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Background

Cutaneous squamous-cell carcinomas and keratoacanthomas are common findings in 
patients treated with BRAF inhibitors.

Methods

We performed a molecular analysis to identify oncogenic mutations (HRAS, KRAS, 
NRAS, CDKN2A, and TP53) in the lesions from patients treated with the BRAF inhibitor 
vemurafenib. An analysis of an independent validation set and functional studies with 
BRAF inhibitors in the presence of the prevalent RAS mutation was also performed.

Results

Among 21 tumor samples, 13 had RAS mutations (12 in HRAS). In a validation set of 
14 samples, 8 had RAS mutations (4 in HRAS). Thus, 60% (21 of 35) of the specimens 
harbored RAS mutations, the most prevalent being HRAS Q61L. Increased prolifera-
tion of HRAS Q61L–mutant cell lines exposed to vemurafenib was associated with 
mitogen-activated protein kinase (MAPK)–pathway signaling and activation of ERK-
mediated transcription. In a mouse model of HRAS Q61L–mediated skin carcinogen-
esis, the vemurafenib analogue PLX4720 was not an initiator or a promoter of carci-
nogenesis but accelerated growth of the lesions harboring HRAS mutations, and this 
growth was blocked by concomitant treatment with a MEK inhibitor.

Conclusions

Mutations in RAS, particularly HRAS, are frequent in cutaneous squamous-cell carci-
nomas and keratoacanthomas that develop in patients treated with vemurafenib. 
The molecular mechanism is consistent with the paradoxical activation of MAPK 
signaling and leads to accelerated growth of these lesions. (Funded by Hoffmann–
La Roche and others; ClinicalTrials.gov numbers, NCT00405587, NCT00949702, 
NCT01001299, and NCT01006980.)
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The t→a transversion at position 1799 
of BRAF (BRAF V600E) is present in approx-
imately 50% of patients with metastatic 

melanoma.1,2 BRAF V600E induces constitutive sig-
naling through the mitogen-activated protein ki-
nase (MAPK) pathway, stimulating cancer-cell pro-
liferation and survival.2 The clinical development of 
inhibitors of oncogenic BRAF, termed type I BRAF 
inhibitors, which block the active conformation of 
the BRAF kinase, has led to a high rate of objective 
tumor responses and improvement in overall sur-
vival, as compared with standard chemotherapy.3-5 
However, nonmelanoma skin cancers — well-dif-
ferentiated cutaneous squamous-cell carcinomas 
and keratoacanthomas — have developed in ap-
proximately 15 to 30% of patients treated with 
type I BRAF inhibitors such as vemurafenib and 
dabrafenib (GSK-2118436).3,4,6

The antitumor activity of vemurafenib against 
BRAF V600E–mutant cells in cell cultures, animal 
models, and humans is associated with the inhi-
bition of oncogenic MAPK signaling, as evidenced 
by the inhibition of phosphorylated ERK (pERK), a 
downstream effector of BRAF that is active when 
phosphorylated.3,7-11 However, BRAF inhibitors in-
duce the opposite effect — that is, increasing pERK 
in cell lines with wild-type BRAF that harbor up-
stream pathway activation such as oncogenic RAS 
or up-regulated receptor tyrosine kinases.12-14 This 
RAF inhibitor–dependent activation of MAPK sig-
naling in BRAF wild-type cells is termed paradoxi-
cal MAPK-pathway activation15 and is driven by the 
formation of RAF dimers that lead to signaling 
through CRAF and consequently MAPK-pathway 
hyperactivation.12-14

Studies modeling cutaneous squamous-cell car-
cinomas and keratoacanthomas in mice suggest 
that these tumors develop from a multistep pro-
cess whereby an initial carcinogenic event (carci-
nogenesis inducer), driven by a chemical carcino-
gen or ultraviolet-light exposure, is followed by a 
tumor-promoting event.16 The initiating event in 
the commonly used two-stage skin carcinogenesis 
model is an oncogenic driver mutation in RAS, 
preferentially in HRAS.17,18 In humans, sporadic, 
well-differentiated cutaneous squamous-cell car-
cinomas and keratoacanthomas harbor HRAS mu-
tations at a frequency of 3 to 30%,19,20 which is 
less frequent than in the mouse model. In some 
of these lesions in humans, receptor tyrosine ki-
nases such as the epidermal growth factor recep-
tor (EGFR)19 are hyperactive, which would also 

activate RAS and consequently MAPK signaling. 
Other reported oncogenic events in these lesions in 
humans include frequent mutations or deletions in 
TP5321,22 and the cell-cycle control gene CDKN2A.

