocytdifferentieringen upprätthölls under RT-perioden, men efter avslu-
tad behandling skedde en dedifferentiering. Keratinocyterna uppvisade för-
väntad aktivering av p53/p21-signalering vid RT, medan melanocyterna 
saknade både p53 och p21. En ny observation var att melanocyterna konsti-
tutivt uttrycker BMI1, och i ännu högre grad under bestrålningsperioden, 
vilket indikerar att melanocyter har stamcellsegenskaper. BMI1 inaktiverar 
p53/p21 signaleringen genom att bryta ned p53 och blockera transkriptionen 
av p21, förutom att undertrycka p16 och ARF. Därmed kan BMI1 förhindra 
apoptos, terminal differentiering och senesens, vilket möjliggör dedifferenti-
ering av melanocyterna och återställande av cellpopulationen efter avslutad 
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RT. Melanocyterna uppvisar och ackumulerar en högre mängd DSB under 
RT-perioden jämfört med keratinocyterna, vilket indikerar minskad reparat-
ionskapacitet av DSB i melanocyterna. Således kan endast effektiva över-
levnadsmekanismer förklara melanocyternas radioresistens mot apoptos.                 

Resultaten i avhandlingen tyder på att melanocyterna skyddas genom ak-
tivering av BMI1-NF-kappa/β-CXCL8/CXCR2 signalering förutom uppre-
glering av Bcl-2 med melanocytspecifikt MITF. 
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10  Popular science summary 

In human skin, interfollicular melanocytes are a small part of the total 
amount of cells, but play an extensive role in the protection from UV radia-
tion by producing pigment. Ionizing radiation (IR) is used in radiotherapy 
(RT) for treatment of cancer. The melanocyte response to IR has not yet 
been studied. Melanocytes are regulated and communicate with neighboring 
cells, especially keratinocytes; how the keratinocytes regulate melanocytes 
upon UV radiation is well described, but unknown for IR exposure. Howev-
er, this is a relevant issue for the understanding of depigmentation and hy-
perpigmentation, which are frequent side effects of RT. The general aim of 
the project was to gain insight into the molecular effects of IR-induced DNA 
damage in the melanocytes. Molecular activities in melanocytes were as-
sessed by staining of their protein expressions in tissue sections of skin biop-
sies, collected from breast and prostate cancer patients, before, during, and 
up to 5 weeks after the RT course. Daily dose fractions between 0.05 and 2.0 
Gy were applied for 5 to 7 weeks, but also unconventional dosage schedules.  

A unique finding was that, melanocytes are an autonomous self-renewing 
population with cells presenting different degree of maturity and about one 
fourth is immature. The melanocytes divided rarely and were radioresistant 
to cell death, and, therefore, did not change in number during or after the 
treatment. Through signaling from surrounding keratinocytes upon RT, the 
melanocytes initiated pigment synthesis, in the same manner as after UV 
radiation, reflecting a higher degree of matudnration, which lasted as long as 
treatment was ongoing. After the end of treatment the melanocytes returned 
to their less mature state. Concomitantly with the pigment synthesis, other 
proteins are activated that protect melanocytes from death, also, in part, by 
signaling from the keratinocytes. Melanocytes also accumulated genetic 
damage during RT, suggesting a reduced DNA repair capacity compared to 
keratinocytes. Thus, the radioresistance of melanocytes is not associated 
with a superior repair capacity of genetic damage, but melanocytes are pro-
tected by efficient pro-survival mechanisms governed by activation of dif-
ferent pathways to prevent cell death.  

This course of events, temporary melanin synthesis concomitant with 
transient pro-survival activity, was not reported previously. In addition,  
hyperradiosensitivity to doses below 0.3 Gy in the increase of the involved 
proteins was documented, which should be considered in the current RT 
techniques in use today. The pro-survival mechanisms behind the resistance 
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of melanocytes to genetic insults, like that from UVR and IR, deserve further 
investigations that might result in new therapeutic approach for malignant 
melanoma. 
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11 Popular science summary in Swedish  

I human hud utgör melanocyterna (pigmentcellerna) en liten del av den to-
tala mängden celler men spelar en mycket betydande roll i skyddet mot so-
lens ultravioletta strålning (UV strålning) genom att bilda pigment. Hur pig-
mentsyntesen i melanocyterna initieras och styrs vid UV bestrålning är täm-
ligen väl kartlagt. Det har visat sig att det är i mycket hög grad keratinocy-
terna i melanocytens närhet som genom signalering till melanocyten styr 
pigmentsyntesen och även andra funktioner vid UV bestrålning. Vid strålbe-
handling av cancer används joniserande strålning. Hur melanocyterna i hu-
den, in situ, påverkas av joniserande strålning har ännu inte studerats. Detta 
är dock en relevant fråga för förståelsen av depigmentering och hyperpig-
mentering, vilka är frekventa biverkningar av strålbehandling. Det generella 
syftet med avhandlingen var att nå en förbättrad kunskap om de molekylära 
aktiviter som induceras av de genetiska skador som strålbehandlingen ger, 
och orsaken till den strålresistens man ser hos melanocyterna. Resultaten 
baseras på proteinuttryck som analyseras i mikroskop av färgade vävnadsav-
snitt ifrån biopsier som samlats in före, under och upp till 5 veckor efter 
strålbehandlingen från kvinnor med bröstcancer och män med prostatacan-
cer.  

Ett viktigt nytt konstaterande var att de interfollikuära melanocyterna ut-
gör en autonom cellpopulation med varierande mognadsgrad (differentie-
ring), och ungefär en fjärdedel är omogna (odifferentierade). Melanocyterna 
delar sig mycket sällan och är resistenta mot celldöd, vilket bekräftades av 
att antalet melanocyter varken förändrades under eller efter strålbehandling-
en oavsett dosering. I likhet med inducerad pigmentsyntes vid UV bestrål-
ning initierades pigmentsyntesen (och differentiering) på samma sätt av 
strålbehandling och varade så länge behandlingen pågick. Efter avslutad 
strålbehandling återtog melanocyterna sitt mer omogna tillstånd (odifferenti-
erade). Samtidig aktiverade behandlingen proteiner som skyddade melano-
cyterna från celldöd. Anmärkningsvärt var att melanocyterna ackumulerade 
DNA skador i mycket högre grad än omgivande keratinocyter, vilket talar 
för en reducerad förmåga att reparera DNA skador. Detta är tvärtemot den 
rådande uppfattningen att melanocyterna har överlägsen kapacitet att repa-
rera genetiska skador, vilket skulle förklara resistensen mot genotoxisk ex-
ponering. Till synes skyddas melanocyterna från att gå under av genetiska 
skador av effektiva överlevnadsmekanismer, också delvis styrda från kerati-
nocyterna. Detta händelseförlopp, att melanocyterna temporärt svarar med 
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pigmentsyntes, avvaktar med reparationen av DNA skador, och samtidigt 
aktiverar överlevnadsmekanismer som avbryts när bestrålningen upphör, har 
inte tidigare rapporterats. Ackumulerade DNA skador i melanocyterna repa-
reras efter att bestrålningen upphört.  

För samtliga involverade proteiner påvisades hyperkänslighet för dos-
fraktioner under 0.3 Gy, vilket bör beaktas vid de stråltekniker som används 
idag och bidrar med exponering av låga doser till stora vävnadsvolymer. De 
överlevnadsmekanismer som ligger bakom melanocyternas resistens mot 
genotoxiska terapier, förtjänar djupare studier vilka skulle kunna ge uppslag 
till nya terapeutiska strategier för melanom.  
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