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A B S T R A C T   

Ultraviolet (UV) B irradiation of keratinocytes results in the formation of the tryptophan photoproduct 6-formy-
lindolo[3,2-b]carbazole (FICZ) which is a high-affinity ligand for the aryl hydrocarbon receptor (AHR). The 
resulting activation of AHR signaling induces the expression of cytochrome P450 (CYP) 1A1 which subsequently 
metabolizes FICZ. Importantly, FICZ is also a nanomolar photosensitizer for UVA radiation. Here, we assess 
whether a manipulation of the AHR-CYP1A1 axis in human epidermal keratinocytes affects FICZ/UVA-induced 
phototoxic effects and whether this interaction might be mechanistically relevant for the phototoxicity of the 
BRAF inhibitor vemurafenib. Treatment of keratinocytes with an AHR agonist enhanced the CYP1A1-catalyzed 
metabolism of FICZ and thus prevented UVA photosensitization, whereas an inhibition of either AHR signaling or 
CYP1A1 enzyme activity resulted in an accumulation of FICZ and a sensitization to UVA-induced oxidative stress 
and apoptosis. Exposure of keratinocytes to vemurafenib resulted in the same outcome. Specifically, CYP phe-
notyping revealed that vemurafenib is primarily metabolized by CYP1A1 and to a lesser degree by CYP2J2 and 
CYP3A4. Hence, vemurafenib sensitized keratinocytes to UVA-induced apoptosis by interfering with the 
CYP1A1-mediated oxidative metabolism of FICZ. In contrast to this pro-apoptotic effect, a treatment of UVB- 
damaged keratinocytes with vemurafenib suppressed apoptosis, a process which might contribute to the skin 
carcinogenicity of the drug. Our results provide insight into the mechanisms responsible for the photosensitizing 
properties of vemurafenib and deliver novel information about its metabolism which might be relevant regarding 
potential drug-drug interactions. The data emphasize that the AHR-CYP1A1 axis contributes to the pathogenesis 
of cutaneous adverse drug reactions.   

1. Introduction 

Exposure of the skin to ultraviolet (UV) radiation causes a variety of 
acute (e.g. sunburn) and chronic (e.g. aging, cancer) adverse health ef-
fects [1–3]. The majority of these effects is triggered by UV-induced 
DNA damage and associated signaling responses. Whereas UVA radia-
tion (315–400 nm) penetrates deep into the skin and even reaches 
dermal fibroblasts, UVB rays (280–315 nm) are nearly completely 

absorbed by macromolecular structures, in particular the DNA, of 
epidermal cells [1–3]. UVB irradiation leads to the formation of muta-
genic cyclobutane pyrimidine dimers (CPDs) and 
pyrimidine-pyrimidone (6–4) photoproducts [4], whereas UVA rays are 
poorly absorbed by DNA and exert their harmful effects, i.e. oxidative 
damage of cellular macromolecules, mainly through an excitation of 
endogenous photosensitizers, such as protoporphyrin IX and riboflavin, 
and the resulting formation of reactive oxygen species (ROS) [5]. In 
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addition, various oral drugs, including antibiotics, statins and 
non-steroidal anti-inflammatory drugs, have been identified as potent 
photosensitizers. Accordingly, cutaneous phototoxicity is a common 
side effect of drug treatment [6,7]. A prominent example for a photo-
toxic drug is vemurafenib (PLX 4032, Zelboraf®), a protein kinase in-
hibitor approved for the treatment of advanced melanoma and 
Erdheim-Chester disease with BRAF V600 gain-of-function mutations 
[8–10]. An enhanced sensitivity to UVA radiation affects 35%–63% of 
the melanoma patients and is one of the most common side effects of 
vemurafenib treatment [11,12]. 

Besides DNA, tryptophan is a potent chromophore for UVB radiation. 
In keratinocytes, absorption of UVB rays by cytosolic tryptophan leads to 
the formation of 6-formylindolo[3,2-b]carbazole (FICZ) and other 
tryptophan photoproducts [13–16]. FICZ is a high-affinity ligand of the 
aryl hydrocarbon receptor (AHR), a key regulator in xenobiotic meta-
bolism and immunity [17–19]. Upon its activation, AHR shuttles into 
the nucleus and induces the expression of target genes, for instance 
encoding cytochrome P450 (CYP) 1A1 and CYP1B1. Importantly, 
CYP1A1 rapidly monohydroxylates FICZ to enable its detoxification by 
sulfotransferases and other conjugating enzymes [20,21], thereby 
ensuring a transient AHR activation by the tryptophan photoproduct 
[22]. In concert with other signaling pathways, AHR orchestrates UVB 
stress responses in epidermal cells [2,23]. 

However, FICZ does not only serve as AHR agonist but is also a 
potent photosensitizer for UVA radiation [24]. In fact, the Wondrak 
laboratory has shown that UVA irradiation of FICZ-treated keratinocytes 
results in ROS generation and associated DNA damage [24]. In a 
follow-up work, the group proposed to harness the UVA-sensitizing 
properties of FICZ for the photodynamic elimination of skin cancer 
[25]. Other investigators, however, suggested that FICZ may contribute 
to UV-induced skin carcinogenesis by photochemically damaging DNA 
repair enzymes [26]. 

Here, we investigated whether a modulation of AHR signaling and/ 

or CYP1A1 enzyme activity stabilizes intracellular FICZ levels and sen-
sitizes keratinocytes to UVA-induced apoptosis. In addition, we assessed 
whether vemurafenib enhances UVA-induced keratinocyte apoptosis by 
interfering with the CYP1A1-catalyzed metabolism of FICZ. We per-
formed enzyme activity assays and a detailed CYP phenotyping to 
identify CYP isoforms involved in the metabolism of vemurafenib. 
Finally, we analyzed the impact of vemurafenib on the apoptotic 
clearance of UVB-irradiated keratinocytes harboring mutagenic DNA 
photoproducts. 