Me thods

Patients and Lesion Samples

Patients participated in the vemurafenib phase 1 
dose-escalation study (ClinicalTrials.gov number, 
NCT00405587), the phase 2 study (NCT00949702), 
the phase 3 study (NCT01006980), or the drug–
drug interaction study (NCT01001299). All patients 
had BRAF V600–mutant metastatic melanoma and 
received 720 or 960 mg of vemurafenib orally twice 
a day. Patients provided written informed consent 
for molecular analyses of the skin-cancer lesions 
excised during dermatologic examinations while 
they were in the study.

Molecular Analyses of Tumor Specimens

DNA extracted from the tumor specimens was 
sequenced for HRAS (exons 1 and 2), NRAS (exons 
1 and 2), KRAS (exons 1 and 2), and CDKN2A (exon 
2) with the use of polymerase-chain-reaction (PCR) 
amplification. (For primers, see Tables 1 and 2 in 
the Supplementary Appendix, available with the 
full text of this article at NEJM.org.) This was fol-
lowed by Sanger sequencing23 (see the Methods 
section in the Supplementary Appendix). Single-
base substitutions or deletions in TP53 exons 2 
through 11 were analyzed with the use of an inves-
tigational AmpliChip p53 Test (Roche Molecular 
Systems), according to the manufacturer’s instruc-
tions. ERK phosphorylation was assessed by means 
of immunohistochemical analysis.

Cellular Analyses of the Interaction 
between Mutant HRAS and BRAF Inhibitors

The HRAS-mutant B9 murine cutaneous squamous-
cell carcinoma cell line was seeded in soft agar with 
vemurafenib, with the analogue tool compound 
PLX4720 (both from Plexxikon), or with dimethyl-
sulfoxide (Sigma-Aldrich) vehicle control, for stud-
ies of anchorage-independent clonal growth, as 
described previously.11 A431 human squamous-cell 
carcinoma cells (ATCC) either were transfected 
with empty vector or a plasmid carrying HRAS Q61L 
with the use of Fugene 6 (Roche Molecular Sys-
tems), according to the manufacturer’s instruc-
tions, or were stably transduced with a control or 
HRAS Q61L lentiviral vector, as described previ-
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ously.24 Cells were analyzed for proliferation after 
vemurafenib exposure by means of cell-viability 
counts or MTT or MTS assays, as described previ-
ously.9,11,25 NIH3T3 cells (ATCC) were transfected 
with empty vector or an HRAS Q61L plasmid with 
the use of Fugene 6 and analyzed for colony forma-
tion in a soft agar.11 Western blotting was per-
formed as described previously.9,11,25 At least two 
independent experiments were performed in trip-
licate with the use of each model.

Analysis of Gene Expression

B9 cells were plated in dimethylsulfoxide control or 
1 μM of vemurafenib or PLX4720 and incubated 
for 16 hours. Cells were harvested, total RNA was 
isolated (RNeasy Mini Kit, Qiagen), and gene ex-
pression was measured with the use of Affymetrix 
Mouse 420 2.0 array chips, according to the manu-
facturer’s instructions. Vemurafenib and PLX4720 
response genes were identified as those that 
changed by a factor of more than 2 (up-regulated) 
or less than 0.5 (down-regulated) relative to con-
trols. The gene patterns of the B9 cells were com-
pared with MAPK-pathway output genes from five 
human melanoma cell lines,7 and differential gene 
expression was confirmed by PCR assay.

Studies in Mice

The procedures in animals were performed in ac-
cordance with local animal ethics committees. The 
two-stage skin carcinogenesis procedures were es-
sentially those that have been described previous-
ly,16,26 with six animals per group. The BRAF in-
hibitor PLX4720 and the MEK inhibitor PD184352 
were synthesized at the Institute of Cancer Research 
and delivered by means of oral gavage (25 mg per 
kilogram of body weight per day) in 200 μl of di-
methylsulfoxide in water (1:19 solution).

Study Oversight

Data generated and collected by the study investi-
gators were analyzed by the senior academic and 
industry authors, who vouch for the completeness 
and accuracy of the analyses and reported results. 
The clinical protocol summaries for the four trials 
are available at NEJM.org.

