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Abstract

:

Mutations in the promoter of the telomerase reverse transcriptase (TERT) gene have been described as the most common hot-spot mutations in different solid tumors. High frequencies of TERT promoter mutations have been reported to occur in tumors arising in tissues with low rates of self-renewal. For cutaneous vascular tumors, the prevalence of TERT promoter mutations has not yet been investigated in larger mixed cohorts. With targeted next-generation sequencing (NGS), we screened for different known recurrent TERT promoter mutations in various cutaneous vascular proliferations. In our cohort of 104 representative cutaneous vascular proliferations, we identified 7 TERT promoter mutations. We could show that 4 of 64 (6.3%) hemangiomas and vascular malformations harbored TERT promoter mutations (1 Chr.5:1295228 C > T mutations, 1 Chr.5:1295228_9 CC > TT mutation, and 2 Chr.5:1295250 C > T mutations), 1 of 19 (5.3%) angiosarcomas harbored a Chr.5:1295250 C > T TERT promoter mutation, and 2 of 21 (9.5%) Kaposi’s sarcomas harbored TERT promoter mutations (2 Chr.5:1295250 C > T mutations). To our knowledge, this is the first general description of the distribution of TERT promoter mutations in a mixed cohort of cutaneous vascular tumors, revealing that TERT promoter mutations seem to occur with low prevalence in both benign and malignant cutaneous vascular proliferations.
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1. Introduction


Mutations in the promoter of the telomerase reverse transcriptase (TERT) gene have been described as the most common hot-spot mutations in various solid tumors [1]. These mutations induce TERT promoter activity and subsequent TERT gene transcription [2,3]. The recurrent hotspot point mutations, primarily affecting two sites, were first identified in melanomas [2,3] and consequently described in more than 50 distinct cancer types [1]. Based on their hg 19 genomic coordinates, the mutations are referred to as Chr.5:1295228 C > T (228 C > T) and Chr.5:1295250 C > T (250 C > T), being located 124 and 146 bp upstream of the translation start. For different solid tumors, both the sole occurrence of TERT promoter mutations and the frequent occurrence with other activating oncogenes, e.g., BRAF in thyroid cancer [4,5] or FGFR3 in bladder cancer [6], have been described to promote aggressiveness [7,8,9] and to be associated with poorer prognosis [10,11]. TERT promoter mutation status has been described as an independent prognostic marker in melanoma [12,13] and head and neck cancer [14]. For many entities, it remains unclear whether TERT promoter mutations are mandatory at an early stage of tumorigenesis or for sustained tumor growth [1,15,16]. High frequencies of TERT promoter mutations have been reported to occur in tumors arising in tissues with low rates of self-renewal [17].



Comparative genetic analysis of TERT promoter mutation status may aid to understand the role of these mutations in tumorigenesis. In melanocytic tumors, TERT promoter mutations are rarely found in benign common nevi; however, they are more frequent in dysplastic or atypical nevi and most frequently present in melanomas [18]. TERT promoter mutations with a UV mutation signature are also frequently present in the most common cutaneous neoplasm (basal cell carcinomas and cutaneous squamous cell carcinomas) [19,20].



We hypothesized that TERT promoter mutations may also be present in cutaneous vascular neoplasms. To determine the presence and frequency of TERT promoter mutations in cutaneous vascular entities and observe if the mutation frequency is enhanced in malignant tumor entities, we analyzed a larger cohort of hemangiomas, vascular malformations, Kaposi‘s sarcomas, and angiosarcomas by next-generation sequencing (NGS).




2. Materials and Methods


2.1. Sample Selection


Vascular tumor samples were obtained from the Department of Dermatology University Hospital Essen (n = 38), Dermatopathologie bei Mainz (n = 43), Dermatopathologie Duisburg (n = 8), and Dermatopathologie Friedrichshafen (n = 15), Germany. All tumor samples included in the study were primary cutaneous proliferations (no metastases). All cases were screened by at least one experienced board-certified dermatopathologist (KGG, EH, JS, TM, HM). The study was performed in accordance with the approval of the ethics committee of the University of Duisburg-Essen (IRB-number 20–9688-BO). The cohort has been described previously [21,22]. Hemangiomas with characteristic morphology were sub-classified as cherry hemangioma, a term not applied in the current ISSVA classification [23].




2.2. DNA Isolation


DNA was isolated from 10-µm-thick sections, cut from formalin-fixed, paraffin-embedded tumor tissues. The sections were de-paraffinized and the whole tissue was manually macrodissected. DNA isolation was performed with the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.




