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Introduction

Non-melanoma skin cancer (NMSC) can be induced by ex-
posure to UV radiation or polycyclic aromatic hydrocarbons 
(PAHs). Whereas precancerous stages triggered by tar (con
tains PAHs), so-called tar or pitch warts, differ from precan-
cerous conditions induced by UV radiation (actinic kerato-
ses), it is currently not possible to differentiate between SCCs 
caused by PAHs or UV radiation. Pursuant to No. 5103 of the 
appendix of the Ordinance on Occupational Diseases in Ger-
many and the General Clause in Austria, SCCs or multiple ac-
tinic keratoses of the skin caused by natural UV radiation (as 
shown in Figure 1) can be recognized and compensated as an 
occupational disease (Berufskrankheit, BK). Skin cancer and 
skin lesions susceptible to cancer development caused by soot, 
crude paraffin, tar, anthracene, pitch, or similar substances 
can be recognized pursuant to No.  5102 in Germany and 

pursuant to No. 17 in § 177 and the appendix of the General 
Social Security Act (Allgemeines Sozialversicherungsgesetz, 
ASVG) in Austria [1, 2]. Both the disease (SCC and precur-
sors) and the exposure (sunlight and processing of PAH-con-
taining working materials) are very common. The majority 
of so-called outdoor workers (including bricklayers, civil en-
gineers, farmers) are occupationally exposed not only to UV 
radiation, but also to tar, soot, and similar substances. To 
date, scientific studies on a potential syncarcinogenic effect in 
the development of squamous cell carcinomas in humans are 
insufficient to serve as basis for assessing its correlation with 
occupational diseases.

Therefore, we investigated whether epidemiological stu-
dies provide evidence for or against a syncarcinogenic effect 
of UV radiation and PAHs in the development of squamous 
cell carcinomas in humans and whether these data demons-
trate an increased risk in case of simultaneous exposure.

Summary
Squamous cell carcinomas (SCC) of the skin can be induced by occupational expo-
sures to polycyclic aromatic hydrocarbons (PAHs), as in tar and soot, or to UV radi-
ation and can be recognized and compensated as occupational diseases. A possible 
syncarcinogenic effect of these exposures in the development of SCC in humans is 
under discussion. For the scientific validation of this question, a systematic literature 
search was conducted using the databases PubMed, Web of Science, and Scopus. 
Studies on individuals with SCC of the skin and their precursors as well as occupa-
tional, non-occupational, or therapeutic exposure to UV radiation and PAHs were 
selected. In addition, animal studies with exposure to UV radiation and PAHs were 
evaluated. After screening the abstracts of 510 identified studies, the full texts of 131 
studies were reviewed. None of the epidemiological studies provided robust evidence 
for a syncarcinogenesis of PAHs and UV radiation in the development of SCC of the 
skin in humans. Nevertheless, as there are indications for a (super-)additive effect of 
UV radiation and PAH exposure from animal studies and mechanistic investigations, 
syncarcinogenesis seems possible. However, quantitative dose-response relationships 
are lacking which would allow comparison of the onset of an adverse effect between 
the different exposure levels.

Syncarcinogenesis of natural UV 
radiation and polycyclic aromatic 
hydrocarbons in the development of 
squamous cell carcinomas of the skin?
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Materials and Methods

For this systematic review, the PRISMA guidelines [3] were 
observed and a literature search concerning the syncarcino-
genic effect of UV radiation and PAHs was conducted in epi-
demiological original studies according to the PICO scheme 
(“To assess the synergistic effects of PAH and solar UV-ra-
diation for development of squamous skin cancer in hu
mans.”). On this basis, inclusion and exclusion criteria were 
defined a priori [4].

Search strategy and selection process

The terms presented in Table 1 were used in the comprehen-
sive (sensitive) search of the databases PubMed (Medline), 
Scopus, and Web of Science. Furthermore, additional publi-
cations were identified by cross-references or manual search 
in German journals. Original publications of any study type 

Figure 1  Multiple actinic keratoses after chronic UV exposure.

