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Introduction

The treatment of metastatic melanoma is a significant challenge 
and there has been little change in the survival of melanoma 
patients over the past 20 years.1 Fortunately, recent insights into 
melanoma-relevant oncogenic signaling events have begun to 
provide novel therapeutic approaches to disrupt pathways that 
drive the growth and survival of these tumors.2,3 Most noticeably, 
the discoveries of compounds that inhibit hyperactivated mutants 
of BRAF, particularly BRAFV600E, have supported the notion that 
this oncogenic event not only is important for the pathogenesis 
of melanoma but also constitutes a viable therapeutic target.4 
Unfortunately, while many patients whose tumors harbor the 
BRAFV600E mutation initially respond to kinase inhibitors such 
as vemurafenib and dabrafenib, the development of resistance is 
common and long-term complete responses (CRs) only occur in 
a small percentage of individuals.5 As such, additional approaches 
to treat advanced melanoma patients are still needed.

Another strategy to treat melanoma that has received significant 
attention relies on immunotherapy.6 Most recently, the blockade 
if immune checkpoints with the monoclonal antibody ipilim-
umab has been approved by the Food and Drug Administration 
(FDA) for the treatment of metastatic melanoma patients.7 Other 
immunotherapeutic approaches being used or evaluated to treat 
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melanoma include the use of cytokines including Type I interfer-
ons and interleukin (IL)-2, vaccines and adoptive T-cell trans-
fer.6,8 Various combinations of these strategies have also been 
evaluated and have shown encouraging results.9 The majority 
of the aforementioned immunotherapeutic approaches against 
melanoma focus on enhancing the development of tumor-specific 
CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ T lympho-
cytes to generate a therapeutic cell-mediated antitumor immune 
response. Such a cell-mediated response requires that melanoma 
cells process antigenic peptides and present them in the context of 
MHC molecules, to allow for their recognition by CTLs and/or 
CD4+ T cells. Hence, approaches that enhance the expression of 
MHC molecules by tumor cells are being sought as a means to 
promote tumor cell immune recognition.10 Despite the challenges 
associated with immunotherapies, the potential of this approach 
has been demonstrated in multiple settings, including patients 
with advanced disease and large tumor burdens that underwent a 
significant rate of long-term CRs.11

While these recent advances have expanded the therapeutic 
options for melanoma patients, the overall prognosis for most 
individuals bearing metastatic melanoma remains poor, being 
measured in months.12 Thus, combinatorial regimens includ-
ing kinase inhibitors and immunotherapeutic approaches con-
stitute the logical next step for the treatment of melanoma, 
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as IFNγ. In addition, IFNγ has been shown to rescue defects 
of MHC expression in melanoma cells.21 Therefore, we sought 
to determine whether inhibitors of BRAFV600E could potentiate 
the effects of IFNγ on MHC expression. We selected A375 cells 
as a model cell line since they are known to respond to IFNγ 
and harbor the BRAFV600E mutation. To confirm that PLX4720 
inhibits BRAFV600E signaling, we treated A375 cells with either 
vehicle (DMSO) or 10 μM PLX4720 and evaluated the levels 
of ERK phosphorylation (at T202 and Y204) as a read-out for 
activated MAPK signaling. As shown in Figure 1A, PLX4720 
significantly reduced the levels of ERK phosphorylation. We 
next examined whether PLX4720 could influence the induction 
of MHC Class I molecules by IFNγ in A375 cells. As expected, 
the treatment of A375 cells with IFNγ lead to an upregulation 
of MHC Class I expression on the cell surface, as measured by 
flow cytometry (Fig. 1B and C). The pre-treatment of A375 
cells with PLX4720 enhanced this induction, suggesting that 
BRAFV600E inhibition can influence the upregulation of MHC 
Class I molecules by IFNγ, at least in some melanoma models 
(Fig. 1B and C).

Vemurafenib enhances the induction of MHC Class I, β2 
microblobulin and MHC Class II molecules by IFNγ in A375 
melanoma cells. As the cellular response to IFNγ is dose-depen-
dent,22 we next determined whether the effect of vemurafenib was 
influenced by the concentration of IFNγ. In addition, although 
PLX4720 is structurally related to vemurafenib, it is not used 
in the clinic. Therefore, we repeated the experiments described 
above using vemurafenib (which has been approved by the FDA 
for use in patients bearing BRAFV600E-positive melanoma) and 
included SKMEL-2 cells as a control, as these cells bear a vari-
ant of BRAF that is wild-type at codon 600 and hence should 
be insensitive to vemurafenib. Similar to PLX4720, vemurafenib 
decreased ERK phosphorylation levels in A375 cells, both alone 
and when combined with IFNγ (Fig. 2A). Consistent with what 
we observed with PLX4720, vemurafenib enhanced the induc-
tion of MHC Class I molecules and β2-microglobulin (B2M) 