2. Results 

2.1. FICZ sensitizes human keratinocytes to UVA-induced apoptosis 

Treatment of HaCaT keratinocytes with FICZ for 30 min and a sub-
sequent exposure to a low dose of 5 J/cm2 UVA radiation resulted in a 
dose-dependent induction of caspase-3 activity (Fig. 1A). While an 
exposure to FICZ or UVA radiation alone had no effect, we observed a 
slight increase of caspase-3 activity in cells pretreated with 50 nM FICZ. 
A pretreatment with 100 nM FICZ resulted in a nearly 10-fold induction 
of caspase-3 activity (Fig. 1A). A pretreatment of HaCaT cells or normal 
human epidermal keratinocytes (NHEKs) with 100 nM FICZ for 2 h 
strongly increased caspase-3 activity upon UVA irradiation, whereas a 
FICZ pretreatment for 4 h did not significantly enhance UVA-induced 
apoptosis (Fig. 1B and C). This observation was confirmed by Nicoletti 
staining (Fig. 1D), indicating that over a period of 4 h FICZ is being 
metabolized. 

2.2. AHR activation decreases the UVA-photosensitizing effect of FICZ 

Given that FICZ is monohydroxylated by CYP1A1, we next stimu-
lated keratinocytes with the AHR agonist tapinarof [27] to induce 
CYP1A1 expression and enzyme activity and analyze its impact on 

Fig. 1. FICZ sensitizes keratinocytes to 
UVA-induced apoptosis. 
(A) Caspase-3 activity in HaCaT kerati-
nocytes pretreated with 10 nM, 25 nM, 
50 nM and 100 nM FICZ or 0.1% DMSO 
for 30 min prior to sham or UVA radi-
ation with 5 J/cm2. Cells were lysed for 
Caspase-3 activity measurement 4 h 
after UVA radiation (n = 3). (B–D) Cell 
death measurements of keratinocytes 
treated with 100 nM FICZ or 0.1% 
DMSO for 2 h and 4 h before cells were 
exposed to 0 or 5 J/cm2 UVA radiation. 
Measurement of Caspase-3 activity in 
HaCaT cells (B) (n = 3) and NHEKs (C) 
(n = 3) were carried out 4 h after UVA/ 
sham exposure. Analysis of dead cells 
(subG1 fraction) by using the Nicoletti 
assay 24 h post UVA radiation of NHEKs 
(D) (n = 8). For statistical analysis a 2- 
way ANOVA (post hoc: Tukey test) 
was performed for all experiments and 
data are represented as mean ± SEM. (*, 
p ˂ 0.05 relative to DMSO sham).   
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FICZ/UVA-induced caspase-3 activity. Treatment of keratinocytes with 
100 nM tapinarof for 24 h induced the deethylation of 7-ethoxyresorufin 
(Fig. 2A), a reaction that is catalyzed by CYP1A isoforms. As human 
keratinocytes do not express CYP1A2 [28,29], the observed formation of 
resorufin was specifically catalyzed by CYP1A1. Hence, a pretreatment 
of keratinocytes with tapinarof should accelerate FICZ clearance and 
reduce FICZ/UVA-triggered apoptosis in an AHR-dependent manner. 
AHR-proficient and AHR-knockdown HaCaT keratinocytes were treated 
for 24 h with 1 μM tapinarof or solvent. Next, cells were treated for 1 h 
with 100 nM FICZ and subsequently exposed to 5 J/cm2 UVA radiation. 
Exposure to tapinarof, FICZ and UVA radiation alone did not affect 
caspase-3 activity (Fig. 2B and C). We observed a strong induction of 
caspase-3 activity in AHR-proficient (HaCaT-EV) and AHR-knockdown 
(HaCaT-shAHR) cells that were pretreated with DMSO and subse-
quently exposed to FICZ and UVA radiation. As expected, the 
FICZ/UVA-triggered induction of caspase-3 activity was nearly 
completely absent in tapinarof-treated AHR-proficient HaCaT cells but 
not in the HaCaT-shAHR keratinocytes (Fig. 2B and C), providing evi-
dence that the photosensitizing property of FICZ can be manipulated by 

activating AHR. The same experimental setup was used to confirm this 
result in NHEKs. However, upon treatment of the tapinarof- and 
solvent-preexposed cells for 1 h with FICZ prior to UVA irradiation, we 
noted no significant difference in the FICZ/UVA-induced caspase-3 ac-
tivity (Fig. 2D). After elongating the incubation with FICZ for another 
hour, the FICZ/UVA-dependent caspase-3 activity decreased (Fig. 2E), 
suggesting that FICZ metabolism in NHEKs occurred slower. 

2.3. AHR inhibition enhances FICZ/UVA-induced apoptosis and 
oxidative stress 

To confirm a critical role of AHR in modulating the FICZ/UVA- 
induced apoptotic response, HaCaT-EV and HaCaT-shAHR keratino-
cytes were pretreated for 1, 2 and 4 h with 100 nM FICZ and subse-
quently exposed to 5 J/cm2 UVA radiation. Notably, FICZ treatment 
alone did not induce any detectable caspase-3 activity (Supplementary 
Fig. S1). Compared to the solvent controls, a FICZ pretreatment for 1 h 
resulted in an increase of the FICZ/UVA-induced apoptosis in both cell- 
lines (Fig. 3A and B). An elongation of the FICZ preincubation resulted in 