Statistical Analysis

Results of mutation testing in the initial 21 speci-
mens of cutaneous squamous-cell carcinoma le-
sions of the keratoadenoma subtype and in 14 in-
dependent validation specimens are presented as 

mutation frequencies with 95% confidence inter-
vals. Statistical analysis of gene-expression profil-
ing was performed with the use of the z-test and 
chi-square analysis with Yates’ correction. Analysis 
of the cell-line culture experiments was performed 
with the use of Student’s t-test and a two-way 
analysis of variance with a Bonferroni post-test 
analysis. In the studies of mice, analysis of vari-
ance was performed with the use of the Kruskal–
Wallis test.

R esult s

Characteristics of the Patients and Lesions

As part of the dermatopathological review of ve-
murafenib-treated patients, 21 centrally confirmed 
samples of cutaneous squamous-cell carcinoma or 
keratoacanthoma obtained from 11 patients with 
metastatic melanoma were analyzed (Table 3A in 
the Supplementary Appendix). A validation set of 
14 samples from 12 vemurafenib-treated patients 
was subsequently analyzed to confirm the high 
frequency of RAS mutations (Table 3B in the Sup-
plementary Appendix). Overall, the mean time to 
diagnosis of the first cutaneous squamous-cell 
carcinoma or keratoacanthoma in the combined 
series was 10 weeks, with the earliest lesion ap-
pearing at 3 weeks (Table 4 in the Supplementary 
Appendix). The mean age at diagnosis was 60 years 
(range, 44 to 84). Eighteen of the 23 patients (78%) 
had a history and clinical signs of chronically 
sun-damaged skin, and 4 (17%) had a history of 
cutaneous squamous-cell carcinomas or kerato-
acanthomas. The lesions were widely distributed, 
with 34% on the head and neck areas, 23% on 
the torso, and 43% on the extremities. Twenty-
two lesions (63%) were characterized as kerato-
acanthomas (Fig. 1, and Fig. 1 in the Supplemen-
tary Appendix), and 13 (37%) were cutaneous 
squamous-cell carcinomas.

Gene Mutations and ERK Activation in Lesion 
Specimens

In the initial cohort of 21 centrally analyzed sam-
ples, there were 14 mutations in hotspot codons 
(12, 13, and 61) of different RAS genes (HRAS, 
NRAS, or KRAS) in 13 specimens (62%; 95% con-
fidence interval [CI], 38 to 82) (Fig. 1C and 1D and 
Table 3A in the Supplementary Appendix). The 
most prevalent HRAS substitutions occurred at 
codon 61 (8 of 14), with fewer at codon 12 (4 of 
14) and codon 13 (2 of 14). Two of 18 samples 
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had TP53 mutations that change amino acids in 
the p53 protein (Table 3A in the Supplementary 
Appendix). One sample had an intronic mutation in 
TP53, and for 3 samples (all from Patient 4), no re-
sults were obtained. No mutations were identified 
in exon 2 of CDKN2A. ERK phosphorylation was 
assessed in 10 cutaneous squamous-cell carcino-
mas or keratoacanthomas and the surrounding 
normal epithelia and was found to be higher in 
these lesions than in the normal epidermis (Fig. 2A 
and 2B in the Supplementary Appendix).

In the validation set, RAS mutations were not-
ed in 8 of 14 samples (57%; 95% CI, 29 to 82): 
4 in HRAS and 4 in KRAS (Table 3B in the Supple-
mentary Appendix). In the 4 samples with suffi-
cient surrounding normal skin to perform RAS 
mutational analyses, no mutations were detected 
(Table 3B and Fig. 2C and 2D in the Supplemen-
tary Appendix). Staining for pERK, which was 
performed in 3 of the 4 samples, was more ex-
tensive in the cells of the lesions than in those of 

the surrounding normal skin (Fig. 2). Thus, RAS 
mutations were noted in 60% of the combined 
series, and HRAS Q61L was the most frequent mu-
tation, so oncogenic HRAS was selected for pre-
clinical mechanistic investigations.

