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ORIGINAL ARTICLE

Wild-type KRAS is a novel therapeutic target for melanoma
contributing to primary and acquired resistance to BRAF
inhibition
P Dietrich1, S Kuphal1, T Spruss2, C Hellerbrand1,3 and AK Bosserhoff1,3
Malignant melanoma reveals rapidly increasing incidence and mortality rates worldwide. By now, BRAF inhibition is the standard
therapy for advanced melanoma in patients carrying BRAF mutations. However, only approximately 50% of melanoma patients
harbor therapeutically attackable BRAF mutations, and overall survival after treatment with BRAF inhibitors is modest. KRAS (Kirsten
Rat sarcoma) proteins are acting upstream of BRAF and have a major role in human cancer. Recent approaches awaken the hope to
use KRAS inhibition (KRASi) as a clinical tool. In this study, we identiﬁed wild-type KRAS as a novel therapeutic target in melanoma.
KRASi functions synergistically with BRAF inhibition to reduce melanoma proliferation and to induce apoptosis independently of
BRAF mutational status. Moreover, acquired resistance to BRAF inhibitors in melanoma is dependent on dynamic regulation of KRAS
expression with subsequent AKT and extracellular-signal regulated kinase activation and can be overcome by KRASi. This suggests
KRASi as novel approach in melanoma—alone or in combination with other therapeutic regimes.
Oncogene advance online publication, 23 October 2017; doi:10.1038/onc.2017.391

INTRODUCTION
Malignant melanoma is one of the most deadly and most
common types of cancer worldwide.1 Until 2011, disseminated
melanoma was treated inefﬁciently with cytotoxic agents that
failed to improve overall survival.2,3 Today, targeted therapies with
BRAF (v-Raf murine sarcoma viral oncogene homolog B) inhibitors
(BRAFis), MEK (mitogen-activated protein kinase kinase) inhibitors
(MEKis) or immunotherapeutic approaches such as programmed
death 1 blockade improve survival of melanoma patients.4–6
BRAF inhibition (BRAFi) is the standard therapy for advanced
melanoma in patients carrying BRAF mutations. However, only
approximately 50% of melanoma patients harbor therapeutically
attackable BRAF mutations, and the increase in progression-free
and overall survival after BRAFi is modest.7 Several mechanisms of
resistance to BRAFi were proposed.8 One prediction for resistance
to BRAFis is that mechanisms enhancing RAF dimerization result in
drug resistance. These include alterations that induce RAS activity
as the canonical mechanism of RAF dimerization is RAS
dependent.9–11
RAS isoforms have a major role in human cancer, and new
technologies have resulted in the development of promising ways
to inhibit RAS signaling.12–16 Encouraging results were also
achieved by administration of speciﬁc siRNA targeting KRAS
(Kirsten Rat sarcoma).12,17,18
However, unlike neuroblastoma RAS viral oncogene homolog
(NRAS) which is mutated in melanoma in approximately 20%,19
only minor attention has been paid to KRASG12V,20 which is only
rarely mutated in melanoma. In contrast, the role of wild-type
KRAS in melanoma progression and drug resistance is completely
unexplored and therefore was addressed in this study.

RESULTS
Increased KRAS expression correlates with melanoma progression
First, we aimed to determine KRAS expression in melanoma
in vitro and in vivo. KRAS mRNA and protein levels were
upregulated in both primary and metastatic human melanoma
cell lines as compared with normal human epidermal melanocytes
(Figures 1a and b and Supplementary Table S1). In contrast to
KRAS, NRAS mRNA levels were upregulated in only a few
melanoma cell lines and HRAS mRNA levels were not upregulated
or even signiﬁcantly downregulated, respectively, in melanoma
cell lines as compared with normal human epidermal melanocytes
(Supplementary Figures S1B and C). Moreover, we performed
KRAS immunohistological analysis of a tissue microarray comprising human tissue specimens of melanocyte-derived benign nevi
and primary and metastatic human melanoma. Both KRAS staining
intensity and KRAS membrane localization were elevated in
melanoma tissues as compared with nevi. In melanoma metastasis, KRAS membrane localization was even further enhanced as
compared with primary melanoma (P = 0.017) (Figures 1c and d,
Supplementary Figure S2 and Supplementary Table S2). Ki67
staining revealed increased mitotic activity in melanoma tissues
with high KRAS expression (P = 0.037) and strong KRAS membrane
localization (P = 0.022) (Figures 1e and f and Supplementary
Figure S3). Accordingly, we found signiﬁcant correlation between
KRAS and CyclinD1 mRNA expression in tissue samples derived
from melanoma patients (r = 0.73, P o0.0001, Figure 1g and
Supplementary Table S3). In silico analysis of a melanoma The
Cancer Genome Atlas data set with stratiﬁcation according to
Clark Levels revealed that KRAS expression was signiﬁcantly
enhanced in the ‘high risk’ group as compared with the ‘low risk’
group (P = 0.0376) (Supplementary Figure S4A). Additional data
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showed reduced survival in melanoma patients with high as
compared with low KRAS expression (P = 0.05) (Supplementary
Figure S4B). Together, these ﬁndings point to relevance of
increased KRAS expression in melanoma growth and progression.