and clinical trials to test such combinations are underway 
(http://clinicaltrials.gov).13 However, to optimally combine 
kinase inhibitors with immunotherapy, it will be critical to 
understand how kinase inhibitors influence the expression of 
genes coding for immune regulators, especially those that gov-
ern the interaction between T lymphocytes and tumor cells. 
Since interferons (IFNs) are potent inducers of MHC expression, 
are present in the tumor microenvironment, and can be used 
therapeutically, we explored how BRAFV600E inhibitors influ-
ence the induction of MHC molecules by IFNs.14–16 We found 
that vemurafenib can enhance the induction of MHC Class I 
and Class II molecules by IFNγ and IFNα2b in A375 mela-
noma cells. Additional studies revealed that vemurafenib could 
enhance MHC induction by IFNγ in melanoma cells harboring a 
homozygous BRAFV600E mutation but neither in cell lines that are 
heterozygous for BRAFV600E nor those bearing wild-type BRAF 
codon 600. These data suggest that the inhibition of BRAFV600E 
can enhance MHC induction by IFNs in some cellular contexts 
and support the notion that the impact of vemurafenib on the 
expression of immune regulators can be influenced by the zygos-
ity of the BRAFV600E mutation.

Results

PLX4720 enhances the induction of MHC Class I molecules 
by IFNγ in A375 melanoma cells. Increasing evidence suggests 
that the inhibition of BRAFV600E or mitogen-activate protein 
kinase (MAPK) signaling in melanoma increases the expres-
sion of melanocyte differentiation antigens (MDAs) as well as of 
genes involved in antigen presentation.17–19 However, it has been 
repeatedly reported that, when used alone, BRAFV600E inhibitors 
do not increase MHC Class I expression.17,18,20 This indicates 
that the inhibition of BRAFV600E activity does not functionally 
impact the baseline expression of MHC Class I molecules in mel-
anoma cells. However, the expression of MHC Class I molecules 
is dynamic and can greatly vary in response to cytokines such 

Figure 1. The BRaFV600e selective inhibitor pLX4720 enhances the induction of Mhc class I molecules in a375 melanoma cells. (A) a375 cells were 
pre-treated with vehicle (DMsO) or 10 μM pLX4720 60 min prior to the addition of 100 U/mL IFNγ. Whole cell lysates were prepared 24 h later and the 
levels of phospho-eRK (T202/Y204) and total eRK were analyzed by immunoblotting. a representative result is shown. (B) a375 cells were pre-treated 
with vehicle (DMsO, black line, unfilled) or 10 μM pLX4720 (black dotted line) for 60 min prior to the addition of 100 U/mL IFNγ. control cells were left 
untreated (gray filled). cell surface Mhc class I expression was analyzed by flow cytometry 72 h later, using an antibody that recognizes a shared epi-
tope on hLa-a, B and c molecules. cells stained with an isotype control antibody are shown (black filled). a representative flow cytometry histogram 
is shown. (C) averaged mean fluorescence intensity (MFI) from three independent flow cytometry experiments is shown (y-axis) and treatments are 
indicated along the x-axis. error bars represent the seM (*p < 0.05; two-tailed paired student’s t-test, as compared with cells treated with IFNγ and 
pre-treated with DMsO).
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we have previously found that the enhancement in MHC induc-
tion by epidermal growth factor receptor inhibitors (EGFRIs) is 
associated with an increased expression of CIITA.25 Consistent 
with previous observations, vemurafenib augmented the increase 
in CIITA protein levels triggered by IFNγ (Fig. 2C). In addition, 
in the presence of IFNγ, vemurafenib increased the levels of the 
CIITA mRNA as well as those of the mRNA coding for the related 
transcriptional co-activator NLRC5 (Fig. 2D).26 The levels of 
MHC Class I (HLA-A) and Class II (HLA-DR)-coding mRNAs 
were also increased by vemurafenib (Fig. 2D), as were those of 
mRNA coding for gamma-interferon-inducible lysosomal thiol 
reductase (GILT), an enzyme involved in the processing of some 
MDAs including tyrosinase-related protein 1 (Fig. S1).27

by IFNγ in A375 cells (Fig. 2B). The IFNγ-mediated induction 
of MHC Class II molecules was also enhanced by vemurafenib. 
The effect of vemurafenib was greatest at the highest concentra-
tions of IFNγ used in this assay (200 U/mL and 2000 U/mL). 
In contrast to A375 cells, vemurafenib had no effect on MHC 
Class I and II induction in SKMEL-2 cells, in spite of the fact 
that these cells responded to IFNγ with increases in the cell sur-
face expression of MHC Class I, MHC Class II and B2M mol-
ecules (Fig. 2B). Because the induction of both MHC Class I and 
Class II molecules was enhanced by vemurafenib, we reasoned 
that this agent might increase the activity of IFNγ-responsive 
proteins that regulate both MHC Class I and Class II molecules, 
such as the MHC Class II transactivator CIITA.23,24 Moreover, 