Fig. 2. Treatment of keratinocytes with tapinarof increases CYP1A1 enzyme activity and decreases FICZ/UVA-induced caspase-3 activity in an AHR- 
dependent manner. 
(A) CYP1A1 enzyme activity measurement in HaCaT cells and NHEKs treated for 24 h with 100 nM tapinarof (n = 3). (B–E) Caspase-3 assay performed in AHR- 
proficient HaCaT cells (b); (n = 3), AHR-knockdown HaCaT cells (C) (n = 3) and NHEKs (D, E) (n = 3). Keratinocytes were treated for 24 h with the specified 
concentrations of tapinarof, before 100 nM FICZ were added as indicated. Afterwards, cells were irradiated with 5 J/cm2 UVA and 4 h later, caspase-3 activity was 
determined. For statistical analysis a 2-way ANOVA (post hoc: Tukey test) was performed for all experiments and data are represented as mean ± SEM. (*, p ˂ 0.05 
relative to DMSO sham). 
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a decline of FICZ/UVA-triggered apoptosis in HaCaT-EV but not in 
HaCaT-shAHR keratinocytes (Fig. 3A and B). These results confirmed 
that by activating AHR FICZ initiated its own CYP1A1-mediated meta-
bolism. As expected, FICZ treatment resulted in an induction of CYP1A1- 
mediated EROD activity in AHR-proficient but not in AHR-knockdown 
HaCaT keratinocytes (Fig. 3C). Accordingly, we observed a faster 
metabolic clearance of exogenously added FICZ in HaCaT-EV compared 
to HaCaT-shAHR cells (Fig. 3D). After 4 h, ~60% of the applied FICZ was 
metabolized in HaCaT-EV cells, whereas the FICZ level in HaCaT-shAHR 
cells declined only for ~25%. When the two cell-lines were treated with 
100 nM FICZ for 4 h and subsequently irradiated with UVA, we observed 
a formation of superoxide, which was paralleled by a transcriptional 
upregulation of heme oxygenase-1 (HOX-1), an established marker for 
oxidative stress [30], in the HaCaT-shAHR cells (Fig. 3E and F). How-
ever, a lower induction of HOX-1 was also observed in the HaCaT-EV 
cells. These results provided evidence that a modulation of the 

AHR-CYP1A1 axis directly affects the metabolism of the 
UVA-photosensitizer FICZ. 

2.4. Vemurafenib attenuates FICZ metabolism by interfering with 
CYP1A1 enzyme activity 

As previously reported, vemurafenib is capable of antagonizing the 
canonical AHR signaling pathway [31,32], indicating that the photo-
toxic properties of the BRAF inhibitor (BRAFi) may be related to an 
interference with the CYP1A1-mediated clearance of FICZ. Therefore, 
we next assessed whether vemurafenib treatment disturbs CYP1A1 
enzyme activity and associated FICZ metabolism. HaCaT cells and 
NHEKs were treated for 24 h with 100 nM FICZ alone and in combina-
tion with vemurafenib, the AHR antagonist 3′-methoxy-4‘-nitroflavone 
(MNF) [33] or the CYP1A isoform inhibitor 7-hydroxyflavone (7-HF) 
[34]. FICZ treatment increased CYP1A enzyme activity, an effect which 

Fig. 3. Genetic inhibition of AHR in keratinocytes increases FICZ/UVA-induced apoptosis and oxidative stress. 
(A, B) Determination of apoptotic AHR-proficient and AHR-knockdown HaCaT keratinocytes exposed to 100 nM FICZ for 1, 2 and 4 h, respectively, followed by 
irradiation with 0 or 5 J/cm2 UVA. Cells were lysed 4 h after UVA irradiation for determination of caspase-3 activity, (A) (n = 6), for Nicoletti staining, keratinocytes 
were harvested 24 h after UVA exposure (B) (n = 3). (C) EROD assay to analyze CYP1A1 enzyme activity was performed in HaCaT-EV and HaCaT-shAHR kerati-
nocytes exposed to 100 nM FICZ for different time points (n = 3). (D) HPLC analysis was conducted in HaCaT-EV and HaCaT-shAHR keratinocytes treated with 100 
nM FICZ for 30, 60, 120 and 240 min, respectively (n = 3). (E) ROS measurement by analyzing MitoSox positive cells. Cell were exposed to 100 nM FICZ for 4 h and 
subsequently irradiated with 5 J/cm2 UVA. One hour later, cells were trypsinized and assayed by flow cytometry (n = 4). (F) Gene expression rate of HOX-1 in AHR- 
proficient and AHR-knockdown HaCaT cells. Keratinocytes were treated for 4 h with FICZ and subsequently irradiated with UVA. After 6 h, cells were harvested for 
qPCR analyses. HOX-1 transcript levels were normalized to GAPDH (n = 4). For statistical analysis a 2-way ANOVA (post hoc: Tukey test) was performed for all 
experiments and data are represented as mean ± SEM. (*, p ˂ 0.05 relative to HaCaT-EV keratinocytes exposed to DMSO sham). In addition, for (B, D-F) a Sidak 2- 
way multiple comparison test was performed to compare HaCaT-EV with HaCaT-shAHR keratinocytes (*, p ˂ 0.05). 
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was attenuated by all inhibitors tested (Fig. 4A and B). To investigate 
whether vemurafenib inhibits CYP1A1 activity directly or indirectly, i.e. 
by antagonizing AHR and downstream CYP1A1 expression, we pre-
treated the keratinocytes for 23.5 h with FICZ and subsequently 
co-exposed the cells to the different inhibitors for just 30 min before the 
EROD measurement. Importantly, FICZ-induced EROD activity was still 
reduced in the samples co-treated for 30 min with the BRAFi (Fig. 4C 
and D), strongly indicating that vemurafenib is a CYP1A1 inhibitor. 
Noteworthy, in concentrations roughly mirroring or even exceeding 
plasma levels in patients [35,36], neither dabrafenib nor encorafenib, 
two additional BRAFi approved for the treatment of advanced mela-
noma, had an impact on FICZ-induced EROD activity (Supplementary 
Figs. S2A and b). A co-treatment with vemurafenib reduced the 
time-dependent metabolic clearance of FICZ in HaCaT keratinocytes 
(Fig. 4E), supporting our hypothesis that the interference of the BRAFi 
with CYP1A1 activity is of pathophysiological relevance. 