KRAS knockdown reduces tumorigenicity of melanoma cells
To get further insights into the functional role of KRAS in
melanoma, we analyzed the effects of KRAS suppression in
primary (Mel Juso) as well as metastatic (Mel Im) melanoma cells.
Both cell lines carry no mutations in the KRAS, HRAS or NRAS gene
locus (Supplementary Table S1). Additional experiments were
performed using the metastatic melanoma cell line Htz19 and are
shown in Supplementary Materials and Methods. KRAS was
suppressed by RNA-interference (RNAi) using two different
approaches (single small interfering RNAs (si-RNAs) and si-RNApools, referred to as KRAS repression ‘KR’, Supplementary
Figure S5). RNAi-mediated KRAS knockdown was conﬁrmed by
quantitative reverse transcriptase–PCR to be speciﬁc and not to
suppress other RAS isoforms (Supplementary Figure S6). In
addition to KRAS knockdown, we functionally analyzed melanoma
cells after NRAS or HRAS knockdown, respectively. Proliferation
was not altered after HRAS or NRAS knockdown (Supplementary
Figure S6). In contrast, KRAS knockdown signiﬁcantly reduced
anchorage-independent and -dependent tumor colony formation
and colony size as compared with mock-transfected control (CTR)
cells (Figures 2a–d and Supplementary Figure S5). Moreover, KRAS
depletion caused sustained reduction of tumor cell proliferation
(Figure 2e). As shown above, Ki67 staining and CyclinD1
expression correlated with KRAS expression in patient samples
in vivo (Figures 1e–g). Accordingly, double immunostaining was
performed and showed that KRAS expression correlates with Ki67
staining in melanoma cells (Figures 2f and g and Supplementary
Figure S7). Moreover, in both Mel Juso (heterozygous BRAFV600E
mutation) and Mel Im (homozygous BRAFV600E mutation) cells,
KRAS knockdown signiﬁcantly attenuated signaling of its downstream mediator activated v-akt murine thymoma viral oncogene
(phopsho-AKT). KRAS knockdown also signiﬁcantly suppressed
extracellular-signal regulated kinase (ERK) activity in Mel Juso but
not in Mel Im cells. This is consistent with the ﬁnding that
homozygous BRAFV600E mutations (Mel Im) lead to RASindependent ERK activation (Figures 2i and j). Tissue microarray
analysis revealed stronger phospho-ERK staining in human
melanomas with high KRAS membrane localization (P = 0.002)
and KRAS staining (P = 0.007) (Figure 2k and Supplementary
Figure S7). In summary, KRAS knockdown reduces tumorigenicity
and affects oncogenic mitogen-activated protein kinase (MAPK)
and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT
signaling in melanoma cells in vitro.

KRAS knockdown inhibits in vivo tumorigenicity
To investigate KRAS knockdown effects on melanoma cells in vivo,
Mel Im cells with si-RNA-suppressed KRAS and CTR cells were
subcutaneously injected into nu/nu mice to induce formation of
xenograft tumors. The volume of xenograft tumors was reduced in
the KRAS knockdown group (Figures 3a and b and Supplementary
Figure S8). Moreover, tumor onset was reduced (Figures 3c and d)
in the KRAS knockdown group compared with CTRs. Immunoﬂuorescence analysis showed that the smaller tumors grown in
the KRAS-repression group re-expressed KRAS (Supplementary
Figure S8). Quantiﬁcation of KRAS mRNA and protein levels
revealed that KRAS was still suppressed (however not signiﬁcantly)
in the KR group (Supplementary Figure S8). Immunohistochemistry showed reduced Ki67 staining in tumors formed by KRASsuppressed melanoma cells (Figure 3e and Supplementary
Figure S8). Furthermore, staining of the endothelial cell marker
CD31 was less intense in the KRAS knockdown group (Figure 3f
and Supplementary Figure S8). Histological Ki67 and CD31
expression are known independent prognostic markers for
melanoma patients.21,22 Together, these data conﬁrm the
antitumorigenic in vitro effects of KRAS inhibition (KRASi) and
indicate KRAS as an oncogenic target for melanoma.
Small-molecule KRASi reduces proliferation and induces apoptosis
in melanoma
The marked effects of KRAS knockdown raised the question
whether pharmacological inhibition of KRAS could be an effective
approach for the treatment of melanoma. By now, attempts to
target KRAS failed in clinical studies.12 Recently, a small-molecule
inhibitor—‘Deltarasin’ (DR)—was identiﬁed (Supplementary
Figure S9). DR binds to the delta subunit of rod-speciﬁc
photoreceptor phosphodiesterase (PDE6δ), a protein that regulates the trafﬁcking of KRAS between membranes. DR has been
reported to reduce proliferation of pancreatic adenocarcinoma
cells.16 Here we found that DR caused dose-dependent toxicity in
Mel Juso (Figure 4a) and Mel Im cells (Figure 4b). Additionally, we
explored the function of DR in NRAS-mutated WM1366 melanoma
cells (NRASQ61L) and in BRAF-NRAS wild-type WM3211 melanoma
cells (Supplementary Figure S10). As anticipated, DR mediated a
dose-dependent inhibition of proliferation. However, DR revealed
stronger effects in BRAF-NRAS wild-type than in NRAS-mutated
cells, pointing to selective KRASi mediated by this compound
(Supplementary Figure S10). Quantiﬁcation of lactate dehydrogenase release into the supernatant (Figure 4c) and microscopical
analysis (Figure 4d and Supplementary Figure S9) showed cell
toxicity upon treatment with DR doses as low as 2 or 5 μM,
respectively. In contrast, doses up to 20 μM DR caused no toxic
effects in human ﬁbroblasts or normal human epidermal
melanocytes (Figures 4e and f). Fluorescence-activated cell sorting
analysis revealed marked time-dependent induction of apoptosis
in response to DR treatment (Figure 4g and Supplementary
Figure S9). According to RNAi-mediated KRAS suppression

