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Abstract: Ultraviolet (UV) radiation is a strong environmental carcinogen responsible for the 
pathogenesis of most skin cancers, such as malignant melanoma (MM) and non-melanoma 
(keratinocyte) skin cancers. The carcinogenic role of UV was firmly established based on 
epidemiological evidence and molecular findings of the characteristic mutation signatures which 
occur during excision repair of cyclobutane pyrimidine dimers and 6,4-photoproducts. The role of 
UV in the pathogenesis of mycosis fungoides (MF), the most common primary cutaneous T-cell 
lymphoma, remains controversial. Here, we performed whole exome sequencing of 61 samples of 
MF cells microdissected from the cutaneous lesions, and compared their mutational signatures to 
340 MM. The vast majority of MM mutations had a typical UV mutational signature (SBS 7, SBS 38, 
DSB 1) underscoring the key role of ultraviolet as a mutagen. In contrast, the SBS 7 signature in MF 
comprised <5% of all mutations. SBS 7 was higher in the intraepidermal MF cells (when compared 
to the dermal cells) and in the cells from tumors as compared to early-stage plaques. In conclusion, 
our data do not support the pathogenic role of UV in the pathogenesis of MF and suggest that the 
UV mutations are the result of the cumulative, environmental ultraviolet exposure of cutaneous 
lesions, rather than an early mutagenic event.  

Keywords: cutaneous T-cell lymphoma; ultraviolet; mutation signatures; malignant melanoma; 
whole exome sequencing 

 

1. Introduction 

Primary cutaneous lymphomas are lymphoid cancers developing in the skin, in most cases 
running a relatively indolent course and rarely metastasizing to parenchymatous organs. Mycosis 
fungoides (MF) is the most common primary cutaneous T-cell lymphoma, manifesting itself clinically 
as scaly patches and plaques, occasionally progressing to tumors [1]. The origin of MF has been a 
subject of considerable interest and remains controversial. The prevalent view is that MF represents 
a clonal expansion of a tissue-resident, mature memory T-cell [2]. However, there is a considerable 
body of evidence that MF, like many other lymphomas, develops from immature T-cell progenitors, 
which differentiate into skin-homing, pre-malignant T-cells that colonize the skin, proliferate, and 
form MF lesions [3,4].  

UV radiation is the most common environmental carcinogen implicated in the pathogenesis of 
most skin cancers. UV is mutagenic and plays a role during cancer initiation and promotion [5]. The 
risk of malignant melanoma (MM) and non-melanoma (keratinocyte) skin cancers is strongly 
correlated with solar exposure and sunburns, and cancer cells show a high number of genomic UV-
induced mutations [6–8]. Similar dependency of UV would strongly support the origin of MF in the 
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skin rather than from migratory, immature T-cell precursors. However, the evidence linking MF to 
UV exposure has been inconclusive. Some authors found epidemiological association between 
lymphoma risk and solar exposure [9–11] but those correlations were weak and were not reproduced 
by other investigators [12]. Other studies examined the patterns of mutations and reported putative 
UV signatures in specific oncogenes (TP53) and in the genomes in MF [13–15]. However, those studies 
examined crude skin biopsies which might have contaminated the material with epidermal cells 
harboring UV mutations. Neither did they take into account the possible iatrogenic impact of 
phototherapy, which is a standard treatment for MF and is administered cyclically over extended 
periods of time. 

Confirmation of a large number of UV mutations in MF genomes would indicate the causative 
role of solar radiation in its pathogenesis and favor the role of long-lived, skin-resident T-cells rather 
than migratory immature precursors as the cells of origin. We have therefore re-examined the 
question of whether UV mutational signatures are found in MF. To avoid the biases identified in 
other studies, we have carefully purified lymphoid tumor cells by microdissecting skin biopsies, 
analyzed the data using validated bioinformatic pipelines [16,17], and compared MF data to the 
mutation patterns of malignant melanoma, the well-established example of a UV-dependent tumor [8]. 

2. Materials and Methods 

Data sources 

For analysis of MF mutations, we used whole-exome sequencing data which we generated 
previously from the microdissected biopsies from the lesional skin of the patients with confirmed 
diagnosis of mycosis fungoides (Table 1) [3,18]. 

Table 1. Characteristics of MF samples. 