Table 1  Overview of the search terms.

No. Search terms

#1 sunlight OR “ultraviolet light” OR “ultraviolet ra-
diation” OR “uv light” OR “uv radiation”

#2 “polycyclic aromatic hydrocarbons” OR “polycy-
clic aromatic hydrocarbon” OR “polycyclic-aro-
matic-hydrocarbons” OR “polycyclic-aromatic-hy-
drocarbon” OR “aromatic hydrocarbons” OR 
“aromatic hydrocarbon” OR “PAH” OR “PAHs” 
OR benzoapyren* OR benzopyren* OR coal OR 
tar OR bitumen OR “coal tar pitch” OR “CTP-I”

#3 skin

#4 #1 AND #2 AND #3

were included in this qualitative analysis; meta-analyses and 
reviews were only used to search for cross-references. There 
was no restriction on the publication period. The last update 
of the search was on August 19, 2021.

Screening and evaluation of the literature were per-
formed independently by three research assistants, two 
of whom were physicians. Following screening of all ti-
tles, abstracts identified as relevant, and subsequently, 
the full text of publications considered important were 
reviewed. The following information was extracted from 
the studies included in this review: study type, collective, 
UV exposure, PAH exposure, disease, age of onset, and 
findings. The studies were evaluated descriptively. Based 
on the available data, meta-analytical aggregation was 
not possible.

Inclusion and exclusion criteria

Original publications (peer-reviewed) in German and English 
language that included individuals with NMSC and (1) occu-
pational exposure to UV radiation and PAHs, (2) therapeutic 
exposure to UV radiation and tar, or (3) non-occupational 
exposure to UV radiation and PAHs (environmental expo-
sure) were selected for the evaluation. Studies were excluded 
which focused exclusively on (1) basal cell carcinomas or 
(2) malignant melanomas, with exclusive assessment of (3) 
therapeutic efficacy of Goeckerman/PUVA therapy without 
evidence for potential side effects or long-term effects, on (4) 
the impact of food/food supplements on the development of 
cancer, and studies on (5) pure phototoxicity (without car-
cinogenicity) and (6) pure photosensitization.

Additional search and evaluation: including 
animal studies

Only few epidemiological studies were identified for a dis
cussion on syncarcinogenesis of PAHs and UV radiation. 
Therefore, in a second step, we also assessed animal stu-
dies identified in the literature search presenting data on 
tumor incidence and including experimental studies on 
exposure to either UV radiation or PAHs, as well as com-
bination effects.

Results

We identified 683 publications, screened 510 abstracts, and 
reviewed the full text of 131 studies for eligibility. Eight epi-
demiological studies were included in the qualitative review 
[5–12]. In addition, 16 suitable animal studies were identified 
[13–28]. The detailed search process is presented in the flow 
chart in Figure 2.
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Epidemiological studies

Case reports or series of a total of 30 patients were identified 
that were assessed for NMSC or respective precancerous di-
seases due to occupational exposure to tar and UV radiation 
in various occupations with respect to the presence of occupa-
tional disease [5, 6, 9]. Moreover, job-time-exposure matrices 
for skin contact with crude oil, mineral oil, and ionizing radi-
ation were used in a cohort study of 24,917 offshore oil wor-
kers with a follow-up period of 13.5 years in conjunction with 
surveys on sunbathing behavior at the start of the study [11]. 
In > 90%, skin tumors (112 melanomas, 70 NMSCs) were 
observed in locations without regular exposure to petrochem
icals such as head, neck, and trunk. A significantly increa-
sed risk of developing NMSC was shown for an employment 
duration of more than 19 years irrespective of exposure.

Apart from collectives with occupational exposure, data 
are available from patient collectives exposed to PAHs and 
UV radiation for therapeutic reasons.