Figure 2. The enhancement of Mhc induction by vemurafenib increases with escalating concentrations of IFNγ and is associated with increased cIITa 
and NLRc5 expression. (A) a375 cells were treated with vehicle (DMsO) or 10 μM vemurafenib (VeM), alone or in combination with 2000 U/mL IFNγ. 
Whole cell lysates were prepared 24 h later and the levels of phospho-eRK (T202/Y204) and total eRK were analyzed by immunoblotting. a representa-
tive result is shown. (B) a375 (BRAFV600E homozygous) or sKMeL-2 (bearing wild-type BRAF codon 600) cells were pretreated with vehicle (DMsO, gray 
diamonds) or 10 μM (vemurafenib) VeM 60 min prior to the addition of IFNγ at concentrations indicated along the x-axis. cell surface Mhc class I 
(hLa-a, B, c), Mhc class II (hLa-DR) and β2-microglobulin (B2M) levels were analyzed 72 h later by flow cytometry. Values represent the average mean 
fluorescence intensity (MFI) from three independent experiments, and error bars represent seM (*p < 0.05, ***p < 0.001, repeated measures aNOVa, 
as compared with DMsO-pre-treated cells exposed to the same concentration of IFNγ). (C) protein lysates were isolated from a375 cells 72 h after 
treatment with vehicle (DMsO) or VeM, given as the only treatment or 60 min prior to the addition of 2000 U/mL IFNγ. GapDh levels were monitored 
as a loading control. a representative immunoblot is shown. (D) Induction of hLa-a-, hLa-DR-, cIITa- and NLRc5-coding mRNa in a375 cells. a375 
cells were pre-treated with vehicle (DMsO) or 10 μM VeM 60 min prior to the addition of 2000 U/mL IFNγ. control cells were treated with vehicle 
(DMsO). mRNa levels were measured using quantitative real-time RT-pcR 72 hours later and are expressed as fold over vehicle-treated cells. error bars 
represent seM from at least 3 independent experiments. (*p < 0.05, **p < 0.01, two-tailed paired student’s t-test, as compared with cells treated with 
IFNγ and pre-treated with DMsO).
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concentrations of 312 nM and 625 nM, though 100 nM was 
still active in this regard. These concentrations are presumably 
relevant in clinical settings, as patients normally receive 960 mg 
vemurafenib twice daily and its steady-state plasma concentration 
has been reported to be 86 μM ± 32 μM.29 Since vemurafenib 
is bound to proteins for > 99%, free concentrations in patients 
are expected to be within the concentration ranges used in our in 
vitro experiments, involving 10% fetal bovine serum.30 We also 

Since the anti-proliferative effects of vemurafenib on A375 
cells is optimal at nanomolar concentrations, we repeated these 
experiments using serial dilutions of vemurafenib ranging from 
from 10 μM to 100 nM.28 Similar to what we observed with the 
10 μM dose, lower concentrations of vemurafenib also enhanced 
the induction of MHC Class I, MHC Class II and B2M molecules 
in response to IFNγ (Fig. 3A and B). In this model system, the 
peak effect on MHC induction was observed using vemurafenib 