2.3. Targeted Sequencing


PCR amplification of the TERT promoter region was performed using primers: hTERT_F ACGAACGTGGCCAGCGGCAG and hTERT_R CTGGCGTCCCTGCACCCTGG (474 bp product), or primers hTERT_short_F CAGCGCTGCCTGAAACTC and hTERT_short_R GTCCTGCCCCTTCACCTT (163 bp product) as previously described [2]. PCR products were used as templates for sequencing after purification with the QIAquick PCR Purification Kit (Qiagen (Hilden, Germany)). Adapter ligation and barcoding of individual samples were done by applying the NEBNext Ultra DNA Library Prep Mastermix Set and NEBNext Multiplex Oligos for Illumina from New England Biolabs. Up to 100 samples were sequenced in parallel on an Illumina MiSeq next-generation sequencer. Sequencing analysis was performed applying the CLC Cancer Research Workbench from QIAGEN®. In brief, the following steps were applied: The workflow in CLC included adapter trimming and read pair merging before mapping to the human reference genome (hg19). Insertions and deletions as well as single nucleotide variant detection, local realignment, and primer trimming followed. Additional information was then obtained regarding potential mutation type, known single nucleotide polymorphisms, and conservation scores by cross-referencing varying databases (COSMIC, ClinVar, dbSNP, 1000 Genomes Project, HAPMAP, and PhastCons-Conservation_scores_hg19). The resulting csv files were analyzed manually and in all cases, the location of the recurrent TERT promoter mutations were assessed (Chr.5:1295–228, −242, and −250). Protein coding gene mutations were identified as previously described [2]. The mean coverage achieved of the TERT promoter region in all samples was 865 reads. Mutations were reported if the overall coverage of the mutation site was ≥30 reads, ≥5 reads reported the mutated variant, and the frequency of mutated reads was ≥2%.





3. Results


3.1. Mutation Analysis for TERT Promoter Mutations


In our cohort of 104 vascular tumors from 102 patients, the TERT promoter region showed wild-type reads in 97 tumors (93.3%) and harbored one mutation in 7 cases (6.7%) (Table 1). Mutations identified were located at the previously described hotspots: Chr.5:1295228 C > T, Chr.5:1295228_1295229 CC > TT, or Chr.5:1295250 C > T. All annotations are reported according to human genome assembly 19 (hg19). For simplicity, the mutations will further be referred to using solely the last three digits of the chromosome location nomenclature representing the first nucleotide altered as 228 C > T, 228 CC > TT, and 250 C > T, respectively.



In our cohort of benign hemangiomas and vascular malformations, 4 TERT promoter mutations could be detected in 64 samples (6.3%) (Table 1). Targeted amplicon next-generation sequencing identified 1228 C > T, 1228 CC > TT, and 2250 C > T mutations (Figure 1). One hemangioma harbored a 228 C > T TERT promoter and a GNAQ c.627 A > C, Q209H mutation. No hemangiomas or vascular malformations harbored more than one TERT promoter mutation (Table 1 and Table 2).



In the cohort of 19 angiosarcomas, one 250 C > T TERT promoter mutation was identified (5.3%). In those angiosarcomas with a known activating oncogene mutation (2 HRAS c.182 A > T, Q61L and 1 NRAS c.35 G > A, G12D), no TERT promoter mutations were identified (Table 1 and Figure 1).



In the cohort of Kaposi‘s sarcomas, two TERT promoter mutations were identified in two tumors, respectively (9.5%) (Table 1 and Figure 1).



The resulting amino acid changes are color-coded according to the scheme underneath the illustration. WT = wild-type for GNA14, GNA11, GNAQ, HRAS, NRAS, and TERT-promoter-mutation




3.2. Associations of Clinical and Pathological Parameters with TERT Promoter Status


An analysis with available clinicopathological data was performed. In the three different cohorts, statistically significant associations could not be detected between TERT promoter status, oncogene mutation status and patient age, sex, and sites of involvement, respectively (Table 1). We could not identify differences in histomorphological patterns between vascular proliferations harboring a TERT promoter mutation, an oncogene mutation, or no mutation (“wild-type”) [2] (Figure 2). Occurrence of TERT promoter mutations was not statistically significantly associated with prior radiotherapy (angiosarcomas), identification of human herpes virus 8 (HHV8), or HIV infection (Kaposi’s sarcomas).





4. Discussion


We analyzed the presence of TERT promoter mutations in a previously characterized cohort of vascular tumors comprising benign hemangiomas, vascular malformations, angiosarcomas, and Kaposi‘s sarcomas by targeted next-generation sequencing [2]. All proliferations showed a low frequency of TERT promoter mutations.



In other neoplasms, TERT promoter mutations can be present in both benign and malignant tumor entities with the same origin but are often elevated in the malignant entity [24,25,26,27]. In our cohort, we could show that both benign and malignant cutaneous vascular proliferations harbor a low frequency of different TERT promoter mutations (6.3% in hemangiomas and vascular malformations, 5.3% in angiosarcomas, and 9.5% in Kaposi‘s sarcomas).