In the study of Lindelöf and Sigurgeirsson [7] on 24 pa-
tients developing squamous cell carcinoma after PUVA 
(psoralene + UVA) therapy and 96  control individuals also 
treated with PUVA therapy, a non-significant 1.3-fold increase 
in risk was observed after previous tar therapy. Stern et al. [12] 
conducted a prospective study on a collective of 1,380 psoria-
sis patients with PUVA treatment and identified 89  incident 
squamous cell carcinomas and 43 basal cell carcinomas. The 
risk of developing squamous cell carcinoma was significantly 

Figure 2  Flow chart: Number of studies identified, abstracts reviewed, and studies either included or excluded.

increased by a high dose of tar. However, additional calcula-
tions did not reveal any correlation between PUVA and tar.

Maughan et  al. [8] analyzed data from 305  patients 
treated for atopic dermatitis according to the Goeckerman 
regimen. During the study, only few tumors were observed 
and patients with tumors did not have more or longer contact 
with tar than patients without tumors. In the study of Pit-
telkow et al. [10], data from 260 patients with psoriasis and 
Goeckerman therapy were analyzed for a mean follow-up pe-
riod of 20 years. While 19 patients developed 32 NMSCs, no 
increased incidence for NMSC was found when comparing 
the collective treated by Goeckerman therapy with the gene-
ral population [10].

The findings and results of all studies relevant for the 
evaluation are presented in Table  S1 (online supplement 
information).

Given the low number of identified epidemiological stu-
dies and the heterogeneity with respect to study design as 
well as to documentation and quantification of exposure, it 
was only possible to conduct a qualitative discussion of the 
syncarcinogenic effects.

Results of animal studies

Eleven of the 16 animal studies investigating the development 
of skin tumors with and without exposure to UV radiation 
and PAHs, individually and in combination, and reporting 
on tumor incidence, provided evidence for a syncarcinogenic 
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effect. In seven studies [13–16, 18, 23, 28], exposures to 
PAHs and UV were tested both individually and in combina-
tion, revealing an increased effect when both exposures were 
combined. In one study on female BALB/c mice, the animals 
were treated with benzo[a]pyrene (B[a]P), ventrally applied 
by brush, and irradiated dorsally with UVB light [17]. A 
syncarcinogenic effect was again demonstrated, as the tu-
mor incidence was significantly higher with additional UVB 
radiation. In three studies [24–26], the tumor incidence in-
creased after exposure to dimethylbenzanthracene (DMBA) 
in combination with low or subcarcinogenic UV doses. The 
combination with higher UV doses decreased the tumor in-
cidence. The authors interpreted this finding as inhibition. 
The publication of Santamaria et al. [23] reported on vari-
ous experiments with exposures to 3,4-benzo[a]pyrene and 
UV radiation. Since the tumor incidence was highest in the 
animal group with combined exposure (although not at the 
highest exposure level) and the tumors developed significant-
ly earlier compared to exposure to 3,4-benzo[a]pyrene alone, 
these experiments also provide evidence for syncarcinogene-
sis. In the further course of the study, however, UV radiation 
inhibited the development of tumors compared to the group 
without exposure.

Results from four animal studies argue against a syn
carcinogenic effect [19–21, 27]. Kohn-Speyer [19] replicated 
the experiments of Findlay [16], but failed to demonstrate 
any syncarcinogenesis. In their series of experiments with 
exposure to 1,2,5,6-dibenzanthracene, methylcholanthrene, 
9,10-dimethyl-1,2-benzanthracene, and UV radiation, Rusch 
et al. [20, 21] observed no syncarcinogenetic effects. In the 
experiments of Teutschländer [27] with exposure to tar and 
UV radiation, the tumor incidence increased in darkroom 
animals treated only with tar.

Detailed study designs and results of the animal studies 
included in this review are presented in Table S2 (online sup-
plement information).

Discussion

On the question of syncarcinogenesis of PAHs and UV radia-
tion, only a few epidemiological studies were identified in the 
systematic literature search. Moreover, these did not allow 
for any conclusions in terms of quantifiable risks or dose-re-
sponse relationships.