Figure 3. Nanomolar concentrations of vemurafenib enhance the induction of Mhc class I, β2-microglobulin and Mhc class II molecules on a375 
cells. (A) Representative flow cytometry histograms are shown for cell surface expression of Mhc class I (hLa-a,B,c; left panel), β2-microglobulin (B2M, 
middle panel) or Mhc class II (hLa-DR, right panel) molecules on a375 cells treated with vehicle alone (DMsO, gray filled), with vehicle 60 min prior 
to the addition of 2000 U/mL IFNγ (black line), or 625 nM vemurafenib 60 min prior to the addition of 2000 U/mL IFNγ (black dotted line). cells stained 
with an isotype control antibody are shown (black filled). (B) a375 cells were treated with vehicle (DMsO) alone (1st bar) or 60 min prior to the addition 
of 2000 U/mL IFNγ (2nd bar). The 3rd through the 9th bars represent cells pre-treated with vemurafenib at the concentrations indicated along the x-axis 
60 min prior to IFNγ. cells pre-treated with 20 μM dacarbazine (DTIc), 10 μM sorafenib (sOR), and 10 μM temozolomide (TeMO) 60 min prior to IFNγ are 
shown in the 10th-12th bars, as indicated along the x-axis. The average MFI from 3 independent flow cytometry experiments is shown along the y-axis. 
error bars represent the seM (*p < 0.05, **p < 0.01, ***p < 0.001, repeated measures aNOVa, as compared with DMsO-pre-treated cells exposed to the 
same concentration of IFNγ). (C) a375 cells were transiently transfected with a plasmid encoding BRaFV600e and green fluorescent protein (GFp) or the 
empty vector encoding GFp alone. Flow cytometry was used to select transfected (GFp+) and non-transfected (GFp−) cells and Mhc class I levels were 
measured on these two cell populations. average values from three independent experiments are shown. Mhc class I levels are expressed as the % of 
Mhc class I on control cells (cells non-transfected using the empty vector plasmid). (***p < 0.001, repeated measures aNOVa, as compared with non-
transfected cells). (D) Representative flow cytometry histograms are shown for untreated a375 cells (gray filled), or a375 cells pre-treated with vehicle 
(DMsO, solid black line) or 500 nM vemurafenib (dotted black line) 60 min prior to the administration of 909 U/mL IFNα2b. cells were stained for Mhc 
class I (left panel, hLa-a,B,c) or Mhc class II (right panel, hLa-DR) expression 72 h following the addition of IFNα2b. cells stained with an isotype con-
trol antibody are shown (black filled line). (E) The average MFI from five independent experiments is shown for a375 cells pre-treated with vehicle (gray 
diamonds) or 500 nM vemurafenib (black squares) for 60 min prior to the addition of IFNα2b at the doses shown along the x-axis. error bars represent 
the sD (***p < 0.001, repeated measures aNOVa, as compared with cells treated with the same concentration of IFNα2b and vehicle).
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Trust Sanger Institute database (http://www.sanger.ac.uk). We 
confirmed the BRAF mutational status of these cell lines by 
pyrosequencing BRAF codon 600 and included an epidermoid 
carcinoma cell line (A431) as a control. Please note that, in this 
context, the terms wild-type, heterozygous and homozygous only 
refer to the stutus of BRAF codon 600. Specifically, the term 
wild-type refers to cells in which all copies of codon 600 are 
wild-type (i.e., encode V), the term heterozygous refers to cells in 
which both wild-type and mutant (i.e., encoding E) sequences are 
detected, and the term homozygous referes to cells in which all 
copies of codon 600 are mutated. Consistent with the informa-
tion contained in the Wellcome Trust Sanger Institute database, 
we found that MALME-3M, SKMEL-3, and SKMEL-5 cells all 
are heterozygous for the BRAFV600E mutation (Fig. 4). In con-
trast, in A375, SKMEL-28 and HT-144 cells, only the mutant 
sequence at codon 600 could be detected, i.e., they are all homo-
zygous for the BRAFV600E mutation (Fig. 4). Thus, we investi-
gated how vemurafenib influences MHC induction by IFN γ 
in these cells. In line with previous observations, vemurafenib 
had no impact on the induction of MHC Class I and Class II 
molecules in MeWo cells, which are wild-type at BRAF codon 
600 (Fig. 5A). Surprisingly, vemurafenib also had no effects on 
MHC induction in MALME-3M, SKMEL3, or SKMEL5 cells, 
all of which are heterozygous for BRAFV600E (Fig. 5A). In con-
trast, similar to what we observed with A375 cells, the induction 
of MHC Class I molecules in BRAFV600E homozygous SKMEL-
28, HT-144 and UACC-62 cells was enhanced by vemurafenib 
(Fig. 5A and Fig. S3). This effect was not due to underlying dif-
ferences in how heterozygous and homozygous cell lines respond 
to IFNγ. Indeed, the fold increase of MHC Class I levels by 

tested the effects of the kinase inhibitor sorafenib, dacarbazine 
and temozolomide, all of which have been investigated for their 
antineoplastic properties against metastatic melanoma. Sorafenib 
appeared to enhance the induction of MHC Class I molecules 
by IFNγ while limiting the induction of the MHC Class II mol-
ecule HLA-DR, yet none of these differences were statistically 
significant upon repeated measures ANOVA testing. No effect 
on MHC expression was seen with dacarbazine or temozolomide 
(Fig. 3). Thus, in our model system, nanomolar concentrations 
of vemurafenib enhanced the IFNγ-mediated induction of MHC 
Class I, MHC Class II and B2M molecules.

Forced overexpression of BRAFV600E reduces the levels of 
MHC Class I molecules. We next wanted to determine if the 
overexpression of BRAFV600E would have the opposite effect of 
vemurafenib on the expression of MHC Class I molecules. To 
this aim, A375 cells were transfected with a plasmid encoding 
BRAFV600E and green fluorescent protein (GFP) on the same 
transcript, or the parental plasmid encoding GFP alone (empty 
vector). As shown in Figure 3C, in cells that were successfully 
transfected with the BRAFV600E-coding construct, there was 
a significant decrease in cell surface MHC Class I expression. 
Thus, the forced overexpression of BRAFV600E can repress base-
line expression levels of MHC Class I molecules even in cells that 
already harbor the BRAFV600E mutation.

Vemurafenib enhances the induction of MHC molecules 
by IFNα2b. We next sought to determine if vemurafenib can 
influence MHC induction in response to Type I interferons, 
since—similar to IFNγ (a Type II interferon)—these cytokines 
are potent inducers of MHC Class I expression. In addition, 
from a therapeutic standpoint, Type I IFNs are highly relevant 
to melanoma, as IFNα2b is the only FDA-approved adjuvant 
therapy for this disease.16 Therefore, to determine if vemurafenib 
can enhance MHC Class I induction by IFNα2b, we pre-treated 
A375 cells with either vehicle (DMSO) or vemurafenib, and then 
exposed them to increasing concentrations of IFNα2b. We found 
that vemurafenib enhances the induction of MHC Class I mol-
ecules by IFNα2b at all the doses employed, which ranged from 
0.09 to 909 U/mL (Fig. 3D and E). Of note, IFNα2b had no 
impact on the expression of MHC Class II molecules when used 
alone, yet it increased MHC Class II expression in A375 cells 
exposed to vemurafenib (Fig. 3D; Fig. S2). Thus, in some cellu-
lar models of melanoma, vemurafenib can enhance the IFNα2b-
induction of MHC molecules.