Effects of BRAF Inhibitors on Cells 
Harboring HRAS Mutations

Paradoxical Increase in MAPK Signaling and 
Proliferation of Cells Harboring Mutated HRAS
To investigate the effects of BRAF inhibitors on 
HRAS mutations in cutaneous squamous-cell car-
cinomas, we used the murine cell line B9, which 
harbors the HRAS Q61L mutation.27 Exposure of B9 
cells to vemurafenib or its analogue PLX4720 stim-
ulated cell proliferation in soft agar (Fig. 3A). To 
analyze the underlying mechanism, we compared 
gene-expression profiles of B9 cells before and 
after they were exposed to vemurafenib (two inde-
pendent replicates) or PLX4720. An assessment that 
included a total of 306 gene probes (representing 
250 genes) suggested a shared trend in treatment-
induced changes in gene expression that included 
well-characterized MAPK-pathway genes (Spry2, 
Dusp6, Fos, Fos11, and Egr1) (P<0.001 by z-test of the 
three data sets) (Fig. 3A in the Supplementary Ap-
pendix). Supervised analysis of these changes in the 
B9 cells exposed to vemurafenib and PLX4720 re-
vealed a change by a factor of two in nine murine 
homologues of genes that were differentially ex-
pressed when BRAF was inhibited in human mel-
anoma cells expressing the BRAF V600E mutation 
(P<0.001 by z-test).7 Because of the different cell 
lineages in these two studies, this overlap is sig-
nificant (P<0.001 by chi-square analysis with Yates’ 
correction, two-tailed test). For these nine genes, 
the change in B9 cells was the opposite of the 
change in the gene signature observed in the 
human BRAF V600E melanoma cells (Fig. 3B) (see 
Fig. 3B in the Supplementary Appendix for confir-
mation with the use of the reverse-transcriptase 
PCR assay), suggesting that the proliferation stim-
ulated by the BRAF inhibitor results from para-
doxically increased MAPK-pathway transcriptional 
effects in cells with mutant HRAS.

To further investigate the functional role of the 
most prevalent mutation, HRAS Q61L was ex-
pressed in the human squamous-cell carcinoma 
cell line A431, which already harbors an amplified 
EGFR but has wild-type RAS. Exposure to vemu-
rafenib induced modest proliferation in A431 cells 
transfected with a control plasmid vector. In A431 

A Torso, No RAS Mutation B Chin, HRAS Q61R

Figure 1. Cutaneous Squamous-Cell Carcinomas or Keratoacanthomas 
in Patients Treated with Vemurafenib.

Representative photographs and photomicrographs of nonmelanoma  
skin lesions in vemurafenib-treated patients are shown. The upper image  
in Panel A shows a lesion with the clinical features of keratoacanthoma, 
noted on day 98 after the patient had begun taking vemurafenib at a dose of 
960 mg twice daily, in the centrally analyzed initial series. The lower image 
in Panel A is a low-power view of a section of a lesion obtained from the 
skin of the torso of the same patient with no RAS mutation, reported as 
squamous-cell carcinoma of the keratoacanthoma subtype (hematoxylin and 
eosin). Panel B shows the clinical appearance (upper image) and histopath-
ological appearance (lower image, hematoxylin and eosin) of a keratoacan-
thoma from the chin of a patient with HRAS Q61R in the validation series.
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cells expressing HRAS Q61L with the use of plas-
mid transfection, 1 to 3 μM of vemurafenib stimu-
lated cell proliferation, whereas higher concentra-
tions decreased proliferation (Fig. 4A and 4B in the 
Supplementary Appendix). Similar data were ob-
tained with the expression of HRAS Q61L in A431 
cells with the use of lentiviral transduction (Fig. 
4C in the Supplementary Appendix). Western blot 
analysis showed a dose-dependent increase in 
pERK that was most notable at 24 hours, with a 
minimal effect on the parallel phosphatidylinosi-
tol 3-kinase (PI3K)–AKT signaling pathway (Fig. 
5A in the Supplementary Appendix).

Since amplification of EGFR in A431 cells may 
interfere with the effects of vemurafenib on cells 
expressing oncogenic HRAS, we studied the inter-
action between HRAS Q61L and vemurafenib in 
NIH3T3 cells, an immortalized fibroblast cell line 
with wild-type RAS and without EGFR amplifica-
tion. Cells transfected with the use of a control 
vector did not form colonies; when cells were trans-
fected with HRAS Q61L, the size of the colonies 
increased in a dose-dependent fashion (Fig. 5B in 
the Supplementary Appendix), with an increase in 
pERK, after exposure to vemurafenib (Fig. 3C).

These three in vitro models show that vemu-
rafenib stimulates proliferation in cells with mu-
tated HRAS Q61L through paradoxical activation of 
the MAPK pathway, evidenced by increased ERK 
phosphorylation and increased expression of ERK-
regulated genes.