To clarify whether vemurafenib is a substrate of CYP1A1, we 
investigated the vemurafenib metabolism in more detail using 22 human 
recombinant CYP isoforms overexpressed in insect cells. Already after 
10 min of incubation with 0.5 μM vemurafenib and 10 pmol/ml of the 
respective enzymes, we observed a considerable depletion of the drug to 
~6% of the control level in microsomes expressing CYP1A1 (Fig. 4F). 
The CYP phenotyping further indicated a minor involvement of CYP1B1, 
CYP2J2 and CYP3A4. Hence, we next determined the intrinsic clearance 
(CLINT) rate for vemurafenib of these four CYP isoforms. These analyses 
confirmed a major role of CYP1A1 for the metabolic clearance of 
vemurafenib. Already 3 min after incubation, more than 90% of the drug 
were metabolized by CYP1A1. According to the U.S. Food and Drug 
Administration (FDA), vemurafenib is a substrate of CYP3A4 [9]. Hence, 
we were surprised to see that with a CLINT of 83.6 μl/min/pmol CYP1A1 
was 76-times more efficient in metabolizing vemurafenib than CYP3A4 
(CLINT = 1.1 μl/min/pmol) (Fig. 4G). In addition, we found that CYP2J2 
(CLINT = 1.5 μl/min/pmol) was capable to metabolize vemurafenib as 
efficient as CYP3A4. In contrast to the CYP phenotyping (Fig. 4F), we 
could not confirm a noteworthy contribution of CYP1B1 (CLINT = 0.5 
μl/min/pmol) (Fig. 4G). According to our experience, such variations 
may occur, in particular when analyzing compounds which are spar-
ingly soluble in aqueous systems. The rapid metabolic breakdown of 
vemurafenib by CYP1A1 was paralleled by the formation of a mono-
hydroxylated and a dihydroxylated metabolite (Fig. 4H). The dihy-
droxylated vemurafenib metabolite was generated specifically by 
CYP1A1 but not by CYP2J2 and CYP3A4 (data not shown). Taken 
together, these data strongly indicate that vemurafenib is an excellent 
CYP1A1 substrate at low concentrations and on the other hand a 
CYP1A1 inhibitor at higher concentrations. Hence, vemurafenib prob-
ably interferes with the oxidative metabolism of FICZ. 

2.5. Vemurafenib enhances FICZ/UVA-induced apoptosis 

To assess whether vemurafenib enhances FICZ/UVA-induced 
apoptosis, keratinocytes were pretreated with 100 nM FICZ for 2 h 
and 4 h, respectively. Subsequently, cells were exposed to 0 and 5 J/cm2 

UVA radiation and immediately treated for 4 h with vemurafenib, 7-HF 
or solvent. The measurement of caspase-3 activity revealed an increase 
in the samples treated with FICZ/UVA and vemurafenib (Fig. 5A and B), 
which was accompanied by a transcriptional induction of the oxidative 
stress marker HOX-1 (Fig. 5C). Similar results were observed in cells 
treated with the CYP1A inhibitor 7-HF (Fig. 5D–F), but not in cells 
treated with the other BRAFi dabrafenib and encorafenib (Supplemen-
tary Figs. S2C–E). These results provide evidence that vemurafenib in-
terferes with the metabolic clearance of FICZ and thereby elevates 
keratinocyte apoptosis in response to UVA irradiation. 

2.6. Vemurafenib inhibits UVB-induced apoptosis and CPD removal 
independently from phototoxicity 

The proapoptotic effect of vemurafenib in FICZ/UVA-exposed kera-
tinocytes is to some extent contradictory to the previously reported anti- 
apoptotic properties of the BRAFi in UVB-irradiated keratinocytes and 
cutaneous squamous cell carcinoma (SCC) cells [37]. Thus, we next 
investigated whether vemurafenib also affects UVB-induced apoptosis in 
our keratinocyte cultures. Irradiation of HaCaT keratinocytes with 200 
J/m2 UVB enhanced caspase-3 activity, whereas an exposure to a low 
dose of UVA (5 J/cm2) had no effect on apoptosis (Fig. 6A). A 4 h pre-
treatment with 40 μM vemurafenib did neither affect the UVB-induced 
caspase-3 activity nor sensitize the cells to UVA-induced apoptosis 
(Fig. 6A). However, when HaCaT keratinocytes were pretreated for 4 h 
with vemurafenib, UVB-irradiated through PBS and subsequently 
exposed to vemurafenib for another 16 h, a pronounced decline in 
caspase-3 activity was observed (Fig. 6B). Surprisingly, we observed the 
same decrease in UVB-induced caspase-3 activity in cells that were only 
treated with vemurafenib post UVB exposure (Fig. 6C), indicating that 
this anti-apoptotic effect occurred independently from photochemistry. 
This result was confirmed in NHEKs treated with vemurafenib imme-
diately after UVB exposure (Fig. 6D). Further analyses of the subG1 
fraction confirmed a dose-dependent anti-apoptotic effect of vemur-
afenib when added to UVB-irradiated HaCaT cells and NHEKs (Fig. 6E 
and F). In melanoma patients, vemurafenib treatment stimulates the 
EGF receptor (EGFR) [38], which is known to inhibit keratinocyte 
apoptosis [39]. In fact, a co-exposure of UVB-irradiated HaCaT kerati-
nocytes with the EGFR inhibitor PD153035 reversed the anti-apoptotic 
effect of vemurafenib (Fig. 6G), suggesting an involvement of the re-
ceptor tyrosine kinase. A major driver of UVB-induced apoptosis are 
DNA double-strand breaks (DSBs) [40]. Comet assay analyses revealed 
that a treatment of UVB-irradiated HaCaT keratinocytes with vemur-
afenib signficantly reduced DSB formation (Fig. 6H). Given that 
UVB-induced DSBs mainly result from collapsing replication forks in 
dividing CPD-positive keratinocytes [41,42] and vemurafenib reversibly 
inhibits keratinocyte proliferation (Supplementary Figs. S3A and B), we 
next investigated the impact of vemurafenib on CPD content. Indeed, 
treatment of HaCaT keratinocytes and NHEKs with vemurafenib 
immediately after exposure to 200 J/m2 UVB resulted in an accumula-
tion of CPDs compared to solvent controls (Fig. 6H and I). These data 
indicate that vemurafenib, when applied to keratinocytes directly after 
UVB irradiation, inhibits the proliferation-related formation of DSBs and 
the associated apoptotic clearance of CPD-positive cells. 