Epidemiological studies

The authors of the studies on individuals with notified 
BK  5102 and 5103 [5, 6, 9] assumed syncarcinogenesis of 
PAHs and UV radiation on the skin, but also pointed out 
the absence of the dose-response relationship required by the 
Ordinance on Occupational Diseases. Although exposures to 

PAHs and UV radiation were confirmed for all individuals, 
no reliable evidence for syncarcinogenesis could be derived. 
Occupational exposure to UV radiation of well over 40% 
at the site of tumor development had already been reported 
in the majority of these individuals, hence recognition of a 
UV-related occupational disease would have been possible. 
While an early onset of disease was discussed, this is insuffi-
cient evidence for a syncarcinogenic effect, but at best an in-
dication of a carcinogenic effect of one of the two exposures.

In the cohort study on offshore oil workers with oc-
cupational contact to PAHs and information on non-oc-
cupational UV exposure [11], an elaborate but only semi-
quantitative determination of exposure was performed by 
means of job-time-exposure matrices. With respect to UV 
exposure, only data on self-reported sunbathing behavior 
(sunbaths and visits to tanning studios before and after the 
age of 20, frequency of sunburns) and indications for high 
non-occupational UV exposure were available [11, 29]. Af-
ter adjustment (age, sunburn, education), the risk of develo-
ping NMSC on the hands/forearms due to contact to PAHs 
from crude oil was not significantly increased. A significant 
interaction between the dichotomous variables (never/ever 
exposed) on the frequency of sunburns and contact to cru-
de oil or benzene was observed for the risk of developing 
skin cancer on the upper extremities. However, the eight 
NMSCs and 16  cutaneous melanomas were considered as 
one disease group. According to the authors, only limited 
conclusions can be drawn on a possible syncarcinogene-
sis, given that all affected patients were exposed to PAHs 
and UV radiation. In another study on this collective, the 
frequency of sunburns was identified as a predictor for the 
development of skin cancer. In addition, the use of tanning 
studios increased the risk of developing NMSCs [29].

Another cohort of tar-refinery workers with occupatio-
nal skin tumors was examined and monitored in three studies 
[30–32]. Given that verified exposures were only available 
for PAHs, these studies were not included in the results of 
this review. The UV exposures were not recorded, although 
there was occupational UV exposure (outdoor workplace) in 
addition to private exposure. While non-melanoma skin le-
sions were mainly localized on sun-exposed areas, such as 
the face, forearms, and hands, they were different from the 
typically predominant localizations of sun-exposed tumors 
(upper lip > lower lip, forearm > wrist, nostril > nasal bridge).

Apart from collectives with occupational exposure, data 
on patient collectives with PAH/UV co-exposure for thera-
peutic reasons are also available. In the last century, for ex-
ample, the photosensitizing effect of tar substances was uti-
lized predominantly for the treatment of psoriasis according 
to the Goeckerman regimen that involved treatment of the 
skin with tar and subsequent radiation with UV light [33]. 
Two retrospective cohort studies with 25 years of follow-up 
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in patients with psoriasis [10] and atopic dermatitis [8], re-
spectively, treated with the Goeckerman regimen, did not 
reveal any evidence for increased occurrence of squamous 
cell carcinomas and thus no evidence for syncarcinogenesis.