PLX4720 and Reduced Tumor Latency in a Mouse 
Model of Skin Carcinogenesis
To model the in vivo effects of BRAF inhibition in 
cutaneous squamous-cell carcinomas and kerato-
acanthomas, we used the two-stage skin carcino-
genesis mouse model in which topical application 
of the carcinogen 7,12-dimethylbenz-(a)anthracene 
(DMBA) induces HRAS Q61L mutations in mouse 
keratinocytes.17 Subsequent application of the tu-
mor promoter 12-O-tetradecanoyl-phorbol-13-ace-
tate (TPA) then induces these lesions.17

In mice that received DMBA and TPA along with 
PLX4720, the appearance of these lesions was 
mark edly accelerated, as compared with the mice 
given DMBA and TPA alone (Fig. 4). The addition 
of PLX4720 did not increase the number of lesions 
induced by DMBA and TPA, but it reduced tumor 
latency by 45% and reduced the interval between 
the initial development of lesions and the maximal 
tumor burden by 35% (P = 0.002 by the Kruskal– 

Wallis test). The lesions arising in the mice given 
DMBA and TPA alone and in those given DMBA, 
TPA, and PLX4720 were clinically and histologi-
cally similar, consistent with keratoacanthomas 
and well-differentiated invasive cutaneous squa-
mous-cell carcinomas, and the lesions in both 
groups of mice had the HRAS Q61L mutation (Fig. 6 
in the Supplementary Appendix). Mice given the 
combination of DMBA and PLX4720 alone had 
no visible or palpable tumors (Fig. 4). For these 
studies, the analogue compound was used in pref-
erence to vemurafenib because it had excellent oral 
bioavailability in mice, whereas the available for-
mulation of vemurafenib had poor bioavailability 
when delivered by either the oral or the intrave-
nous route (data not shown).

Suppression of Tumor Development by a MEK Inhibitor
PDV cells are DMBA-transformed mouse keratino-
cytes that express HRAS Q61L.28 PLX4720 induced 
pERK and cellular proliferation in PDV cells, and 
the MEK inhibitor PD184352 blocked pERK acti-

A

B

Normal Adjacent Skin Squamous-Cell Carcinoma

Normal Adjacent Skin Squamous-Cell Carcinoma

100 µm 100 µm

100 µm 100 µm

Figure 2. Examples of the Mutation and MAPK-Signaling Analysis 
in Cutaneous Squamous-Cell Carcinomas or Keratoacanthomas.

Immunohistochemical staining for pERK (brown) of samples of normal 
 adjacent skin (left) and of cutaneous squamous-cell carcinomas (right) is 
shown from two patients in the validation set who were treated with vemu-
rafenib. In these patients, both of whom had KRAS G12 mutations, the lesions 
were diagnosed as well-differentiated squamous-cell carcinomas that ap-
peared 87 days (Panel A) and 51 days (Panel B) after vemurafenib therapy 
was  begun.
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vation by PLX4720 (Fig. 7A and 7B in the Supple-
mentary Appendix). In the mouse model, 
PD184352 administration suppressed tumor de-
velopment by 91% in mice given DMBA, TPA, and 
PLX4720 (Fig. 4) but did not mediate tumor remis-
sion in mice with established tumors (Fig. 7C in 
the Supplementary Appendix).

Discussion

RAS was the first oncogene discovered in which 
point mutations led to cellular transformation.29 
Although RAS mutations alone typically result in 
cellular senescence, in conjunction with other 

events that alter control of the cell cycle and 
apoptosis, they induce cellular transformation.30 
Mutant RAS functions as a driver oncogene in ap-
proximately one third of human cancers.31 The 
prevalence of RAS mutations in sporadic cases of 
cutaneous squamous-cell carcinomas or kerato-
acanthomas is not known for sure but reportedly 
ranges between 3 and 30%.19,20 Our data indicate 
that RAS mutations are present in approximately 
60% of cases in patients treated with vemuraf-
enib, suggesting that preexisting mutations may 
confer a predisposition to the development of 
squamous-cell carcinomas or keratoacanthomas. 
Results of research on the paradoxical activation 
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Figure 3. Mechanistic Studies Showing Paradoxical MAPK Activation in Cell Lines.