3. Discussion 

Sensitization of keratinocytes to UVA radiation by the endogenous 
tryptophan photoproduct FICZ results in the generation of oxidative 
stress and associated macromolecular damage, which may disrupt skin 
homeostasis and contribute to extrinsic aging and carcinogenesis [24, 
26]. Here, we demonstrate that a manipulation of the AHR-CYP1A1 axis 
in human keratinocytes has a direct effect on the UVA phototoxicity of 
FICZ and associated apoptosis, a process that might be relevant for 
drug-induced cutaneous adverse effects. Specifically, we found that an 
activation of AHR signaling and the associated induction of CYP1A1 
activity results in a rapid clearance of FICZ, whereas an inhibition of this 
axis leads to an accumulation of FICZ and an enhanced susceptibility to 
UVA-induced apoptosis. 

Although FICZ was identified by mass spectrometry in human skin 
[43], the concentration range of cutaneous FICZ levels is quite enig-
matic. However, as UVB irradiation of human volunteers induces the 
expression of AHR target genes in the skin [44,45] and sulfated FICZ 
metabolites are present in human urine [21], it is likely that FICZ is 
formed in sufficient amounts to activate AHR signaling in vivo. More-
over, UVB radiation-independent sources exist, such as skin-colonizing 
yeasts, which may elevate cutaneous FICZ level [46,47]. We assume 
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Fig. 4. Vemurafenib attenuates FICZ metabolism by interfering with CYP1A1 enzyme activity. 
a)-d) Identification of CYP1A1 enzyme activity in HaCaT cells and NHEKs treated with different substances (10 μM MNF, 10 μM 7-HF, 25 μM (NHEKs) or 40 μM 
(HaCaT) Vemurafenib). HaCaT cells (A) (n = 3) and NHEKs (C) (n = 3) were co-exposed for 24 h with one of the three different compounds and 100 nM FICZ. HaCaT 
cells (B) (n = 3) and NHEKs (D) (n = 3) were treated for 24 h with 100 nM FICZ and MNF, 7-HF or vemurafenib was added 30 min prior to EROD measurement. For 
statistical analysis a 1-way ANOVA (post-hoc: Tukey test) was performed for all experiments and data are represented as mean ± SEM. (*, p ˂ 0.05 relative to DMSO; 
#, p ˂ 0.05 relative to DMSO FICZ treatment). (E) FICZ concentration in the culture medium of HaCaT cells was determined by HPLC analysis. Cells were treated for 
4 h with 10 μM MNF, 10 μM 7-HF, 40 μM vemurafenib or solvent and subsequently 100 nM FICZ was added for the indicated time (n = 2). (F–H) CYP phenotyping for 
vemurafenib was conducted using 22 recombinant human CYP isoforms overexpressed in insect cells. (F) Microsomal preparations of each CYP isoform (10 pmol/ml) 
were incubated for 10 min with 0.5 μM vemurafenib. Subsequently, vemurafenib was analyzed by LC/MS (n = 3) For statistical analysis a 1-way ANOVA (un-
corrected Fisher’s LSD test) was performed and data are represented as mean ± SEM. (*, p ˂  0.05 relative to control)). (G) 10 pmol/ml CYP1A1, CYP1B1, CYP2J2 and 
CYP3A4 were incubated up to 45 min with 0.5 μM vemurafenib in order to determine the intrinsic clearance (CLINT) (n = 3). For statistical analysis a 1-way ANOVA 
(post-hoc: Tukey test) was performed and data are represented as mean ± SEM. (*, p ˂ 0.05 for 15, 30 and 45 min relative to 0 min; #, p ˂ 0.05 for 1.5 and 3 min 
relative to 0 min). (H) Identification and formation of CYP1A1-derived monohydroxylated and a dihydroxylated vemurafenib (n = 3). 
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that in healthy skin FICZ levels are rather low and even upon transient 
inhibition of the AHR-CYP1A1 axis may not reach UVA-reactive con-
centrations. In contrast, a longer-lasting inhibition of CYP1A1 expres-
sion or activity may result in an accumulation of pathophysiologically 
relevant amounts of FICZ. This might be also true for other tryptophan 
photoproducts with comparable properties. For example, it is 
well-known that a UVB irradiation of tryptophan leads to the formation 
of N-formylkynurenine [48–50], which is a micromolar photosensitizer 
for UVA radiation [49] and a precursor for low-affinity AHR ligands, 
such as kynurenine and kynurenic acid [51]. However, to the best of our 
knowledge, N-formylkynurenine is not a substrate of CYP1 isoforms. 