MHC induction by IFNγ is enhanced by vemurafenib in 
cell lines that are homozygous, but not in those that heterozy-
gous, for the BRAFV600E mutation. To determine if the results 
obtained with A375 cells could be reproduced in other cellular 
contexts, we repeated the experiments described above with addi-
tional melanoma cell lines. A list of the cell lines used in this 
study is reported in Table S1. These models included another 
cell line bearing wild-type BRAF (MeWo), as well as cell lines 
that are known to harbor the BRAFV600E mutation including 
MALME-3M, SKMEL-3, SKMEL-5, SKMEL-28, HT-144 and 
UACC-62 cells. We selected these cellular models since they were 
all commercially available and because information regarding 
their mutational status was publicly available at the Wellcome 

Figure 4. BRAF codon 600 sequence analysis of melanoma cell lines. 
Genomic DNa was isolated from the indicated cell lines indicated 
and BRAF codon 600 was amplified using pcR and sequenced. In each 
panel, the sequence of codon 600 is indicated with brackets. The wild-
type BRAF codon 600 sequence is GTG whereas the BRAFV600E codon 
sequence is GaG. a431 cells are wild-type for BRAFV600E as are MeWo and 
sKMeL-2 cells. cell lines heterozygous for BRAFV600E (sKMeL-3, sKMeL-5, 
and MaLMe-3M) contain a mixture of GTG- and GaG-containing 
sequences, whereas cell lines harboring only BRAFV600E (a375, sKMeL-28, 
and hT-144) display only the GaG sequence at codon 600.
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Figure 5. Vemurafenib enhancement of Mhc induction occurs in cell lines harboring homozygous but not heterozygous BRAFV600E mutations. (A) The 
indicated cell lines were pre-treated with either vehicle (DMsO, gray diamonds) or 500 nM vemurafenib (black squares) and then treated with IFNγ 
at the concentrations indicated along the x-axis. cell surface Mhc class I (hLa-a, B and c, top panels) and Mhc class II (hLa-DR, lower panels) levels 
were measured 72 h later by flow cytometry. The y-axis represents average MFI for two or three independent experiments. error bars represent seM 
(*p < 0.05, **p < 0.01, repeated measures aNOVa, as compared with DMsO-pre-treated cells exposed to the same concentration of IFNγ). (B) Fold in-
duction of cell surface Mhc class I molecules was calculated by dividing averaged MFI values of cells treated as indicated along the x-axis by averaged 
MFI values of cells treated with vehicle (DMsO) alone. Fold inductions for heterozygous cell lines (MaLMe-3M, sKMeL-3, and sKMeL-5) were averaged 
together (gray bars) as were the fold inductions for three homozygous (white bars) cell lines (a375, hT-144, and sKMeL-28). (**p < 0.01, ***p < 0.001, 
repeated measures aNOVa, as compared with identically treated BRAFV600E heterozygous cells; ††p < 0.01, †††p < 0.001, repeated measures aNOVa, as 
compared with BRAFV600E homozygous cells pre-treated with DMsO and exposed to the same concentration of IFNγ). (C) sKMeL-28 cells were pre-treat-
ed with vehicle (DMsO) or 500 nM vemurafenib for 60 min prior to the addition of 20 U/mL IFNγ. CIITA mRNa levels were assessed at the time points 
indicated along the x-axis and are expressed as fold induction over cells treated only with vehicle (DMsO). (***p < 0.001, repeated measures aNOVa, 
as compared with DMsO-pre-treated cells exposed to the same concentration of IFNγ). (D) DMsO-treated cells (gray diamonds) from panel (a) are 
compared with cells treated with 500 nM BeZ235 (black triangles or squares) for Mhc class I and class II expression, assessed as detailed for (A).
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the production of immunosuppressive cytokines such as IL-1α/β, 
and increase the recruitment of CD8+ T cells into tumors.17,37,38 
Indeed, it is becoming apparent that—in spite of the fact that 
the driving force behind the development of these therapeutic 
approaches had little to do with tumor immunology—the impact 
of targeted therapies on the expression of immune regulators may 
directly influence antitumor immune responses.39 Our data also 
suggest that—in addition to providing a growth advantage to 
tumor cells—the genetic amplification of BRAFV600E may also 
promote tumor cell immune escape by attenuating the baseline 
expression levels of MHC Class I molecules.