  All ESP1 LSP 1 TMR 1 
Patients (number)  35       

Female (%)   25.70%       
White (%)   96%       

Age (mean [range])   68 [47-90]       
Samples (n) 61 27 14 20 

IA 6 6 NA NA 
IB 21 21 NA NA 
IIB 28 NA 11 17 
III  2 NA 1 1 

IVA 4 NA 2 2  
1ESP - early-stage plaque, LSP – late-stage plaque, TMR – tumor. NA – not applicable 

Briefly, tumor cell clusters were prepared using laser-capture microdissection of the skin 
biopsies, and DNA was isolated from the microdissected materials pooled for each biopsy as well as 
from matched peripheral blood mononuclear cells and buccal swabs.  Whole-exome sequencing 
(WES) libraries were prepared with NEBNext Ultra II DNA Library Prep Kit for Illumina (New 
England Biolabs, Ipswich, MA), the exome and untranslated region DNA reads were captured using 
SSELXT Human All Exon V6 +UTR probes (Agilent Technologies, Santa Clara, CA) and sequenced 
using on Illumina HiSeq 1500 and Novaseq 6000 sequencer. Ethical approval HREBA.CC-16-0820-
REN1 was obtained from the Health Research Ethics Board of Alberta Cancer Committee. Whole-
exome sequencing data for samples of malignant melanoma data were downloaded from The Cancer 
Genome Atlas (TCGA) (Table 2). 
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Data analysis 

The raw fastq files generated from WES were processed through the GATK (version 4.0.10) best 
practices workflow and aligned to the hg38 reference genome. Somatic variants (SVs), including 
single somatic mutations and indels, were identified by MuTect2 variant caller (version 2.1). The 
synonyms and non-synonymous SVs were identified by the Variant Effect Predictor (VEP) (version 
95.2). The VEP files were then used for identifying the single base substitution (SBS) and insertion 
and deletion (ID) signatures using SignatureAnalyzer (version 0.0.8) [19]. Visual data representations 
were created using Prism (GraphPad software, version 9).  

Data sharing 

The MF exome-sequencing data is available on dbGaP under accession number phs001877.v1.p1.  

Table 2. Characteristics of melanoma samples. 

 
Primary tumor Metastases  N/A  Total  

Regional1  Lymph node  Distant  

Patients (number) 63  61  170  43  3  340  

Female (%)  36.5  37.7  37.1  39.5  33.3  37.4  

White (%)  93.7  98.4  98.8  95.3  100.0  97.4  

Age (mean [range]) 63 [24-90]  57 [19-81]  54 [15-87]  58 [25-85] 74 [68-83]  61 [15-90]  

Stage 1 (%) 0.0  16.4  27.1  16.3  0.0  18.5  

Stage 2 (%) 54.0  23.0  14.7  27.9  33.3  25.3  

Stage 3 (%) 36.5  39.3  43.5  25.6  66.7  39.4  

Stage 4 (%) 4.8  6.6  2.9  14.0  0.0  5.3  

Stage N/A (%) 4.8  14.8  11.8  16.3  0.0  11.5  

Head and neck (%)  9.5  3.3  6.5  11.6  33.3  7.4  

Trunk (%)  42.9  37.7  35.3  27.9  33.3  36.2  

Extremities (%)  41.3  42.6  42.4  44.2  0.0  42.1  

N/A and other (%) 6.3  16.4  15.9  16.3  33.3  14.4 
1Regional cutaneous or subcutaneous tissue, includes satellite and in-transit metastasis. 

3. Results 

UV mutational signature is dominant in malignant melanoma 

The UV signature of MM was investigated previously [8] and we have performed an 
independent analysis of the TCGA dataset as a quality control of our analytic pipelines and as a 
reference for MF samples. For the single base substitutions (SBS) UV mutations we have detected SBS 
7a and SBS 38 (Figure 1). The UV signature 7a comprises C>T substitutions at TpC that are probably 
formed during repair of 6,4-photoproducts and was the dominant signature in melanoma across all 
the samples. SBS 38 results from indirect DNA damage by UV and is characterized by a high 
proportion of C>A substitutions [8,16]. Interestingly, we did not detect other subtypes of SBS 7, i.e. 
SBS7b (C>T substitutions at CpC, reflecting repair of cyclobutane pyrimidine dimers), or SBS 7c (high 
proportion of T>A and T>C substitutions reflecting, like SBS 38, indirect DNA damage), which were 
detected in smaller amounts relative to SBS7a in the previous benchmark study [8]. However, SBS 7a 
and SBS 7b signatures are very similar and may be misattributed to each other, especially when 
analyzing WES datasets which are noisier and resolve fewer mutations than the whole-genome 
sequencing of Hayward et al. [8]. Importantly, we have found an expected double base substitution 
DSB 1 (CC>TT) which is also a specific UV signature, albeit present in small quantities (<5% of SBS7a) 
[6,16,17,20]. In our material, DBS 1 and the less abundant DBS 2 (sometimes attributed to tobacco 
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smoking) were the only DBS signatures and were present in 24 samples (Figure 1). There was wide 
variation in the proportions and numbers of UV mutations across the samples, but on average, 92% 
of all mutations could be attributed to UV (SBS 7a + SBS 38 + DBS 1).  