Figure 1. KRAS expression in melanoma. (a) KRAS mRNA and (b) KRAS protein levels (lower panel: exemplary western blotting using actin as
loading CTR; upper panel: densitometric analysis) in normal human epidermal melanocytes (NHEM) compared with primary melanoma (PT)
cell lines (Mel Juso, Mel Ei, Mel Ho) and metastatic (MET) melanoma cell lines (SkMel3, SkMel28, Mel Im, 451Lu, Mel Ju, Hmb2). Data are
represented as mean ± s.e.m. (*P o0.05 vs NHEM; the sample number was n46 for each cell line). (c) KRAS immunohistochemical analysis of a
tissue microarray comprising human melanocyte-derived benign nevi (Nevus), primary melanoma (PT) and melanoma metastases (MET). (d)
Quantiﬁcation of KRAS staining intensity and KRAS membrane localization. KRAS staining was analyzed qualitatively differentiating (i) no (‘ − ’),
(ii) low/moderate (‘+’) or (iii) high (‘++’) staining intensity. KRAS membrane localization was described qualitatively differentiating (i) negative
(‘ − ’; only cytoplasmic/endomembranous staining), (ii) low/moderate (‘+’; o50% of cells show positive plasma membrane staining) and (iii)
high (‘++’; 450% of cells show positive plasma membrane staining). (*Po0.05 (Fisher’s exact test)). (e) Examples of paired Ki67 and KRAS
staining in melanoma tissues with weak (left side) and strong (right side) KRAS expression. (f) Quantiﬁcation of Ki67 staining (‘ − ’: o5%; ‘+’: 5–
20%; ‘++’ 420% positive cells) in melanoma tissues with low (‘+’) and high (‘++’) KRAS staining intensity/ membrane localization. (*P o0.05
(Fisher’s exact test)). (g) Correlation of KRAS mRNA and CyclinD1 mRNA expression in human melanoma tissue samples (n = 27, r = 0.73,
Po0.0001).
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Figure 2. (Continued).
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Figure 2. Functional effects of KRAS knockdown in melanoma cells in vitro and comparison of melanoma tissues with low and high KRAS
expression. Analyses of melanoma cell lines (Mel Im, Mel Juso) with si-RNA-Pool-mediated KRAS repression (KR) and CTR cells transfected with
CTR siRNA. (a, c) Colony number and (b, d) colony diameter in three-dimensional, anchorage-independent colony-formation assays (a, b) and
in two-dimensional, anchorage dependent clonogenic assays (c, d) (*P o0.05 vs CTR; n = 4). (e) Real-time analysis of cell proliferation. The
‘slope’ of the curves depicts the increasing cell index and ‘doubling times’ summarize the proliferative capacity of melanoma cells (*Po 0.05;
n = 3). (f, g) Double-immunoﬂuorescence staining of KRAS (red) and Ki67 (green) in CTR and si-KRAS (KR) transfected Mel Im melanoma cells
and according correlation and quantiﬁcation (*Po 0.05; n = 4 replicates). (h, i) (Densitometric) western blotting analysis of pERK/ERK and
pAKT/AKT (*P o0.05 vs CTR, n = 3) and summary and hypothesis of the effects of RNAi-mediated KRAS knockdown on AKT and ERK signaling
in Mel Juso cells carrying heterozygous BRAFV600E mutation and Mel Im cells with homozygous BRAFV600E mutation. (j) KRAS and pERK
immunohistochemical analysis of a tissue microarray comprising human primary melanoma (PT) and melanoma metastases (MET). Examples
are shown for paired pERK and KRAS staining in melanoma tissues with weak (top panels) and strong (bottom panels) KRAS expression.
Diagrams on the right side depict quantiﬁcation of pERK staining (‘ − ’: o5 %; ‘+’: 5–20%; ‘++’: 420% positive cells) in melanoma tissues with
low (‘+’) and high (‘++’) KRAS staining intensity/membrane localization (*P o0.05 (Fishers exact test)).

(Figures 2h and i), DR exerted signiﬁcant reduction of AKT and/or
ERK activation in Mel Juso and Mel Im cells, respectively
(Figure 4h). Next, we evaluated the possible emergence of
surviving tumor cells and drug resistance in response to DR. To
generate resistance as described for other drugs,23,24 we
performed long-term treatment of Mel Juso and Mel Im cells
using increasing DR doses. After 28 days, no surviving tumor cells
were detected (Figure 4j). Together, these results demonstrate
strong antitumorigenic effects of the small-molecule KRASi DR on
melanoma cells.
KRASi prevents BRAFi-induced paradoxical activation of
proliferation and combined KRASi and BRAFi synergistically affects
tumor cell apoptosis
BRAFi is one of the few clinical approaches with modest survival
beneﬁts for metastasized melanoma patients carrying BRAF
mutations.6,7 Combination regimens have been developed to
break acquired resistance. Combined BRAFi and MEK inhibition
(MEKi) improves survival as compared with single-agent
approaches and has received regulatory approval, giving evidence
of the importance of the MAPK pathway in melanoma
therapy.25,26 Here we performed a novel approach combining
BRAFi with inhibition of its upstream mediator KRAS. For BRAFi, we
used the clinically approved standard drug PLX-4032 (‘Vemurafenib’, referred to as ‘PLX’). We analyzed the effects of DR (5 μM)
© 2017 Macmillan Publishers Limited, part of Springer Nature.