Moreover, the combination of UVA radiation with orally 
administered psoralene (PUVA, psoralene + UVA) has been 
used for the therapy of severe dermatoses for many decades. 
While numerous studies on this treatment are available, 
there are hardly any long-term observations with respect to 
an elevated risk of developing NMSC that consider also po-
tential additional therapies with tar products. In the study by  
Lindelöf and Sigurgeirsson [7], a non-significant elevated 
risk of developing squamous cell carcinoma was observed 
in PUVA-treated patients with previous therapies with tar. 
While the UV exposure is reported in detail, precise infor-
mation on tar treatments is lacking. Overall, there are no 
robust data for syncarcinogenesis of PAHs and UV radiation. 
In the study by Stern et al. [12] on PUVA-treated psoriasis 
patients which had a statistically significantly increased risk 
of developing squamous cell carcinoma and a history of high 
tar doses, additional calculations revealed no association 
between PUVA and tar. Due to the relatively short follow-up 
period of 5.7 years, there was no robust evidence for syncar-
cinogenesis. In a pilot study of the authors [34] with a total 
of 1,373 psoriasis patients, exposure to tar and UV radia
tion were dichotomized into “high” and “not high” (no/low/
moderate exposure). For 59  patients with unspecified skin 
tumors and 924  unmatched controls, a relative risk (RR) 
of 2.4 (95% confidence intervall (CI): 1.4–4.2) was deter-
mined for the development of skin cancer in individuals with 
“high” compared to “not high” exposure to tar and/or UV 
radiation. In 58 patients with skin tumors and 126 matched 
controls, the RR of developing skin cancer was 4.7 (95% CI: 
2.2–10.0). There was no robust evidence with respect to syn-
carcinogenesis. Given the imprecise documentation of expo-
sure in both exposure scenarios to be assessed (and/or) and 
the unspecified skin tumors, this study was not included in 
the list of identified studies.

Altogether, there are a few epidemiological studies on 
collectives with occupational and therapeutic co-exposure to 
PAHs and UV radiation and NMSC, but these do not allow 
scientifically robust conclusions for syncarcinogenesis to be 
drawn.

Animal studies

The 16  identified animal studies showed heterogeneous re-
sults with respect to potential syncarcinogenesis.

Seven studies found clear evidence for a syncarcinogenic 
effect of PAHs and UV radiation [13–16, 18, 23, 28]. Addi
tional evidence for syncarcinogenesis was provided by the in-
creased tumor incidence after DMBA exposure together with 

low or subcarcinogenic UV doses [24–26]. Higher exposure 
to UV radiation one hour after DMBA resulted in lower tu-
mor incidence. This finding was discussed by the authors as 
inhibition due to photochemical deactivation of the carcino-
gen by UV radiation after exposure. In some of these studies, 
croton oil was used additionally as a promotor. Santamaria 
et al. [22] used the extent of cell damage to explain the obser-
ved syncarcinogenesis in terms of light-induced acceleration 
of tumor formation upon exposure to 3,4-benzo[a]pyrene 
and the subsequent inhibition of tumor formation after con-
tinued light exposure. Longer exposure to light would result 
in more severe cell damage, thus preventing the formation 
of carcinogenic cell clones. Gensler et al. [17] exposed mice 
dorsally to UV radiation and/or ventrally to PAHs. The au-
thors interpreted the statistically significantly higher tumor 
incidence and the significantly shorter tumor-free survival of 
the animals treated with tar and UV radiation at different 
regions of the body as a systemic effect.

The results of four animal studies argue against a syn-
carcinogenic effect [19–21, 27]. Neither the replication [19] 
of the experiments performed by Findlay [16] nor the series 
of experiments performed by Rusch et al. [20, 21] detected 
syncarcinogenic effects. In the study by Teutschländer [27], 
the animals treated only with tar actually developed more 
tumors.

Furthermore, animal experiments not included in this 
evaluation are available in which specific approaches were 
chosen to make the results transferable to humans [35, 36]. 
Græm [35] grafted human skin onto the backs of nude mice 
and subsequently exposed them to 7,12-dimethylbenz[a]an-
thracene, 12-O-tetradecanoylphorbol-13-acetate, and UV 
radiation. No tumors developed over an average period of 
18 weeks. In the study by Lerche et al. [36], mice were tat-
tooed with a dye containing high amounts of B[a]P, irradi-
ated, and monitored for one year. In the tattooed mice, the 
development of squamous cell carcinomas was significantly 
delayed compared to mice that were only irradiated. The au-
thors hypothesized that the protective effect might be attri-
buted to UV absorption by the black pigment resulting in 
reduced back-scattered radiation.