In the literature, the frequency and types of TERT promoter mutation vary greatly depending on the type of tumor [4,5,6,7,8,9]. The recurrent mutations we found in the TERT promoter were at previously reported hotspots [2,3] and had a UV signature represented by [28] C > T or CC > TT changes [29,30]. C > T mutations can be identified in tumors developing independent of UV exposure, e.g., bladder cancer [6]. However, UV light is still considered to play a major role in the induction of both C > T and CC > TT in cutaneous tumors [13,29,30]. CC >> TT alterations are considered pathognomonic for UV induction [29,30] and could be identified in one benign venous malformation localized on the head/neck of a 70-year-old man. As a UV-mutation profile has been described for angiosarcomas arising in sun-exposed regions [31], we analyzed the association of TERT promoter mutation occurrence and localization. We identified a 250 C > T TERT promoter mutation in 1 of 15 angiosarcomas on the ventral trunk after prior radiotherapy due to breast cancer. In the other six angiosarcomas known to have arisen following radiotherapy due to breast cancer, no TERT promoter mutation could be identified.



Of the seven cutaneous vascular proliferations harboring one TERT promoter mutation, two were located in the head/neck region, two on the ventral trunk, and two on the lower extremity (one with unknown localization). Although proliferations with TERT promoter mutations were identified in areas favoring sun exposure, a statistically significant association between the occurrence of a TERT promoter mutation and localization could not be calculated in any of our cohorts.



The prevalence of TERT promoter mutations detected (hemangiomas/vascular malformations (6.3%), angiosarcomas (5.3%), and Kaposi‘s sarcomas (9.5%)) was low in both benign and malignant cutaneous vascular proliferations. Rare TERT promoter mutations in angiosarcomas fit previous studies [28,32]. GNA14, GNA11, and GNAQ mutations are frequent in congenital and cherry hemangiomas [33,34,35] (cherry or senile hemangiomas is still a widely used term, although not recognized as an individual entity according to the ISSVA classification 2018. This classification would group these lesions as a form of pyogenic granuloma or lobular capillary hemangioma). A single hemangioma harbored a 228 C > T TERT promotor and a GNAQ c.627 A > C, Q209H mutation. Otherwise, no co-occurrence with known GNA or RAS mutations was observed. In melanoma, TERT promoter mutations frequently co-occur with activating BRAF mutations [36,37]. In our study, a similar co-occurrence of mutations could not be observed.



The role for the TERT (telomerase reverse transcriptase) protein in cutaneous vascular tumors remains intriguing. Our finding suggests that it promotes tumor proliferation in a few cutaneous vascular proliferations. However, based on the frequency of mutations, a mutation of the promoter to increase protein activity appears to be non-mandatory in most tumors. Potentially, gains of the region do occur in vascular tumors lacking TERT promoter mutations. Additionally, alternative lengthening of telomeres (ALT), e.g., mutations in ATRX or DAXX, may contribute to the progression of cutaneous vascular proliferations. These mechanisms, both generally occurring much rarer than TERT promoter mutations [38], could not be assessed in the assay we applied and will need to be examined in future studies.



The overall frequency (<10%) and its variation between tumor groups was low. This suggests determining TERT promoter mutation status is of no diagnostic aid in terms of classifying tumor entities or predicting prognosis.



A limitation of our study is the lack of detailed clinical data, including therapy and follow-up information. Strengths of our study are the considerable number of vascular tumors included in the analysis (n = 104), making it the largest cohort of vascular tumors analyzed for the presence of TERT promoter mutations.




5. Conclusions


In conclusion, we could show that TERT promoter mutations are present in both benign and malignant cutaneous vascular tumors and malformations. The prevalence was 6.3% in hemangiomas and vascular malformations, 5.3% in angiosarcomas, and 9.5% in Kaposi‘s sarcomas. In our comparative analysis, we could not confirm the tendency observed in other cutaneous tumors of TERT promoter mutations being more prevalent in malignant entities. While TERT promoter mutations appear to be relevant in a small percentage of tumors, the majority of these tumors arise independent of these mutations.
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Figure 1. Distribution of TERT promoter mutations and activating mutations identified in vascular tumors. 
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Figure 2. Representative histologic images of cherry hemangiomas * and two angiosarcomas, with and without a TERT promoter mutation (The bars represent a distance of 200 μm. * cherry hemangiomas are grouped as lobular capillary hemangiomas according to the current ISSVA classification [23]). 
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Table 1. Clinical variables of vascular proliferations with oncogene and TERT promoter mutations.
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Hemangioma/Vascular Malformation