and PLX (10 μM) on three-dimensional colony formation as well as
on proliferation of preformed colonies. In BRAFi primary sensitive
Mel Im melanoma cells (Supplementary Figure S11 and
Supplementary Table S1), DR was similarly effective as PLX and
the DR+PLX combination resulted in almost complete abolishment of colony formation and colony growth (Figure 5a). In BRAFi
primary resistant Mel Juso cells, PLX enhanced ERK activation,
colony formation and colony growth (Figure 5b and
Supplementary Figure S11). Comparable effects have been
reported before in BRAFi-resistant melanoma cells and have been
explained by a ‘paradox’ transactivation of wild-type BRAF
proteins.9,27 In contrast to PLX, DR markedly inhibited colony
formation and proliferation also in Mel Juso cells (Figure 5b).
Noteworthy, this effect was also present when DR was combined
with PLX, thereby completely abolishing the paradoxical growthenhancing effects of PLX in this primary BRAFi-resistant
melanoma cells.
To further analyze the combined KRASi and BRAFi effects on cell
viability, we used short-term treatment intervals. After 5 h, DR or
PLX alone exhibited no or only slight effects on apoptosis of
melanoma cells. However, the combination of DR and PLX
signiﬁcantly enhanced apoptosis (Figure 5c and Supplementary
Figure S11). Accordingly, PLX treatment caused a marked
induction of apoptosis in melanoma cells with RNAi-mediated
KRAS knockdown but exhibited no (Mel Juso) or only slight (Mel
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Figure 3. KRAS knockdown reduces tumorigenicity of melanoma cells in vivo. Analyses of xenograft tumors formed in nude mice after
subcutaneous injection of Mel Im melanoma cells with si-RNA-Pool mediated KRAS repression (KR) or CTR cells transfected with CTR si-RNA
(800 000 cells/mouse; n = 5 animals per group). (a) Tumor volume at different time points after inoculation (p.i.; upper panel) and images of
tumor-bearing mice at day 49 p.i. (lower panel). (b) Tumor volume at the time point of resection (ex vivo, day 56 p.i.), and representative
images of explanted xenograft tumors. (c) Kaplan–Meier curve for tumor-free survival (HR = hazard ratio (Mantel–Haenszel)). (d) Tumor onset
(mean of tumor-bearing mice day 21 until day 56 p.i.). (e) (Quantiﬁcation of ) Ki67 staining (Ki67-positive cells per ﬁeld; left panel) and (f) CD31
immunostaining and quantiﬁcation (number of CD-31-positive vessels per ﬁeld) of xenograft tumors (*P o0.05 vs CTR).

Im) effects on apoptosis of CTR-transfected cells (Figure 5d and
Supplementary Figure S11). Together, these data reveal synergistic
effects of combined BRAFi and KRASi on melanoma cell viability
and apoptosis.
KRASi prevents emergence of BRAFi resistance and KRAS is
dynamically regulated in BRAFi-resistant melanoma cells
Next, we wanted to analyze whether KRASi affects the emergence
of acquired drug resistance to BRAFi. After treatment with
increasing doses of PLX, we observed survival of a moderate
proportion of BRAFi-sensitive Mel Im cells. This conﬁrms the
common ﬁnding of rapid development of acquired resistance to
BRAFi as reported in numerous studies. However, the combination
of DR and PLX was sufﬁcient to completely abolish the emergence
of surviving tumor cells (Figure 6a). Therefore, we explored the
Oncogene (2017) 1 – 15

function of KRAS in acquired resistance to BRAFi in more detail,
using two pairs of BRAFi-sensitive (wild-type, ‘wt’)/BRAFi-resistant
(‘R’) BRAFV600E melanoma cell lines (451Lu and SkMel28).23 The
resistant cell lines reveal acquired drug resistance and show crossresistance to different BRAFis, including PLX. The cell lines do not
have secondary BRAF mutations beyond V600E or de novo
mutations or copy number alterations in NRAS, C-KIT or PTEN
(Supplementary Table S1).23 As expected, PLX inhibited proliferation in both BRAFi-sensitive (‘wt’) cell lines. In contrast, in the
presence of PLX, proliferation was even enhanced in both cell
lines with acquired BRAFi resistance (Figure 6b). Interestingly, we
found that KRAS mRNA and protein expressions were elevated in
resistant cell lines as compared with non-resistant cell lines
(Figure 6c). In contrast, other RAS-isoforms (that is, HRAS and
NRAS) were not regulated or even downregulated in resistant as
© 2017 Macmillan Publishers Limited, part of Springer Nature.

KRAS in melanoma
P Dietrich et al

7

© 2017 Macmillan Publishers Limited, part of Springer Nature.

