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Inhibition of BRAF and BRAF+MEK drives
a metastatic switch in melanoma

Keiran SM Smalley'** and Inna V Fedorenko'

'Department of Tumor Biology; The Moffitt Cancer Center & Research Institute; Tampa, FL USA; *Department of Cutaneous Oncology; The Moffitt Cancer Center & Research

Institute; Tampa, FL USA

Keywords: BRAF, ephrin, melanoma, metastasis, resistance

Recent analyses by our group and others showed that the majority of melanoma patients who fail BRAF inhibitor
therapy do so at new disease sites. Using phosphoproteomics we showed that BRAF inhibition mediates a switch to an

aggressive/metastatic melanoma phenotype that is driven by

hepatocellular receptor A2 (EphA2) signaling.

We recently demonstrated that chronic
BRAF (RApidly growing Fibrosarcoma)
inhibition was associated with increased
metastatic dissemination in patients with
BRAF-mutant melanoma, with 68% of
those who failed therapy developing
metastases at new sites compared to 35%
of those who relapsed on the alkylating
agent dacarbazine." Our findings mirrored
those of another study in which 50% of
patients progressing on BRAF inhibitor
therapy developed new metastasis.” I
vitro investigations showed that melanoma
cells with acquired resistance to BRAF
inhibitors and the BRAF/MEK inhibitor
combination were highly invasive com-
pared to control drug-naive cells. Using
mass spectrometry-based phosphoproteo-
mics we showed that acquired resistance
to BRAF inhibitor enriched for pathways
associated with the cytoskeleton, focal
adhesion, and cell motility." Serine 897-
phosphorylated ephrin A2 (S897-EphA2)
was identified as the central hub of the
resistance-associated
work! (Fig. 1A).

Erythropoietin-producing hepatocellu-

interactome  net-

lar (Eph) receptors form the largest family
of receptor tyrosine kinases (RTKs). Acti-
vation of Eph receptors occurs following
their ligation by both transmembrane and
glycosylphosphatidylinositol (GPI)-linked
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Ephrin ligands.3 This in turn initiates
bidirectional  signaling, in  which
“forward” signals are transduced in Eph
receptor-expressing cells and “reverse” sig-
nals are transduced in the Ephrin ligand-
receiving cells. In developmental settings,
such as the establishment of organ bound-
aries and axon guidance, the Eph-Ephrin
interaction generates repulsive signals that
lead to inhibition of the mitogen activated
protein kinase (Ras/Raf/MEK/ERK) and
phosphoinositide 3-kinase/protein kinase
B (PI3K/AKT) pathways, an effect associ-
ated with reduced motile and invasive
capabilities.” Recent work has shown that
Eph receptors can also signal in a ligand-
independent manner following their phos-
phorylation at S897 by AKT (Fig. 1A).
This signaling is associated with a reversal
of Eph function and leads to an invasive
phenotype in many cancers.* The level of
S897-EphA2 expression is a biomarker of
tumor aggressiveness in some cancers and
is correlated with tumor grade in astrocy-
toma. In other tumors, such as glioblas-
toma, S897-EphA2 is involved in
stemness and self-renewal.’

The increased S897-EphA2 signaling
that was observed following BRAF inhib-
itor treatment emerged rapidly and was
associated with increased melanoma cell
These results were

invasion iz wvitro.
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ligand-independent erythropoietin-producing

recapitulated in 77 vivo melanoma mouse
models of patient-derived xenografts
(PDXs), in which chronic BRAF inhibi-
tion led to the emergence of new metasta-
ses in 50% of animals.! In all cases, high
levels of S897-EphA2 were observed in
the metastatic tumors that were lacking
in the primary xenografts. Similar find-
ings were also seen in specimens taken
from patients on BRAF inhibitor therapy,
with increased S897-EphA2 expression
being seen from 14 days after the initia-
tion of therapy. Increased S897-EphA2
expression was also observed in metastatic
lesions that developed in patients on
BRAF inhibitor therapy that were lacking
in the original primary tumor." Inhibi-
tion of S897-EphA2 signaling through
small interfering RNA (siRNA) knock-
down, PI3K inhibition, EphrinAl ligand
treatment, and following transfection of a
kinase-dead (S897A) EphA2 plasmid all
inhibited melanoma cell  invasion'
(Fig. 1B). There are already precedents
in which hostile
microenvironments such as hypoxia, met-

from other cancers

abolic stress, and nutrient deprivation can
cause tumor cells to detach and migrate
to more favorable niches.’In some can-
cers, drug selection pressure also leads to
phenotypic changes such as an epithelial-
to-mesenchymal-transition (EMT), which
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Figure 1. Mechanisms by which ligand-independent EphA2 signaling can promote the establishment of a metastatic phenotype following BRAF or
BRAF+MEK inhibition. (A) AKT (protein kinase B, PKB) helps drive serine phosphorylation of erythropoietin-producing hepatocellular receptor A2
(EphA2) leading to increased invasion. (B) Possible sites of therapeutic intervention to prevent EphA2-mediated invasion.