Another important aspect of our study relates to the impact of 
BRAFV600Ezygosity on the the ability of vemurafenib to influence 
the expression of immune regulators that are likely to be relevant 
for antitumor immunity. Because of its pivotal role in regulating 
cell proliferation, the prevailing therapeutic paradigm regarding 
the BRAFV600E mutation in melanoma has centered on its presence, 
irrespective of zygosity. If the BRAFV600E mutation is present, as 
determined by sequencing or mutation-specific PCR-based assays, 
patients are eligible to receive a BRAFV600E-selective inhibitor such 
as vemurafenib or dabrafenib. The scarce attention given so far to 
the zygosity of the BRAFV600E mutation presumably reflects the 
absence of a clinical need to differentiate BRAFV600E heterozygous 
and homozygous tumors or to understand how the zygosity of the 
mutation influences tumor biology. While the percentage of indi-
viduals harboring tumors with homozygous BRAFV600E mutations 
is unclear, accumulating evidence suggests that it is not a rare event 
among melanoma patients. In particular, one study reported that 

IFNγ was the same (around 4-fold) in both BRAFV600E homo-
zygous and heterozygous cell lines (Fig. 5B). However, vemu-
rafenib enhanced the response to IFNγ only in cells homozygous 
for BRAFV600E. Since we found that vemurafenib enhances the 
IFNγ-mediated induction of the CIITA mRNA in A375 cells 
(Fig. 2D), which are homozygous for BRAFV600E, we assessed 
whether this held true in another BRAFV600E homozygous cell 
line. Indeed, vemurafenib aggravated the IFNγ-mediated upreg-
ulation of CIITA mRNA levels also in SKMEL-28 cells (Fig. 5C). 
The effect of vemurafenib was most pronounced 48 hours after 
the addition of IFNγ, a finding that is consistent with what we 
observed in keratinocytes responding to EGFRIs.25

To determine whether this effect was unique to inhibitors tar-
geting the MAPK pathway, we examined how the induction of 
MHC Class I and Class II molecules by IFNγ is altered in the 
presence of an inhibitor of the phosphoinositide-3-kinase (PI3K) 
pathway, which is known to be important in the pathogenesis of 
melanoma.31 We used BEZ235 a dual PI3K/mammalian target 
of rapamycin (mTOR) inhibitor, as it is currently being tested in 
clinical trials (http://clinicaltrials.gov). While BEZ235 reduced 
the phosphorylation of AKT (on S473) in our model system, 
consistent with its ability to inhibit mTOR and PI3K signaling 
(Fig. S4), it failed to enhance the induction of MHC molecules 
by IFNγ. Rather, BEZ235 attenuated the IFNγ-mediated MHC 
induction in some of the cell lines examined (Fig. 5D; Fig. S3).

Discussion

The data presented herein demonstrate that BRAFV600E has a 
repressive effect on MHC expression and that, in some cellular 
contexts, the inhibition of BRAFV600E activity can augment the 
induction of MHC Class I and Class II molecules by IFNγ, a 
cytokine that presumably is present in the tumor microenviron-
ment, and IFNα2b, an approved immunotherapeutic for mela-
noma.14,16,32 Our findings are relevant for several reasons. Most 
notably, the expression of MHC Class I molecules has been 
shown to predict the clinical response of melanoma patients to 
immunotherapy.33,34 Thus, our results suggest that, in some set-
tings, BRAFV600E inhibition alone or combined with IFNα2b may 
be a valid pharmacologic approach to enhance the expression of 
MHC Class I molecules on melanoma cells. Potentially, this may 
enhance the response to immunotherapeutic approaches against 
melanoma. In addition, our findings support the notion that 
combining IFNα2b and BRAFV600E inhibition may offer a novel 
approach to promote the recognition of tumor cells by CTLs in 
the adjuvant setting. In addition to their canonical role in antigen 
presentation and their ability to influence tumor cell recognition 
by the immune system, MHC Class I molecules have recently 
been suggested to exert direct tumor suppressor properties.35 This 
provides further rationale to develop approaches that enhance the 
expression of MHC Class I molecules on melanoma cells.10,36

Our findings gather to those of several other studies in sup-
port of the notion that inhibitors of BRAFV600E have immuno-
logical effects that are relevant for antitumor immune responses 
(Fig. 6). For example, it has recently been demonstrated that 
BRAFV600E inhibitors can increase the expression of MDAs, block 

Figure 6. Model of the interactions between BRaFV600e, immune gene 
expression and antitumor immune responses. BRaFV600e has a repressive 
effect on Mhc expression so that the induction of Mhc molecules by 
IFNγ or IFNα2b can be enhanced in the presence of BRaFV600e inhibitors. 
Increases in Mhc expression are likely complemented by increases in 
melanocyte differentiation antigens (MDas), which are also induced by 
inhibitors of BRaFV600e. enhanced Mhc expression can increase the rec-
ognition of neoplastic cells by intratumoral T cells, which are augment-
ed in the setting of vemurafenib therapy. BRaFV600e also promotes the 
expression of cytokines such as interleukin (IL)-1 α/β, that can activate 
the immunosuppressive effects of tumor-associated fibroblasts. These 
effects are also sensitive to BRaFV600e inhibitors.
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past 12 mo. UACC-62 cells were obtained from the National 
Cancer Institute within the same time period. Cells were grown in 
Dulbecco’s minimal essential medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) (HyClone, Inc.), penicillin 
(50 U/mL), streptomycin (50 μg/mL), and L-glutamine (1 mM) 
(Life Technologies) and maintained at 37°C and 5% CO