	
All

	
WT

	
GNA Mutant

	
RAS Mutant

	
TERT-P-Mutant

	
p-Value *




	

	
n = 64

	
n = 43

	
n = 16 $

	
n = 2

	
n = 4 $

	




	
Mean age (years)

	
53

	
54

	
48

	
60

	
57

	
0.4




	
Sex

	
Female

	
28

	
20

	
5 $

	
0

	
3 $

	
0.36




	
Male

	
35 #

	
22

	
10 #

	
2

	
1




	
Sites of involvement

	
head/neck

	
21

	
16

	
3 $

	
1

	
2 $

	
0.06




	
ventral trunk

	
16

	
8

	
7

	
1

	
0




	
dorsal trunk

	
13

	
7

	
6

	
0

	
0




	
upper extremity

	
5

	
4

	
0

	
0

	
1




	
lower extremity

	
7

	
7

	
0

	
0

	
0




	

	
LND

	
2

	
1

	
0

	
0

	
1

	




	
Angiosarcoma

	
All

	
WT

	
GNA Mutant

	
RAS Mutant

	
TERT-P-Mutant

	
p-Value *




	

	
n = 19

	
n = 15

	
n = 0

	
n = 3

	
n = 1

	




	
Mean age (years)

	
67

	
65

	
-

	
75

	
74

	
0.4




	
Sex

	
Female

	
15

	
11

	
-

	
3

	
1

	
1.0




	
Male

	
4

	
4

	
0

	
0




	
Sites of involvement

	
head/neck

	
8

	
6

	
-

	
2

	
0

	
1.0




	
ventral trunk

	
7

	
5

	
-

	
1

	
1




	
dorsal trunk

	
0

	
0

	
-

	
0

	
0




	
upper extremity

	
0

	
0

	
-

	
0

	
0




	
lower extremity

	
1

	
1

	
-

	
0

	
0




	

	
LND

	
3

	
3

	
-

	
0

	
0

	




	
Kaposi‘s sarcoma

	
All

	
WT

	
GNA Mutant

	
RAS Mutant

	
TERT-P-Mutant

	
p-Value *




	

	
n = 21

	
n = 19

	
n = 0

	
n = 0

	
n = 2

	




	
Mean age (years)

	
56

	
58

	
-

	
-

	
34

	
0.1




	
Sex

	
Female

	
4

	
4

	
-

	
-

	
0

	
1.0




	
Male

	
16 !

	
14 !

	
2




	
Sites of involvement

	
head/neck

	
2

	
2

	
-

	
-

	
0

	
0.13




	
ventral trunk

	
2

	
1

	
-

	
-

	
1




	
dorsal trunk

	
0

	
0

	
-

	
-

	
0




	
upper extremity

	
2

	
1

	
-

	
-

	
1




	
lower extremity

	
13

	
13

	
-

	
-

	
0




	

	
LND

	
2

	
2

	
-

	
-

	
0

	








LND—localization not determined, TERT-P-mutant = TERT-promoter mutation (228 C > T, 228 CC > TT or 250 C > T), WT = wild-type for GNA14, GNA11, GNAQ, HRAS, NRAS and TERT-promoter-mutation, # one male had two hemangiomas both showing a GNA14 mutation, $ one female patient showed a GNAQ and a TERT-promoter (228 C > T)-mutation, ! one male had two Kaposi‘s sarcomas, * Age—Kruskal–Wallis test; all others—Fisher exact test.
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Table 2. Oncogene and TERT promoter mutations in histological subtypes of hemangiomas and vascular malformations.
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Hemangioma/Vascular Malformation

	
All

	
WT

	
GNA Mutant

	
RAS Mutant

	
TERT-P-Mutant




	

	
n = 64

	
n = 43

	
n = 16 $

	
n = 2

	
n = 4 $






	
lobular capillary/pyogenic granuloma

	
7

	
3

	
3

	
1

	
0




	
microvenular

	
6

	
6

	
0

	
0

	
0




	
cherry/senile #

	
25

	
10

	
13 $

	
1

	
2 $




	
tufted

	
1

	
1

	
0

	
0

	
0




	
Angiokeratoma +

	
3

	
3

	
0

	
0

	
0




	
Arteriovenous +

	
4

	
4

	
0

	
0

	
0




	
superficial hemosiderotic lymphovascular +x

	
2

	
2

	
0

	
0

	
0




	
venous/cavernous +

	
16

	
14

	
0

	
0

	
2








# not listed as an independent entity according to ISSVA (23), would alternatively be seen as a form of lobular capillary hemangioma (or pyogenic granuloma); + classified as malformations according to ISSVA; x previously referred to as targetoid hemosiderotic; $ one tumor harbored a GNAQ and TERT-promoter (228 C > T)-mutations.
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