Oncogene (2017) 1 – 15

KRAS in melanoma
P Dietrich et al

8
compared with non-resistant cell clones (Supplementary
Figure S12). It had to be noted that the resistant cell clones were
continuously incubated with PLX to remain drug resistance and to
proliferate properly, pointing to a possible effect of PLX treatment
on KRAS expression. Indeed, quantitative reverse transcriptase–
PCR analysis revealed a dose-dependent and dynamic alteration
of KRAS mRNA expression in resistant (Figure 6d) and also in some
non-resistant (Supplementary Figure S13) melanoma cell clones in
response to PLX treatment. Removal of PLX led to decrease of PLXinduced elevation of KRAS mRNA levels in SkMel28-R cells
(Supplementary Figure S13). Western blotting analysis conﬁrmed
that PLX treatment dose-dependently enhanced KRAS protein
expression in BRAFi-resistant cell lines (Figures 6e and f and
Supplementary Figure S13). These ﬁndings indicate that dynamic
KRAS expression is a critical mediator of melanoma drug
resistance to BRAFi.
KRAS expression enhances MAPK and PI3K signaling in acquired
resistance to BRAFi
Epidermal growth factor receptor-induced activation of the PI3K/
AKT pathway was reported to be crucial for BRAFi resistance.28,29
Furthermore, a dynamic RAF kinase switch induces BRAFi
resistance that can be overcome by co-targeting MEK and
insulin-like growth factor 1 receptor-dependent PI3K signaling.23
Next to epidermal growth factor receptor and insulin-like growth
factor 1 receptor, KRAS is known to activate the PI3K/AKT
pathway. Here we observed that treatment of BRAFi-resistant
cells with PLX dose-dependently increased activation of AKT
(Figures 6e and g). Notably, KRAS knockdown was sufﬁcient to
inhibit PLX-induced increase of AKT activation in both BRAFiresistant cell lines (Figure 6h and Supplementary Figure S13).
Furthermore, BRAFi-resistant cell lines showed dose-dependent
‘paradoxically’ increased ERK activation upon treatment with PLX
(Figure 6e and Supplementary Figure S13). PLX-induced ERK
activation was signiﬁcantly reduced after KRAS knockdown in
SkMel28-R cells (Figure 6h). Also, in 451Lu-R cells, KRAS knockdown caused a slight but not signiﬁcant inhibition of PLX-induced
ERK activation (Figure 6h and Supplementary Figure S13). In
summary, our data point to an intrinsic mechanism of KRASmediated MAPK and PI3K activation that has not been described
before in BRAFi-resistant melanoma cells.
KRASi re-sensitizes BRAFi-resistant cells to overcome
chemotherapy resistance
In the following experiments, we aimed at revealing the functional
role of KRASi in acquired resistance to BRAFi. KRAS knockdown
markedly reduced proliferation in both PLX-treated BRAFi-resistant
cell lines (Figures 7a and b and Supplementary Figure S14). KRAS
knockdown also restored PLX-induced dose-dependent inhibition
of proliferation in SkMel28-R (Supplementary Figure S14). According to the described KRAS mRNA and protein alterations in
response to PLX, this indicates that resistant cell clones can

dynamically react within KRAS signaling, making them more
dependent on KRAS in the presence of higher PLX doses. Also
KRASi with DR led to dose-dependent inhibition of proliferation of
SkMel28-R and 451Lu-R cells (Figures 7c and d and Supplementary
Figure S14). Analysis of apoptosis revealed that BRAFi-resistant cell
lines showed cross-resistance to MEK and even combined BRAFi/
MEKi. However, combining DR and PLX exerted synergistic
apoptotic effects in BRAFi-resistant cells (Figures 7e and f and
Supplementary Figure S14). RNAi-mediated KRAS knockdown
conﬁrmed increased apoptosis in response to BRAFi compared
with CTR cells (Supplementary Figure S14). In addition, KRAS
knockdown reduced mRNA expression of the antiapoptotic genes
BCL-XL and/or BCL2 in BRAFi-resistant SkMel28-R and 451Lu-R
cells as well as in Mel Im and Mel Juso cells (Figure 7g and
Supplementary Figure S14). Both ERK and AKT signaling are
known to promote transcription of apoptosis-inhibiting genes,
such as BCL2 and BCL-XL.30–33 Thus, AKT- and ERK-mediated
transcriptional regulation of apoptosis-related genes supports the
apoptosis ‘sensitizing’ effect of KRASi. Finally, we examined
possible cross-resistance to DR in acquired resistance to BRAFi
and found that 8 μM DR was sufﬁcient to completely abolish the
emergence of surviving BRAFi-resistant melanoma cells over a
sustained period (Figure 7h).
Together, we show that acquired drug resistance to BRAFi can
be mediated by dose-dependent dynamic KRAS expression
affecting antiapoptotic AKT and mitogenic ERK signaling. Moreover, KRASi by RNAi or DR can re-sensitize BRAFi-resistant
melanoma cells for PLX treatment (Figure 7i).
DISCUSSION
Mutations in RAS genes have been associated with ~ 30% of all
human tumors, with KRAS being the most frequently
mutated.34–36 Interestingly, son of sevenless-mediated crossactivation of wild-type RAS by oncogenic RAS was reported to
be essential for tumorigenesis underscoring complementary
functions of oncogenic and wild-type RAS in tumor cells.37 Recent
copy number analysis of single circulating melanoma cells conﬁrm
our results by identifying ampliﬁcations of KRAS.38 In another
study, copy number changes leading to ampliﬁcation of KRAS
were shown to be associated with improved treatment response
to sorafenib targeting CRAF in melanoma, giving evidence that
wild-type KRAS is crucial in melanoma and acts via RAF proteins
other than BRAF.39
In this study, we directly and functionally uncover the
importance of wild-type KRAS in melanoma and provide evidence
that KRAS is a novel therapeutic target independent of BRAF
mutational status. We revealed that increased KRAS expression in
human melanoma cells and tissues correlated with mitotic activity,
while KRAS knockdown reduced melanoma cell growth and
attenuated AKT and/or ERK signaling in melanoma cells. PI3K/AKT
signaling has been shown to contribute to melanoma