 
Figure 1. Mutation signatures of malignant melanoma. The exome sequences from primary 
cutaneous melanoma lesions and melanoma metastases were retrieved from The Cancer Genome 
Atlas (TCGA) and analyzed using SignatureAnalyzer as described in the methods. The frequencies of 
single base substitutions (SBS) and double base substitutions (DBS) are shown in A and B, 
respectively. C-F – The absolute numbers of mutations per exome (C, E) and the relative frequencies 
of mutations (D, F) classified as UV signatures (SBS7a [red], SBS38 [cyan]) (shown as a percentage of 
all mutations). C, D – primary cutaneous melanoma (skin lesions); E, F – metastatic melanoma (lymph 
nodes and organ metastases). 

We have compared UV mutations between samples of cutaneous melanoma to the samples 
obtained from lymph nodes and distal metastases (Figures 1C,E and 2A). As expected, the skin 
lesions had a lower UV mutation burden compared to lymph node and distal metastases (mean 395 
[95% CI 268-522] vs 674 [CI 534-814] vs 738 [CI 490-987]). Melanomas on the sun-exposed skin on the 
head had a higher UV mutation burden than melanomas on trunk and limbs (1021 [CI 212-1063] vs 
552 [CI 44-731]) but the difference was not statistically significant due to a large spread of the data 
(Figure 2B). There was no difference between UV mutation burden between T3 and T4 stage 
cutaneous melanomas (not shown), but there was a good correlation between total mutation burden 
and number of UV mutations (SBS 7a + SBS 38 + DBS 1), as reported previously [7,8] (Figure 2C).  
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Figure 2. Properties of UV mutations in malignant melanoma. The UV mutations (SBS7 + SBS38) 
were called as in Figure 1. A – number of mutations in primary skin melanoma lesions (PT), melanoma 
lymph node metastases (LN), and in organ metastases (Met). Panel B shows the number of mutations 
in melanoma skin lesions in different regions of the body. C – correlation between total number of 
mutations and UV mutations. 

UV mutations in mycosis fungoides 

All samples included in the study were microdissected clusters of tumor cells and therefore they 
had a high tumor cell fraction and were not contaminated with epithelial tissue which is a rich source 
of mutated DNA [3,18]. MF had a high total mutation burden, comparable to MM, but the only UV-
related mutation (SBS 7a) only comprised 4% [CI 2% - 6%] of the mutation burden (Figure 3). 

The low UV mutation burden indicated that they are unlikely to occur early in MF development 
but were rather passively accumulated due to exposure of the lesions to UV (from the sun and during 
phototherapy). We have therefore hypothesized that long-standing lesions will have a higher number 
of UV mutations than the lesions in the early-stage disease. As the duration of the lesions are roughly 
correlated with the stage of the disease, we have compared samples from early-stage patients (stage 
IA and IB) to advanced stage (IIB-IV). As predicted, stage I disease had a lower number of UV 
mutations than stage IIB (231 [CI 57-404] vs. 486 [CI 250-721], p=0.05 Mann Whitney test). The UV 
mutations were not correlated to the total mutation burden (Figure 4A,B).  