We have previously reported that vemurafenib binds to AHR and 
inhibits downstream CYP1A1 gene expression [31]. Here we demon-
strate that vemurafenib is a substrate for CYP1A1 and interferes with the 
metabolic degradation of FICZ via inhibition. The resulting accumula-
tion of the potent UVA photosensitizer may contribute to the clinically 
well-documented and frequently occurring phototoxic side effects of a 
vemurafenib therapy [11,12]. Importantly, exposure of vemurafenib to 
UVA and UVB radiation in chemico does not lead to ROS formation [52], 
implying that vemurafenib interacts with cellular molecules and struc-
tures in order to unleash its UVA-photosensitizing properties. Given that 
cancer patients are treated for several month with vemurafenib, it is 
tempting to speculate that the cutaneous FICZ level reach 
UVA-photosensitizing concentrations. Whether at a certain point the 
accumulating FICZ level might be high enough to override the 
vemurafenib-mediated inhibition of the canonical AHR pathways and to 
induce CYP1A1 expression is not known. It is tempting to speculate, 
whether a topical treatment of the affected skin areas with non-toxic 

high-affinity AHR ligands may help to reestablish CYP1A1 expression 
and enforce FICZ clearance. An obvious candidate drug is the 
bacteria-derived AHR agonist tapinarof which has successfully passed 
clinical testing for the treatment of psoriasis and atopic dermatitis [53, 
54]. 

According to the Zelboraf® approval summary of the FDA [9], 
vemurafenib is primarily metabolized by CYP3A4. This stands in stark 
contrast to the results of our in vitro metabolism studies, identifying 
CYP1A1 as being ~76-times more efficient in clearing vemurafenib than 
CYP3A4. This discrepancy might be due to the fact that the majority of 
metabolism studies conducted by the pharmaceutical industry encom-
passes CYP1A2, but not CYP1A1. The same might be true for CYP2J2, 
which exhibits a comparable intrinsic clearance rate for vemurafenib as 
CYP3A4. Along the same line, neither CYP1A1 nor CYP2J2 are part of 
the CYP panel recommended by the guidance documents for the 
assessment of drug interactions from the FDA [55] and the European 
Medicines Agency [56]. Interestingly, a co-application of the CYP3A4 
inhibitor itraconazole had only moderate effects on the steady state level 
of vemurafenib in patients [57], and both the expression of hepatic 
CYP1A1 and the pharmacokinetics of vemurafenib exhibit a remarkable 
interindividual variability [58,59]. However, in combination with our 
previous findings [31], our current data imply that by interfering with 
AHR and CYP1A1, vemurafenib does not only enforce its own accu-
mulation, but also interferes with the metabolism of other CYP1A1 
substrates, in particular co-applied drugs. In fact, CYP1A1 is involved in 
the metabolism of various clinical drugs, including the antiemetic gra-
nisetron [58], the antihypertensive drug riociguat [58], and the anti-
cancer drugs dacarbazine [60], erlotinib [61] and imiquimod [28]. 

Fig. 5. Vemurafenib stimulates FICZ/UVA-induced caspase-3 activity in keratinocytes. 
(A, D) FICZ/UVA-induced caspase-3 activity in HaCaT cells exposed to 40 μM vemurafenib and 10 μM 7-HF. Keratinocytes were pretreated for 4 h with vemurafenib 
or 7-HF. Next, FICZ was added for another 2 h before cells were irradiated with 5 J/cm2 UVA radiation. Four hours later cells were lyzed for caspase-3 activity assay 
(n = 6). (B, E) Caspase-3 activity and (C, F) gene expression level of HOX-1 was determined in NHEKs sequentially exposed to vemurafenib or 7-HF (4 h), 100 nM 
FICZ (4 h) and UVA radiation. Four hours after irradiation, cells were lysed for caspase-3 activity assay (n = 8); for qRT-PCR analysis cells were lyzed after 6 h (n =
8). For statistical analysis a 2-way ANOVA (post-hoc: Tukey test) was performed for all experiments and data are represented as mean ± SEM. (*, p ˂ 0.05 relative to 
DMSO sham). 
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A detrimental consequence of the UVA photosensitization by 
vemurafenib is the oxidative stress-related disturbance of nucleotide 
excision repair [62,63]. Our data, however, clearly show that vemur-
afenib inhibits the apoptotic clearance of CPD-positive keratinocytes 
independently from phototoxic stress. Given that UVB-induced kerati-
nocyte apoptosis is mainly triggered by DNA double-strand breaks, 
which occur when CPD-positive cells start to replicate their genetic 
material, an inhibition of cell proliferation might be causative for the 
observed anti-apoptotic effects. The vemurafenib-mediated inhibition of 
proliferation was reversible by washing out the drug which may 

resemble declining drug levels in patients. However, in concert with the 
accumulated CPDs, this process may not only cause an elevated 
apoptotic response but also increase the risk for mutagenesis and, 
possibly, skin carcinogenesis. In fact, the development of SCC is a 
common adverse side effect of vemurafenib monotherapy that occurs in 
19%–26% of the treated patients [11]. Unlike UV-induced photo-
carcinogenesis, vemurafenib therapy-associated SCCs develop rapidly, 
within the first three month of treatment, and do not only occur in 
highly sun-exposed but also in low sun-exposed areas of the skin [11, 
64]. The pathogenesis of these SCCs may involve a stimulation of 