2
 

atmosphere.
Reagents and treatments. Human IFNγ (Peprotech) was 

re-suspended in DMEM (200 μg/mL) and stored at -80°C. 
Each unit of IFNγ as indicated in the text corresponds to 
50 pg/mL. IFNα2b was purchased from Sigma-Aldrich re-sus-
pended in DMEM (20 μg/mL) and stored at -80°C. Each unit 
of IFNα2b represents 110 pg/mL. PLX4720 was purchased from 
B-Bridge International and vemurafenib was purchased from 
LC Laboratories. Sorafenib was purchased from LC laboratories, 
dacarbazine was purchased from ThermoFisher Scientific and 
temozolomide was purchased from LKT Laboratories. All the 
aforementioned chemicals were dissolved in DMSO and stored 
at -80°C in aliquots until use.

RNA isolation and real-time PCR. RNA isolation and 
reverse transcription were performed as previously described.45 
Quantitative real-time PCR was performed using a CFX96 ther-
mal cycler (Bio-Rad) and measuring SYBR green incorporation 
into double stranded amplicons. Reactions were performed in 
a volume of 25 μl containing forward and reverse primers at a 
final concentration of 100 nM. Primer sequences were as follows: 
CIITA fwd 5'-CTG AAG GAT GTG GAA GAC CTG GGA 
AAG C-3', CIITA rev 5'-GTC CCC GAT CTT GTT CTC 
ACT C-3'; HLA-A fwd 5'-CCG TGG ATA GAG CAG GAG-
3', HLA-A Reverse 5'-CGT CGC AGC CAT ACA TTA TC-3'; 
HLA-DRα fwd 5'-GAG TTT GAT GCT CCA AGC CCT 
CT-3', HLA-DRα rev 5'-CAG AGG CCC CCT GCG TTC 
TGC TGC ATT-3'; NLRC5 fwd 5'-ACC TTG GAC CCT GAA 
CAG AGA G-3' and NLRC5 rev 5'-CTG GTG AAC CCA TCA 
TCA TAG CC-3'; and GAPDH fwd 5'-GAA GGT GAA GGT 
CGG AGT CA-3', GAPDH rev 5'-GAA GAT GGT AGA TGG 
GAT TTC C-3'.

Immunoblotting. Cell lysates were prepared by washing adher-
ent cells with cold (4°C) phosphate buffered saline (PBS) and 
resuspending cell pellets in urea lysis buffer (8 M urea, 50 mM 
Tris pH 8.0, 0.15 M β-mercaptoethanol) or utilizing a commer-
cial extraction kit from Thermo Fisher Scientific. Primary anti-
bodies recognizing ERK (p44/p42), phospho-ERK (p44/p42, 
Thr202/Tyr204) and CIITA were purchased from Cell Signaling, 
while those recognizing GAPDH were purchased from Abcam.

Plasmids and transient transfection of A375 cells. The PCR 
using a high fidelity polymerase from Thermo Fisher Scientific 
was used to amplify the BRAFV600E-coding region (from Addgene 
plasmid 17544).46 Primers used were 5'-GAC CCC GGG ATA 
AGA TGG CGG CGC TGA-3' and 5'-CCT TGC GGC CGC 
CTC AGT GGA CAG GAA ACG CA-3' and the PCR product 
was cloned as a XmaI/EagI fragment into the plasmid pIRES-
hrGPF II (Agilent Technologies) cut with XmaI/NotI. The 
plasmid was confirmed by restriction digestion and sequenc-
ing. A375 cells were transfected using Lipofectamine 2000 (Life 
Technologies/Invitrogen) per manufacturer’s protocol.

roughly half of patients bearing a BRAFV600E-positive melanoma, 
as determined by Sanger dideoxysequencing, were homozygous.40 

Another study suggested that while the BRAFV600E is a ‘stable’ 
mutation, as assessed using metachronous melanoma metastases 
from different body sites, its zygosity can change over time from 
heterozygous to homozygous.41

At present, molecular tests for the use of inhibitors that are 
selective for the BRAFV600E mutation center on the detection of 
BRAFV600E in DNA isolated from patient material. Typically, this 
is biopsy material that has been fixed in formalin and embedded 
in paraffin. A specific test for this setting has been approved by 
the FDA. However, in these assays, the zygosity of the BRAFV600E 
mutation is not routinely assessed. Our data raise the possibility 
that this parameter may influence how melanoma cells respond 
to vemurafenib (or other targeted inhibitors of BRAFV600E) with 
regards to the expression of MHC molecules.34,42 This is particu-
larly important as combination therapies utilizing both targeted 
kinase inhibitors and immunotherapeutic approaches are being 
evaluated in patients with advanced melanoma. Further, it sug-
gests that BRAFV600E zygosity may be a relevant biomarker for 
therapies using BRAFV600E-specific kinase inhibitors alone or in 
combination with immunotherapeutic regimens (such as IL-2 or 
ipilimumab). However, it is important to note that it remains 
unclear how BRAFV600E inhibition influences the expression of 
IFNγ-responsive genes coding for proteins with immunosuppres-
sive functions such as indoleamine 2,3-dioxygenase.15 In addi-
tion, the enhancement of MHC Class II expression on tumor 
cells by vemurafenib may not necessarily be beneficial, since 
clinical data on the prognostic value of this parameter among 
melanoma patients are contradictory.43,44