Figure 4. KRASi with the small-molecule DR reduces proliferation and induces apoptosis in melanoma cells in vitro. Melanoma cell lines (Mel
Im, Mel Juso) were treated with different concentrations of the KRAS small-molecule inhibitor DR or solvent (DMSO) as CTR. (a, b) Real-time
cell proliferation analysis. The cell index as dimensionless parameter for cell proliferation was used to determine the half maximal inhibitory
concentration (IC50, small graphs, n = 2) of DR. (c) Lactate dehydrogenase (LDH) levels in cell supernatants after treatment with low dose DR
(2 μM, 24 h, n = 4). (d) Microscopic images of melanoma cell lines treated with 5 μM DR or DMSO for 24 h. (e) Microscopic images of human
ﬁbroblast cell lines (derived from two different donors) and normal human epidermal melanocytes (NHEM) treated with a high DR dose
(20 μM, 48 h) or DMSO. (f) LDH levels in supernatants of DR or DMSO-treated NHEM (n = 4). (g) Fluorescence-activated cell sorting analysis of
apoptosis in melanoma cells in response to treatment with DR (5 μM, for 8, 16 or 24 h). Depicted are representative images; experiments were
repeated at least three times for each time point and cell line. (h) (Densitometric) western blotting analysis of pERK/ERK and pAKT/AKT
(*Po 0.05) in Mel Juso cells carrying heterozygous BRAFV600E mutation and Mel Im cells with homozygous BRAFV600E mutation (DR 3 μM, 24 h,
n = 3). (i) Long-term treatment (28 days) of melanoma cells with increasing doses of DR (up to IC50 or 2 × IC50, respectively) to evaluate the
emergence of surviving tumor cells and drug resistance. (*P o0.05 vs DMSO).
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Figure 5. KRASi prevents BRAFi-induced paradoxical activation of proliferation and combined KRAS and BRAFi synergistically affects
melanoma apoptosis. Mel Im melanoma cells (primary sensitive for BRAFi) and Mel Juso cells (primary BRAFi resistant) were treated with the
KRAS small-molecule inhibitor DR (5 μM), the BRAFi PLX (10 μM) or the combination of DR and PLX. Solvent (DMSO) served as CTR. (a, b) Timedependent measurement of colony diameters (upper panel), microscopic images (median panels) and quantiﬁcation of colony diameters (day
19 after seeding; lower panels) in anchorage-independent colony-formation assays (n = 4). (c) Fluorescence-activated cell sorting (FACS)
analysis of apoptosis (left panel: representative images of Annexin and propidium iodide (PI) staining; right panel: quantiﬁcation (%) of
apoptotic cells (*P o0.05; n = 3). (d) Mel Im and Mel Juso were transfected with a si-RNA-Pool against KRAS (si-KR) or CTR si-RNA (si-CTR) and
subsequently treated with PLX (10 μM) or solvent (DMSO) for 24 h. Depicted is FACS analysis of apoptosis according to c) (*Po0.05; n = 3).
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development and inhibitors of PI3K signaling restrain melanoma
cell growth.40
Downstream of KRAS, RAF kinases are the primary signaling
relays. The catalytic activity of RAF depends on an allosteric
mechanism driven by kinase dimerization, and RAF inhibitors can
paradoxically induce ERK signaling by stimulating RAF
dimerization.9,41 Accordingly, small-molecule inhibition of ERK
dimerization has been shown to prevent tumorigenesis by RASERK pathway oncogenes.42 Given that RAF dimerization canonically depends on RAS activation,23,43,44 we asked whether cotargeting the upstream effector of RAF/ERK signaling might be a
novel and effective therapeutic approach in melanoma. Indeed,
combined KRASi and BRAFi synergistically induced tumor cell
apoptosis and prevented emergence of acquired drug resistance.
Moreover, KRASi prevented paradoxical BRAFi-induced proliferation. Fitting to this, a recent study identiﬁed CRAF as a key
mediator of BRAF resistance and showed that combined pan-RAF
and MEKi could overcome intrinsic and acquired resistance to
single-agent RAF/MEKi.45 Also our ﬁndings suggest that KRAS
mediates drug resistance via RAF proteins that are not dimerization dependent such as CRAF and not mutated BRAFV600E, because
wild-type RAF protein signaling is still dimerization and therefore
RAS dependent.
Chemoresistance in melanoma is still poorly characterized,5 and
acquired resistance to BRAFi is the main reason for only modest
progression-free survival of melanoma patients harboring
BRAFV600E mutations that are treated with the current standard
therapy.7 Our study supports the hypothesis that acquired
resistance to BRAFi can be mediated by dose-dependent
upregulation of antiapoptotic AKT and pro-proliferative ERK
signaling and that these signaling pathways at least partly depend
on KRAS. We found that resistant cell lines upregulated pERK and
pAKT in response to BRAFi. It has been shown recently that BRAFi
resistance is mediated by the AKT pathway in an oncogenic BRAF
mouse melanoma model.46 Here we observed that KRAS protein
expression correlated signiﬁcantly with pAKT/AKT upregulation
and KRAS knockdown reduced pERK and/or pAKT levels in
resistant cell lines.
Moreover, KRAS repression re-sensitized BRAFi-resistant cells to
inhibition of proliferation and induction of apoptosis. Next to
mutated KRAS (G12D), overexpressed wild-type KRAS was shown
to enhance resistance to apoptosis in melanoma cell line M229.47
Interestingly, a transcriptomic analysis by Hugo et al.48 showing
that non-genomic alterations recur highly in acquired BRAFiresistant melanoma revealed that wild-type KRAS is indeed
recurrently overexpressed in melanoma with acquired resistance
to BRAF. In our study, we extend these ﬁndings and discovered
that endogenous KRAS is indeed a therapeutic target contributing
to drug resistance in melanoma. These ﬁndings further foster the
concept that targeting KRAS or co-targeting KRAS and BRAF could
be rational approaches for melanoma treatment. Promising results
for prolongation of tumor-free survival in melanoma patients were