Interestingly, lesions from stage III (erythrodermic patients) and IV (distal metastases) had a 
lower UV mutation burden, which might be caused by the rapid evolution and growth of the skin 
lesions in those stages and dilution of the accumulated UV mutations. To further investigate this, we 
have divided our samples into three categories, according to their morphology and the stage of the 
disease [18,21–23]. The early-stage plaques (ESP) are found in patients with early-stage disease (stage 
IA/IB). Samples from patients with advanced MF (stage ≥ IIB) were classified based on their 
morphology as tumors (TMR) or late-stage plaques (LSP). LSP morphologically resembles the lesions 
in early disease and are sometimes carried over from early MF and sometimes develop de novo in 
patients already in stage ≥ IIB. Comparison of the UV mutation load between those lesions revealed 
a trend towards higher UV burden in the more advanced, long-standing lesions (ESP = 231 [CI 57-
404]; LSP = 327 [CI 139-538]; TMR = 504 [135-572], p=0.04 for the difference between ESP and TMR) 
(Figure 4C).  
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Figure 3. Mutation signatures in mycosis fungoides (MF). The clusters of malignant cells were 
microdissection whole exome sequencing. Mutation signatures were obtained using the pipelines for 
malignant melanoma (Figure 1). The absolute numbers of mutations per exome (A) and the relative 
frequencies of mutations (B) classified as UV signatures (SBS7a). C – the SBS signature of SBS7a in MF. 

Finally, if the UV mutations were mainly caused by the cumulative exposure of the established 
lesions to UV, we hypothesized that the tumor cells in the more superficial layers of the skin 
(epidermis) would have a higher UV mutation load than the cells in the dermis. We were able to 
microdissect intraepidermal malignant lymphocytes (Pautier abscesses) from the dermal malignant 
cells in 6 samples and compared their SBS 7a signatures (Figure 4D). As could be predicted, the 
epidermal malignant lymphocytes had a strikingly higher UV mutation burden than dermal cells in 
the same biopsies. 

 

Figure 4. Characteristics of UV mutations in MF. The UV mutations (SBS7 + SBS38) were called as in 
Figure 3. A – number of mutations in primary skin MF lesions from patients with stages I, IIB and 
advanced stages (III and higher). B – Number of mutations in malignant lymphocytes from the 
epidermis and from the deeper, dermal infiltrates within the same lesion. C – number of UV mutations 
depending on the type of lesion (ESP – early-stage plaque [stages I -IIA], LSP – late-stage plaque 
[plaque lesions in patients with stage IIB and higher] and in tumors [stage IIB or higher]. D – lack of 
correlation between total number of mutations and UV mutations. 

4. Discussion 

Ultraviolet is a well-characterized environmental mutagen and a complete carcinogen playing a 
prominent role in the pathogenesis of skin cancers. Common skin cancers, such as malignant 
melanoma, basal cell carcinoma, and squamous cell carcinoma originate most likely from immature 
melanocytic and keratinocyte stem cells, residing in the bulge area of the hair follicle and also in the 
interfollicular epidermis [24–29] Those cells are non-migratory and slowly proliferating and 
remaining in the same anatomical niche for decades, they are exposed to environmental UV radiation 
and slowly accumulate mutations leading eventually to malignant transformation. Therefore, the UV 
mutation load is high in early skin cancers and resembles the mutation load in non-neoplastic, UV-
damaged skin [30,31].  
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Thus, a high percentage of UV mutations is a hallmark of all skin cancers where UV plays a 
decisive pathogenic role. Melanomas which develop in sun protected areas, such as the mucosa or 
the uveal melanoma, are not dependent on UV as a carcinogen and their UV signature mutations are 
absent or present in small quantities [32,33]. In our own analysis, >90% of all mutations found in 
malignant melanoma had a UV signature SBS 7a with smaller component of SBS 38 and DBS 1. We 
also confirmed that the UV signature correlated with the expected level of exposure to UV, tending 
to be higher for MM localized in the face versus the trunk and limbs [7]. Interestingly, those signatures 
persisted in metastatic tumors in the lymph nodes and in parenchymal organs without the ongoing 
UV exposure. Similar findings were reported before and it was even suggested that UV mutations 
can be used to determine whether organ metastases without clinically identifiable primaries 
melanoma arise from occult primary cutaneous lesions [34]. Thus, analyses of the UV mutation 
signatures confirmed the pattern characteristic for all UV-dependent cancers: high percentage of UV 
mutations which persist during tumor evolution, and which are correlated with the degree of 
exposure of the skin region to solar radiation.  