In summary, we have demonstrated that BRAFV600E can 
influence basal MHC Class I expression and that inhibitors of 
BRAFV600E can potentiate the induction of MHC molecules by 
IFNγ and IFNα2b. This effect is mediated by a mechanism that 
is influenced by the zygosity of the BRAFV600E mutation. We rec-
ognize that there may be exceptions to our model, implying that 
the treatment of BRAFV600E homozygous cells with a BRAFV600E-
selective inhibitor may not always enhance the induction of 
MHC molecules by IFNγ and IFNα2b and that some BRAFV600E 
heterozygous cells will respond to vemurafenib with an increase 
in MHC induction by IFNs. Nevertheless, our data support other 
results from studies suggesting that BRAFV600E inhibition should 
be viewed in a broader context, including effects on immune 
gene expression and antitumor immune responses. Moreover, 
our findings suggest that the assessment of BRAFV600E zygosity 
may warrant further examination as a biomarker for patients 
bearing BRAFV600E-positive melanoma. In addition, these stud-
ies support the notion that vemurafenib alone or in combina-
tion with IFNα2b may represent a novel approach to enhance 
MHC Class I expression on melanoma cells and—in so doing 
so—potentiate antitumor immune responses.

Materials and Methods

Cell lines. All cell lines except UACC-62 cells were purchased 
directly from the American Type Culture Collection within the 
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indicated: 95°C for 15 min, 42 cycles of 95°C for 10 sec, and 
55°C for 20 sec, 72°C for 20 sec, followed by a hold at 72°C 
for 5 min. PCR products were immediately subjected to pyrose-
quencing on a PyroMark Q96 ID instrument (Qiagen) accord-
ing to manufacturer’s protocols. The sequencing primer used 
was 5'-TGA TTT TGG TCT AGC TAC A-3'. Pyrosequencing 
was performed with the following dispensation order ACG TAC 
GAT C. Sequence analysis was performed using the PyroMark 
ID software set for single nucleotide polymorphism allelic 
quantification.

Statistical analyses. All statistics were performed using InStat 
(GraphPad Software Inc.). Either a paired Student’s t-test or a 
repeated measures ANOVA were performed as indicated in the 
text. Tests for Gaussian (normal) distribution were performed 
using the Kolmogorov-Smirnov test.
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Flow cytometry. Cells were trypsinized, washed in FACS 
buffer (2 mM EDTA, 1% bovine serum albumin in phosphate 
buffered saline), and pelleted by centrifugation. Cell pellets 
were then resuspended in anti-HLA-ABC (clone G46–2.6, BD 
Biosciences) conjugated to fluorescein isothiocyanate (FITC), 
anti-HLA-DR (clone L203, R and D Systems) conjugated to 
peridinin-chlorophyl-protein-complex (PerCP), anti-β2M (clone 
2M2, Biolegend) conjugated to FITC, or isotype control anti-
bodies. Cells were incubated on ice for 30 min washed in FACS 
buffer and resuspended in 0.5 mL of FACS buffer containing 
0.5% paraformaldehyde. Surface protein expression of HLA-DR, 
HLA-ABC or B2M was measured using a FACScalibur (BD 
Biosciences) flow cytometer and MHC expression analyzed on 
ungated cells using the Flowjo software (Tree Star). For the 
analysis of cells transiently transfected with a BRAFV600E-coding 
plasmid, 48–72 h after transfection cells were treated as above 
except that cells were stained using an anti-HLA-A,B,C anti-
body conjugated to PerCP/Cy5.5 (clone W6/32, Biolegend Inc.). 
MHC Class I analysis of transfected and non-transfected cells 
was performed by gating on GFP-positive and GFP-negative 
cells, respectively.

Assessment of BRAFV600E mutational status. Genomic DNA 
was isolated from all cell lines using a genomic DNA isolation 
kit per the manufacturer’s protocol (Promega). Pyrosequencing 
to detect the BRAFV600E mutation was performed as follows. 
Briefly, PCR was performed using the following conditions: 200 
nMfwd primer 5'-TGA AGA CCT CAC AGT AAA AAT AGG-
3', 200 nM rev primer Biotin-TCC AGA CAA CTG TTC AAA 
CTG-3', 12 μL HotStar Mastermix (Qiagen), and 25 ng DNA 
in a final volume of 25 μL. Thermal cycling was performed as 
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