reported for combination of BRAFis and MEKis.23,43,44 However,
combination regimes with BRAFis and MEKis are recognized to
produce double resistance,49 a phenomenon that was also
apparent in the resistant cell clones used in this study. Moreover,
BRAFi and MEKi in melanoma can lead to the development of
KRAS-mutant tumors.50 One can speculate that this side effect
could be undermined by co-targeting KRAS.
Pharmacologically, KRAS has been suggested to be ‘undruggable’ for many years. The main reason for this is that RAS proteins
do not present suitable pockets for drug binding, except for the
GDP/GTP-binding site, which adheres GDP/GTP very tightly in
picomolar afﬁnities.12–16,51 Recently, a number of new approaches
to address RAS activity have led to the revival of KRAS as a
molecular target.52,53 Here we investigated the effect of the
recently developed inhibitor of KRAS-trafﬁcking DR.16 We demonstrate strong antitumor effects in melanoma cells, and even after
long-term incubation, we did not detect resistant cells. Moreover,
we show for the ﬁrst time that combinatory approaches of KRASi
and BRAFi reveal synergistic antitumorigenic effects in
melanoma cells.
Interestingly, recent studies reveal therapeutic cooperation
between programmed death 1/programmed death ligand 1
immune check point inhibitors and RAS/MAPK pathway inhibitors
in breast cancer.54 This indicates that also in melanoma a
combination with the newly approved immunotherapies4,55 could
be a further promising therapeutic ﬁeld of application of inhibitors
of KRAS signaling.
In summary, based on our data and previous studies, we
hypothesize that combination of inhibition of mutated BRAF
(using PLX-4032) and KRAS (using RNAi or DR) leads to apoptosis
instead of survival in BRAFi-sensitive melanoma (Figure 8a). In
primary resistance, BRAFi is known to induce paradoxic activation
of non-mutated RAF proteins, which is RAS dependent and could
be overcome by simultaneous KRASi (Figure 8b). Acquired drug
resistance to BRAFi can be mediated by attenuation of feedback
mechanisms leading to the here shown dose-dependent dynamic
KRAS expression, which can also be undermined by KRASi
(Figure 8c).
MATERIALS AND METHODS
Melanoma cells
Human melanoma cell lines were previously described (Supplementary
Table S1). Furthermore, BRAFi-sensitive wild-type and BRAFi-resistant
BRAFV600E 451Lu and SkMel28 melanoma cell lines were described by
Villanueva et al.23
For KRASi, we used a recently developed small-molecule inhibitor that
inhibits cGMP phosphodiesterase delta subunit (PDE6δ)-mediated KRAS
trafﬁcking to the cell membrane (DR; Cayman Chemicals, Ann Arbor, MI,
USA). A complete list of used inhibitors and detailed treatment conditions
are described in the ﬁgure legends and in Supplementary Material and
Methods.

Figure 6. KRASi prevents emergence of BRAFi resistance and KRAS expression is regulated dynamically in acquired resistance to BRAFi. (a)
Images of Mel Im melanoma cells (primary sensitive for BRAFi) and Mel Juso cells (primary BRAFi resistant) treated for 21 days with the BRAFi
PLX (up to 20 μM) or a combination of 10 μM PLX and the KRASi DR (5 μM). Treatment with solvent (DMSO) served as CTR. (b) Analysis of cell
proliferation (slope of cell index) of SkMel28 and 451Lu melanoma cell lines with acquired PLX-resistance (‘R’) compared with PLX-sensitive
wild-type (‘wt’) cells after treatment with PLX (10 μM) or DMSO. (c) KRAS mRNA and protein expression in PLX-resistant (R) and PLX-sensitive
(wt) SkMel28 and 451Lu cells. (d) KRAS mRNA expression of SkMel28-R and 451Lu-R cells after 24 and 48 h treatment with different PLX
concentrations (*P o0.05 compared with CTR (0 μM PLX)). (e) Western blotting analysis of pAKT/AKT, pERK/ERK and KRAS in 451Lu-R and
SkMel28-R cells after treatment with 0, 5 or 10 μM PLX for 8 h. Numbers represent densitometric analysis as indicated. (f) Quantiﬁcation of
KRAS protein in relation to AKT protein expression in SkMel28-R and 451Lu-R cells treated with different concentrations of PLX (0, 5 or 10 μM).
(g) Densitometric quantiﬁcation of activated AKT (pAKT/AKT) protein expression (y axis) in dependence of PLX doses (x axis) in SkMel28-R and
451Lu-R cells. (h) Western blotting analysis of pAKT/AKT (left panel) and pERK/ERK (right panel) levels in 451Lu-R and SkMel28-R cells
transfected with si-KRAS (KR) or CTR si-RNA (CTR) and subsequently treated with different concentrations of PLX (0, 5 or 10 μM). (*Po 0.05;
n = 3 for all panels).
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Sampling and handling of patient material were carried out in
accordance with the ethical principles of the Declaration of Helsinki. Use
of human tissue material had been approved by the local ethics committee
of the University of Regensburg (application numbers 09/11 and 03/151).