It has been a matter of long debate whether UV plays a role in the development of cutaneous 
lymphomas, such as mycosis fungoides (MF). Epidemiological evidence has not been convincing, 
and MF tends to develop primarily in the sun-protected areas (buttocks, inner thighs), unlike UV-
dependent cancers that have predilection to the areas exposed to UV or suffering previous sun burns. 
Moreover, the migratory nature of the lymphocytes argues against the role of UV because those cells 
are unlikely to dwell in the skin long enough to accumulate UV mutations. However, the discovery 
and characterization of skin-resident T-cells rekindled the debate about the relevance of UV as a 
carcinogen in MF. The resident memory T-cells do not readily recirculate but persist in the skin and 
are therefore exposed to UV to the same degree as the native skin cells, like keratinocytes or 
melanocytes [35,36]. Those skin-resident T-cells were proposed to be the cell of origin for MF [2] and 
C>T mutations were found in MF (including TP53 gene [13,15]), further supporting the importance 
of UV [14].  

The results of our analysis of UV mutation signatures in MF argue against the role of ultraviolet 
in the pathogenesis of this lymphoma. The UV signature mutations (SBS 7a) are found in small 
quantities and their contribution to the total mutational load is negligible (≤5%), in a striking contrast 
to the UV-dependent tumor such as melanoma. This small proportion of UV mutations could easily 
be explained as a result of the normal solar exposure of MF lesions, and they would persist as 
passenger mutations. Since patients with MF are usually treated with phototherapy, the therapeutic 
exposure to UV would further contribute to UV mutations.  

The fact that UV signature mutations are more frequent in the epidermal lymphocytes as 
compared to the lymphocytes in the dermis further supports this interpretation. The carcinogenic 
UVB radiation penetrates to the levels of papillary dermis, but its energy rapidly dissipated by the 
stratum corneum (scattering and reflection of UV) and by the epidermal melanin that provides 20%-
50% of the photoprotection [37,38]. Thus, both epidermal and superficial dermal lymphomatous 
infiltrates are exposed to UV, but the exposure levels are likely to be significantly higher in the 
epidermal lymphocytic abscesses, which are not efficiently photo-protected by epidermal melanin.  

We have also found that the amount of UV mutations increases slightly during the progression 
of the disease, most likely due to cumulative effects of sun exposure and ongoing phototherapy. 
Unfortunately, we were unable to determine the duration of the biopsied lesions which would make 
the analysis more reliable.  

The discrepancy between our findings and the results of other groups reporting significant UV 
signatures in MF [14] may be explained by the methods of sample preparation and analysis. Most 
sequencing studies in MF use entire skin biopsy. We have shown that lymphoma cells contribute to 
the minority of cells in the bulk biopsies (usually less than 20% in stage I disease), the rest being 
reactive lymphocytes, macrophages and normal skin cells such as fibroblasts and epidermal cells. 
Considering the high UV mutation level in normal epidermis [31], even small amounts of 
keratinocytes would significantly increase the UV signature in the sample. We avoided this pitfall by 
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carefully microdissecting malignant lymphoid cells and enriching the tumor cell fraction from 
median 19.3% in crude biopsies to 69.3% (range 21% -98%) [4].  

One of the limitations of our paper is the use of whole exome sequencing data, rather than the 
whole genome. WES captures only the protein-coding comprising 1%-2% of the genome whereas 
whole genome sequencing covers 99% of the genome. Thus, the number of mutations per genome 
available to analysis is much lower which may impact the results. Moreover, UV mutagenesis is not 
a random event but depends on chromatin methylation. It was shown that UV-induced cyclobutane 
pyrimidine dimer DNA lesions are reduced within the demethylated CpG areas of gene promoters, 
which results in a unique trinucleotide UV signature with reduced TCG > TTG transitions [39]. In this 
study we were unable to analyze such local variations in the UV signatures. Finally, to get better 
insight in the kinetics of UV damage in lymphoma cells it would be desirable to compare the levels 
of mutations to the epidermis in the same area as the tumor. Epidermal UV mutations can serve as a 
molecular UV dosimeter and would allow the capture of regional, cumulative UV mutagenesis. 

5. Conclusions 

Mutations caused by ultraviolet radiation are unlikely to cause cutaneous T-cell lymphoma 
(MF). The specific UV mutational signature (SBS 7a) has very low frequency and most probably 
represents passenger mutations induced by environmental and therapeutic ultraviolet exposure. Our 
data support the epidemiological evidence which did not show correlations between UV and the risk 
of lymphoma. 
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