Panel A shows stimulation of B9 cell growth in soft agar after exposure to vemurafenib or PLX4720. Panel B shows dif-
ferential expression of selected MAPK-regulated output genes in B9 cells after exposure to vemurafenib or PLX4720 
overnight, as compared with gene expression of five human melanoma cell lines used as a reference.7 Red indicates 
higher expression and green indicates lower expression than untreated cells. Panel C shows the results of Western 
blot analysis of NIH3T3 cells transfected with a control vector or with mutated HRAS Q61L and treated with different 
concentrations of vemurafenib.
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of MAPK by RAF inhibitors predicts that up-
stream oncogenic events, either activating muta-
tions in RAS or mutations or amplifications in 
receptor tyrosine kinases that strongly elevate 
levels of the RAS–guanosine triphosphate com-
plex in the absence of a BRAF V600E mutation, 
would potentiate signaling through the MAPK 
pathway.12-14 Our functional studies showing 
HRAS-primed activation of the MAPK pathway in 
models of squamous-cell carcinoma treated with 
BRAF inhibitors provide evidence that the toxic-
ity related to BRAF inhibition may arise from 
paradoxical MAPK-pathway activation. Recent stud-
ies have shown that vemurafenib resistance can 
be mediated by receptor tyrosine kinases such 
as the platelet-derived growth factor and insulin-
like growth factor 1 receptors.32,33 Preexisting am-
plification of the EGFR gene in the A431 cell-line 
model also resulted in paradoxical MAPK-path-
way signaling in functional assays, although at a 
lower level than that driven by oncogenic HRAS. 
These data from in vitro models suggest that sim-
ilar mutations or amplifications of receptor tyro-
sine kinases may account for the development of 
cutaneous squamous-cell carcinomas and kerato-
acanthomas in the 40% of samples in our com-
bined series in which no RAS mutations were 
found.

The timing of the appearance of these lesions 
after vemurafenib treatment is decidedly different 
from that of secondary cancers associated with 
cytotoxic chemotherapy. In the case of vemu-
rafenib, the lesions tend to appear within the first 
few weeks after the start of therapy, whereas can-
cers that are due to the genotoxic effects of che-
motherapy develop years after exposure. The spec-
ificity of vemurafenib for a limited number of 
kinases,8,10 along with our finding that RAS mu-
tations occur frequently in lesions arising prefer-
entially in sun-damaged skin, suggests that vemu-
rafenib may not have direct carcinogenic effects 
but instead may potentiate preexisting initiating 
oncogenic events.

In the skin carcinogenesis model, the BRAF 
inhibitor PLX4720 drove paradoxical activation of 
the MAPK pathway and proliferation of HRAS Q61L-
transformed keratinocytes, with decreased latency 
and accelerated growth of cutaneous squamous-
cell carcinomas and keratoacanthomas. PLX4720 
was not itself a true tumor promoter because it 
could not substitute for TPA. Instead, PLX4720 ac-
celerated the growth of preexisting RAS-mutant 
lesions. Taken together with the clinical observa-

tions and functional analyses, our data provide 
circumstantial evidence to suggest that vemu-
rafenib does not initiate tumorigenesis but rather 
accelerates the progression of preexisting subclini-
cal cancerous lesions with strong upstream MAPK-
signaling potential. These findings explain why 
the lesions generally develop early after vemu-
rafenib treatment and only in a subset of patients.

In conclusion, our data provide a molecular 
mechanism for the development of clinical toxicity 
that is the opposite of what would be expected 
from a targeted oncogene inhibitor. This mecha-
nism accounts for the development of cutaneous 
squamous-cell carcinomas and keratoacanthomas, 
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Figure 4. Acceleration of Growth of Nonmelanoma Skin Tumors in Mice 
with BRAF Inhibition.

Panel A shows the number of palpable tumors arising over time in mice 
treated with the carcinogen 7,12-dimethylbenz(a)anthracene (DMBA), the 
tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA), the BRAF in-
hibitor PLX4720 (PLX) (25 mg per kilogram of body weight per day), and 
the MEK inhibitor PD184352 (PD) (25 mg per kilogram per day). Each co-
hort consisted of six mice, and the mean number of tumors per mouse is 
shown. I bars represent standard deviations. Panel B shows the results at 
90 days after mice were treated with four different regimens.
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notably of the skin, but it is not clear whether it is 
relevant to the development of squamous-cell car-
cinomas in other organs. Our findings support 
the caution against investigating single-agent 
type I BRAF inhibitors in patients with cancers 
driven by RAS or by activated receptor tyrosine 
kinases. The discovery that the development of 
these lesions is driven by RAS and by MAPK in 
patients receiving BRAF inhibitors, as well as 
the effects noted in the animal model, point to 
the usefulness of combining a BRAF inhibitor 
with a MEK inhibitor to prevent this toxic effect34 
and make way for the clinical development of a new 
generation of BRAF inhibitors selected to avoid 
paradoxical MAPK-pathway activation.
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