Fig. 6. Vemurafenib affects apoptosis and CPD removal independently from phototoxicity. 
(A) Caspase-3 activity was determined in HaCaT cells pretreated for 4 h with 40 μM vemurafenib and irradiated with either 200 J/m2 UVB (n = 4), 5 J/cm2 UVA (n =
3) or sham (n = 7). 16 h later caspase-3 activity was measured. (B) HaCaT keratinoyctes were pretreated with 40 μM vemurafenib for 4 h, were irradiated with 200 J/ 
m2 UVB (n = 3), 5 J/cm2 UVA (n = 3) = or sham (n = 6) and post treated with solvent control or vemurafenib (40 μM) before cells were lysed for caspase-3 activity 
assay. (C, D) Caspase-3 activity measurement in HaCaT keratinocytes (n = 4) and NHEKs (n = 7) irradiated with 200 J/m2 UVB, 5 J/cm2 UVA or sham, prior to a 16 h 
treatment with the indicated vemurafenib concentrations. (E, F) Percentage of apoptotic HaCaT keratinocytes (n ≥ 4) and NHEKs (n = 4) exposed to 200 J/m2 UVB 
radiation or sham and a posttreatment of different vemurafenib concentrations for 24 h. (G) Rate of apoptosis was determined in HaCaT keratinocytes unirradiated or 
irradiated with 200 J/m2 UVB and subsequently treated with vemurafenib for 24 h. In addition, a combined treatment with vemurafenib and PD153035 was 
conducted for 24 h after UVB radiation or sham treatment (n = 4). (H) DNA-double strand breaks were analyzed in HaCaT cells that were unirradiated or exposed to 
UVB radiation prior to a treatment with DMSO or vemurafenib for 16 h (n = 3). (I, J) CPD-content was identified in HaCaT keratinocytes (n = 4) and NHEKs (n = 7) 
irradiated with UVB or sham and post treated with DMSO or the indicated vemurafenib concentrations. For statistical analysis a 2-way ANOVA (post hoc: Tukey test) 
was performed for all experiments and data are represented as mean ± SEM. (*, p ˂ 0.05 relative to DMSO sham). 

K.M. Rolfes et al.                                                                                                                                                                                                                               



Redox Biology 46 (2021) 102110

9

mitogenic MEK/ERK signal transduction in BRAF wild-type keratino-
cytes which probably promotes the proliferation of latent mutant kera-
tinocytes present in the epidermis [11]. A co-treatment with a MEK 
inhibitor (i.e. the current clinical routine for treating advanced mela-
noma) does not completely abrogate the development of 
vemurafenib-associated SCC [11,65], supporting the idea that addi-
tional pathomechanisms exist. Results from in vitro studies on human 
keratinocytes indicated that the activation of mitogenic MEK/ERK 
signaling occurred only in response to low doses of vemurafenib, i.e. 2 
μM or less [66]. We assume that at higher drug concentrations, 
vemurafenib may promote tumor development by protecting mutated 
keratinocytes against apoptosis and enhancing genomic instability. A 
further elucidation of the mechanisms is particularly relevant for pa-
tients with Erdheim-Chester disease, which are still treated with 
vemurafenib and frequently suffer from secondary skin cancers [10]. 

We have previously reported that an inhibition of AHR signaling 
attenuates UVB-induced skin carcinogenesis in mice [67]. Specifically, 
AHR represses nucleotide excision repair and apoptosis in 
UVB-irradiated keratinocytes [67,68]. Accordingly, AHR inhibition 
accelerated the removal of DNA-damaged keratinocytes by enforcing 
DSB-triggered apoptosis [67]. As we have previously identified vemur-
afenib as an AHR antagonist [31], the anti-apoptotic effect of the BRAFi 
observed in UVB-exposed keratinocytes was unexpected and urgently 
requires further investigation. In accordance with literature [38,69], our 
data suggest that a stimulation of EGFR may be causative for the 
anti-apoptotic property of vemurafenib. 

A limitation of our study is the applied concentration range of 
vemurafenib. The median maximum plasma concentration at steady 
state determined in melanoma patients receiving 960 mg vemurafenib b. 
i.d. is 56.7 ± 21.8 μg/ml, which corresponds to 115.7 ± 44.5 μM [59]. As 
mentioned above, the authors noted a high interindividual pharmaco-
kinetic variability with vemurafenib plasma concentrations ranging 
from 13 μg/ml (26.5 μM) to 109.8 μg/ml (224.1 μM) [59]. With more 
than 99%, vemurafenib exhibits a very high plasma protein binding [9], 
indicating that the concentrations used in this study exceeded clinically 
relevant concentrations, i.e. the free fraction. However, it should not be 
underestimated that also during in vitro testing, considerable amounts of 
vemurafenib will bind to albumin and other proteins present in 
FBS-supplemented culture medium or even to cell culture plastics [70]. 
The HIV-1 protease inhibitor lopinavir, for instance, exhibits a compa-
rably high plasma protein binding of 98.9%. A determination of the free 
fraction of lopinavir in culture medium supplemented with 10% FBS 
revealed that 96.1% of the drug was bound to serum proteins [71]. 
However, the potential clinical relevance of the identified mechanisms 
for the phototoxicity of vemurafenib is strengthened by the fact that a 
treatment of keratinocytes with dabrafenib and encorafenib neither 
affected FICZ-induced CYP1A1 enzyme activity nor enhanced 
FICZ/UVA-induced apoptosis. Importantly, a monotherapy with these 
BRAFi is less often (≤5%) associated with an elevated UVA photosen-
sitivity than vemurafenib [65]. 

Taken together, a modulation of the CYP1A1-catalyzed metabolism 
of the endogenous photosensitizer FICZ might be a relevant molecular 
mechanism responsible for the UVA phototoxicity of vemurafenib. 
Moreover, vemurafenib treatment inhibited the apoptotic clearance of 
UVB-irradiated CPD-positive keratinocytes, a mechanism which might 
contribute to therapy-associated skin carcinogenesis. As vemurafenib is 
currently in clinical testing for other BRAF V600-mutant malignancies, 
for instance in combination with rituximab for the treatment of hairy- 
cell leukemia [72] and as single agent for the treatment of 
non-small-cell lung cancer [73], a further elucidation of the identified 
molecular mechanisms is required. 