In summary, the majority of available animal studies de-
monstrated the syncarcinogenesis of PAHs and UV radiation 
in the development of NMSC, even in case of subcarcino
genic exposures.

Mechanistic studies

Mechanistic studies on syncarcinogenesis are available for 
human cells, cell lines, and animals. The change in toxicity 
and carcinogenicity of PAHs in the skin has been investigated 
in several mechanistic studies [37]. Polycyclic aromatic hy-
drocarbons only exert their toxic and/or carcinogenic effect 
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after metabolization. UV radiation is absorbed by PAHs, 
resulting in the increased formation of reactive oxygen spe-
cies (ROS) and reactive intermediates. Both processes induce 
oxidative stress and DNA damage, for example, by DNA ad-
ducts [38–40]. Furthermore, the combined exposure to B[a]
P and UVA radiation increases the formation of diol epoxide, 
which is considered the ultimate carcinogen [41]. Metaboli-
zation of PAHs may be mediated by activation of the arylhy-
drocarbon receptor (AhR) followed by increased induction 
of, for example, CYP450. Contradictory studies are available 
on the increased activation of AhR by UVB radiation [37, 
42]. Newer studies performed on cell lines, reconstructed 
human skin, and ex vivo human skin models examined the 
hypothesis of oxidative stress in detail, including changes to 
glutathione metabolism, the most potent cellular defense sys-
tem against oxidative stress [38, 43–45].

Limitations

The fact that the used databases Pubmed, Web of Science, 
and Scopus predominantly include journals in the English 
language and that only articles in English and German were 
considered for the literature search may present a potential 
risk of bias concerning the identification of relevant studies. 
However, only five abstracts were excluded based on lan-
guage. Given that the primary focus of this study was on 
epidemiological studies concerning the question of syncar-
cinogenesis of exposures to PAHs and UV radiation and not 
on animal studies, the presence of other, as yet overlooked 
animal studies cannot be excluded despite our careful da-
tabase search, which included cross-references. It is, how
ever, not anticipated that these potential additional studies 
would have provided completely different indications with 
regard to syncarcinogenesis. A general problem of bias con-
cerning the older animal studies is caused by the different 
sources of UV radiation, which may have provided unreli
able UV exposure data, thus impeding the comparability of 
the studies. Furthermore, particularly sensitive hairless or 
albino mice were often used, which makes transferability 
of the results difficult. In the animal studies, different con-
centrations of various PAHs were usually applied by brush 
onto the backs or ears of the rodents, which had previous-
ly or subsequently been exposed to UV radiation. In some 
studies, additional promotors were used, which also com-
plicates the comparability of the findings. Most available 
animal studies described a syncarcinogenic effect. It cannot 
be ruled out that studies with syncarcinogenic effects were 
published more easily and thus more frequently than stu-
dies without such results. Similarly, these studies may have 
been cited more often than studies without observed syn
carcinogenic effects. Mechanistic studies, however, support 
syncarcinogenesis.

Conclusions

At present, data from epidemiological studies is insufficiently 
robust, partly due to inadequate study designs for the purpo-
se, to assume syncarcinogenesis with the probability required 
by the Ordinance of Occupational Diseases, such as in the 
procedure for combined exposure to PAHs and asbestos [1]. 
Although an experimental epidemiological study is ethically 
impossible due to the carcinogenic exposures, robust results 
might be derived from data evaluation of large collectives, 
for example all individuals with therapeutic exposure to tar 
and UV radiation or the National Cohort. Both animal and 
mechanistic studies provide evidence for an amplified effect 
with respect to carcinogenic outcomes. Additional studies 
should derive dose-response relationships that quantify the 
transition to an adverse state between the different sources 
of exposure, thereby facilitating comparability.
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