Analysis of tumorigenicity of melanoma cells in nude mice
Experiments were conducted according to the German Physiological
Society principles for the use of laboratory animals (Granted permission
number 54-2532.4-5/14, Government of Bavaria). In all, 800 000 cells in
100 μl of phosphate-buffered saline were injected subcutaneously into the
right ﬂank of 4–8-week-old male athymic nu/nu mice. Detailed conditions

and quantiﬁcation methods are described in Supplementary Material and
Methods.

Analysis of patient material
Human melanoma tissue samples (Supplementary Table S3) were analyzed
using quantitative reverse transcriptase–PCR to determine KRAS and
CyclinD1 mRNA levels. Furthermore, a tissue microarray containing tissue
samples from melanocyte-derived benign nevi, primary melanomas and
melanoma metastasis (Supplementary Table S2) was used for immunohistochemical analysis of pERK/ERK, pAKT/AKT, Ki67 and KRAS. Detailed
conditions and quantiﬁcation methods are described in Supplementary
Materials and Methods.

Figure 8. Hypothesis on effects of combined BRAFi and KRASi in BRAFi sensitivity and primary and acquired resistance. (a) In BRAFi-sensitive
melanoma, BRAFi leads to ERK suppression resulting in known attenuation of negative feedback effects on RAS expression, including KRAS,
leading to pro-survival AKT signaling, which can be undermined by simultaneous KRASi. (b) In primary BRAFi resistance, BRAFi is known to
induce paradoxic trans-activation mediated by heterodimerization with non-mutated BRAF wild type and other RAF proteins. Importantly,
dimerization of non-mutated RAF is (K)RAS dependent and can be prevented by KRASi. (c) Acquired drug resistance to BRAFi is mediated by
known attenuation of feedback mechanisms leading to dose-dependent dynamic KRAS expression as seen in our experiments. The resulting
RAF and PI3K activation can be suppressed by KRASi, thereby restoring BRAFi sensitivity.

Figure 7. KRASi re-sensitizes BRAFi-resistant melanoma cells to overcome chemotherapy resistance.(a, b) Real-time cell proliferation analysis of
SkMel28-R and 451Lu-R melanoma cells (both with acquired resistance against BRAFi PLX) transfected with si-KRAS (KR) or CTR si-RNA (CTR)
and subsequently treated with 5 or 10 μM PLX. (c, d) Real-time cell proliferation analysis of SkMel28-R and 451Lu-R cells treated with 5 or 10 μM
PLX in combination with KRASi DR (5 μM)) or solvent (DMSO). (a, c: representative proliferation curves; b, d: Summarized slopes of proliferation
curves). (e, f) Fluorescence-activated cell sorting analysis (Annexin and propidium iodide (PI) staining) of apoptotic SkMel28-R and 451Lu-R
melanoma cells after treatment with PLX (10 μM), DR (5 μM), the MEK1/2-inhibitor U0126 (U0;10 μM) or combinations. (e: representative data
sets for SkMel28-R; percentage of values depict apoptotic cells. f: Quantiﬁcation for both resistant cell lines). (g) BCL2- and BCL-XL mRNA
expression SkMel28-R cells transfected with si-KRAS (KR) or CTR si-RNA (CTR) transfected cells. (h) Images of 451Lu-R and SkMel28-R cells
during long-term treatment (28 days) with DR as performed to evaluate the emergence of surviving tumor cells and drug resistance.
(i) Summary and hypothesis of signaling effects of KRAS knockdown/inhibition in acquired PLX resistance. Top: ERK-induced negative
feedback mechanisms on RAS signaling are attenuated and BRAFis cause paradox transactivation of other RAF proteins, resulting in ongoing
RAF and ERK activation (which is at least partly RAS dependent). Apart from ERK signaling, KRAS-dependent AKT signaling ensures survival of
cancer cells during treatment with PLX. Bottom: Inhibition of KRAS reduces KRAS-dependent AKT and RAF signaling, resulting in regain of
drug sensitivity. (*P o0.05; n = 3 for all panels).
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Statistical analysis
Results are expressed as mean ± s.e.m. (if not depicted otherwise in ﬁgure
legends). Comparison between groups was made using Student’s t-test or
one-way analysis of variance, if appropriate. Tissue microarray analysis was
performed using Fisher’s exact test. Spearman and Pearson correlation
coefﬁcients were used for correlation analysis. The level of signiﬁcance was
Po0.05 (depicted in ﬁgures as ‘NS’, that is, not signiﬁcant, and ‘*’, that is,
Po0.05). If not depicted otherwise in ﬁgure legends, the number of
independent experiments was n ⩾ 3. Statistical calculations were performed using the GraphPad Prism Software (GraphPad Software, Inc., San
Diego, CA, USA) and SPSS (SPSS Statistics 23, IBM Corp., Armonk, NY, USA).
Additional and more detailed methods and protocols can be found in
Supplementary Materials and Methods.

ABBREVIATIONS
AKT, v-akt murine thymoma viral oncogene; BRAF, v-Raf murine sarcoma
viral oncogene homolog B; BRAFi, BRAF inhibition/inhibitor; CTR, control;
DR, Deltarasin; ERK, extracellular-signal regulated kinase; KR, KRAS (Kirsten
Rat sarcoma); KRASi, KRAS inhibition/inhibitor; MAPK, mitogen-activated
protein kinase; MEK, mitogen-activated protein kinase kinase; MEKi, MEK
inhibition/inhibitor; NRAS, neuroblastoma RAS viral oncogene homolog;
PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PLX, PLX-4032
(Vemurafenib).
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