4. Material and methods 

4.1. Cell culture, UV irradiation and treatment 

HaCaT keratinocytes were cultured in DMEM (PAN Biotech, Aiden-
bach, Germany) supplemented with 10% fetal bovine serum (PAN 
Biotech) and 1% antibiotics/antimycotics (PAN Biotech). The genera-
tion of HaCaT-EV and HaCaT-shAHR keratinocytes has been previously 
described [16]. The culture medium of HaCaT-EV and HaCaT-shAHR 
keratinocytes was supplemented with G418 (Carl Roth, Karlsruhe, 
Germany). Normal human epidermal keratinocytes were obtained from 
PromoCell (Heidelberg, Germany) and cultured in Keratinocyte Growth 
Medium 2 (PromoCell). All cells were cultured at 37 ◦C in a humidified 
atmosphere containing 5% CO2. UV exposure of cells was carried out by 
using the BS-02 irradiation chamber (Opsytec Dr. Gröbel, Ettlingen 
Germany) equipped with individually controllable UVA Actinic and 
UVB bulbs and respective sensors. For both, UV and sham irradiation, 
cell culture medium was replaced by PBS. For cell treatment, 6-for-
mylindolo[3,2-b]carbazole (Biomol, Hamburg, Germany), tapinarof, 
dabrafenib, encorafenib (MedChem Express, Monmouth Junction, NJ, 
USA), 3’-methoxy-4′-nitroflavone (a kind gift from I. Meyer, Symrise 
AG, Holzminden, Germany), 7-hydroxyflavone (Sigma-Aldrich, Munich, 
Germany) and vemurafenib (Selleck Chemicals, Houston, TX, USA) were 
dissolved in dimethyl sulfoxide. 

4.2. Caspase-3 activity assay 

Caspase-3 activity was determined by using the Caspase-3 Fluoro-
metric assay Kit (PromoCell) according to the manufacturer’s 
instructions. 

4.3. Nicoletti assay 

The analysis of DNA content via Nicoletti staining and flow cytom-
etry was carried out as described previously [68]. 

4.4. 7-Ethoxyresorufin deethylase (EROD) assay 

Measurement of EROD activity in living keratinocyte monolayers 
was carried out as described previously [74]. 

4.5. HPLC analysis 

To determine FICZ concentration in cell culture medium, 600 μl 
medium were removed and centrifuged for 5 min at 21.000×g. Subse-
quently, 500 μl of the supernatant was taken and mixed with 500 μl of 
acetonitrile before samples were analyzed by Reverse Phase-HPLC 
(Shimadzu HPLC system interfaced with the LabSolution software). 
FICZ was injected onto a Kromasil Eternity C18 column (length = 250 
nm, internal diameter = 4 mm, particle size = 5 μm) at 45 ◦C. The 
aqueous mobile phase consisted of 0.1% formic acid and the organic 
phase was acetonitrile with 0.1% acid formic. The flow rate was 1 ml/ 
min. FICZ was eluted by the following discontinuous gradient at a flow 
rate of 1 ml/min: the initial concentration of 50% in solvent B increase 
to 80% over 15 min and this was followed by a decrease to 50% over the 
next minute, and the initial conditions were then maintained for 9 min. 
The FICZ was monitored by fluorescence emission (at 525 nm) after 
excitation at 390 nm. The FICZ was quantified by integration of the peak 
fluorescence area, employing a respective calibration curve. 
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4.6. Quantitative real-time PCR 

Isolation of total RNA, cDNA synthesis and quantitative real-time 
PCR was carried out as described previously [74]. Oligonucleotides 
used in this work were: 5′-CCCCAGGCACCAGGGCGTGAT-3′ and 5′- 
GGTCATCTTCTCGCGGTTGGCCTTGGGGT-3′ for β-actin, and 5′-GCCA 
TGAACTTTGTCCGGTG-3′ and 5′-GGATGTGCTTTTCGTTGGGG– 3′ for 
HOX-1. 

4.7. ROS measurement 

ROS production was measured by using the fluorogenic dye MitoSox 
(Red Mitochondiral Superoxide Indicator, Thermo Fisher Scientific) and 
a BD FACS Canto II flow cytometer (BD Biosciences, San Jose, CA, USA). 
Data analysis was performed using the FlowJo software (Tree Star). 

4.8. Incubation of insect microsomes with vemurafenib 

Microsomal preparations of 22 heterologously expressed human CYP 
isoforms were incubated with vemurafenib and prepared for subsequent 
LC-MS analysis as previously described [28]. 

4.9. LC–MS analysis 

Incubations were analyzed using reversed-phase HPLC with gradient 
elution using 10 mM ammonium formate and acetonitrile containing 
0.1% formic acid as solvents. The HPLC was coupled to a high-resolution 
mass spectrometer Q-Exactive® (Thermo Scientific, Bremen Germany) 
operated in full-scan mode. Selectivity of the analytes was gained by 
extracting a very narrow mass range in the order of 10–20 ppm of the 
exact mass of the analyte. 

4.10. Cell viability assay 

Cell viability was analyzed by using CellTiter-Blue Cell Viability 
Assay (Promega, Mannheim, Germany) according to the manufacturer’s 
instructions. 

4.11. Cell proliferation assay 

Cell division was analyzed using the CellTrace Cell Proliferation Kit 
(Invitrogen, Carlsbad, CA, USA) and a FACS Canto II Flow Cytometer 
(BD, Franklin Lakes, NJ, USA). 

4.12. Comet assay 

The analysis of DNA double-strand breaks via Comet assay was 
carried out as described previously [67]. 

4.13. Southwestern slot–blot analysis 

Isolation of DNA and Southwestern slot–blot-based quantification of 
CPDs was conducted as described previously [67]. The anti-CPD 
monoclonal antibody (clone TDM-2) was purchased from Cosmo Bio 
(Carlsbad, CA, USA). 

4.14. Statistical analysis 

All experiments were performed independently at least three times 
unless otherwise noted. Data are presented as mean ± standard error of 
the mean (SEM). Statistical analyses were performed using Graph Pad 
Prism 8.4.2 (GraphPad Prism Software, California, USA). A one-factor 
analysis of variance (ANOVA) was performed to compare means of 
more than two samples. In the case of multiple factor dependence, a two- 
factor ANOVA was performed. A value of p ≤ 0.05 was considered sta-
tistically significant. 
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