has been associated with increased tumor
spread.
Although melanoma cells are not epithe-

invasiveness and  metastatic
lial in origin, there is evidence from gas-
tric cancer that EphA2 plays a role in
EMT induction through activation of the
wingless  (WNT)/B-catenin  signaling
pathway. Previous studies have already
hinted that BRAF inhibitor- and MEK
inhibitor-resistant melanoma cells may
have increased invasive potential through
increased proto-oncogene tyrosine protein
kinase Src-family signaling, with metasta-
sis being inhibited through the combina-
tion of a BRAF inhibitor and the broad
spectrum RTK inhibitor dasatanib.”

One of the more intriguing findings of
our study was the observation that S897-
EphA2 signaling and the increased mela-
noma cell invasion were dependent on
continuous drug treatment.’ The reversal
of this phenotype upon drug removal sug-
gested a role for epigenetic mechanisms in
the BRAF and BRAF/MEK inhibitor-
mediated regulation of S897-EphA2 sig-

naling. There is already evidence that
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acquired resistance to BRAF inhibitor
leads to epigenetic changes that impair the
apoptotic response, and that these effects
can be reversed through inhibition of his-
tone deacetylase (HDAC).® In unpub-

lished studies, we treated resistant
melanoma cultures with the pan-HDAC
inhibitor =~ LBH-589 and  observed

decreases in EphA2 protein expression
and its phosphorylation at S897 and inhi-
bition of AKT phosphorylation. In agree-
ment with the role of phosphorylated
EphA2 in melanoma cell migration, treat-
ment with the HDAC inhibitor LBH-589
significantly also reduced melanoma
invasion.

Modeling of therapeutic responses in
melanoma xenografts has already shown
that BRAF inhibitor resistance can be
dependent on continuous drug adminis-
tration, and that tumor regression can
occur following treatment withdrawal.”
The reversibility of the S897-EphA2-
mediated invasive phenotype following
drug removal that we observed suggested
that ligand-independent EphA2 signaling
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could be abrogated through discontinuous
BRAF and MEK inhibitor dosing sched-
ules. There is currently some debate in the
field as to whether intermittent BRAF/
MEK inhibitor dosing can forestall resis-
tance better than continuous dosing, with
evidence being provided for each sce-
nario.”'® Our data support the notion
that continuous BRAF and BRAF/MEK
inhibitor dosing may increase the fitness
and metastatic potential of melanoma
cells. Whether this can be overcome
through intermittent drug dosing remains
to be determined and will be the subject
of future studies.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were

disclosed.

Funding
Work in the Smalley lab is supported
by R01 CA161107-01 and SPORE grant
P50 CA168536-01A1 from the National
Institutes of Health.

2015 Mar; 5(3):264-73. Epub 2014 Dec 26. PMID:
25542447; http://dx.doi.org/10.1158/2159-8290.CD-
14-0293

Volume 2 Issue 4



. Menzies AM, Haydu LE, Carlino MS, Azer MW, Carr
PJ, Kefford RF, Long GV. Inter- and intra-patient het-
erogeneity of response and progression to targeted ther-
apy in metastatic melanoma. PLoS ONE 2014; 9:
€85004; PMID:24400126; http://dx.doi.org/10.1371/
journal.pone.0085004

. Pasquale EB. Eph receptors and ephrins in cancer: bidi-
rectional signalling and beyond. Nat Rev Cancer 2010;
10:165-80;  PMID:20179713;  http://dx.doi.org/
10.1038/nrc2806

. Miao H, Li DQ, Mukherjee A, Guo H, Petty A, Cutter
J, Basilion JP, Sedor J, Wu J, Danielpour D, et al.
EphA2 mediates ligand-dependent inhibition and
ligand-independent promotion of cell migration and
invasion via a reciprocal regulatory loop with Akt. Can-
cer Cell 2009; 16:9-20; PMID:19573808; http://dx.
doi.org/10.1016/j.ccr.2009.04.009

. Binda E, Visioli A, Giani F, Lamorte G, Copetti M,
Pitter KL, Huse JT, Cajola L, Zanetti N, DiMeco F,

www.tandfonline.com

etal. The EphA2 receptor drives self-renewal and
tumorigenicity in stem-like tumor-propagating cells
from human glioblastomas. Cancer Cell 2012; 22:765—
80; PMID:23238013; htep://dx.doi.org/10.1016j.
ccr.2012.11.005

. Lee SL, Rouhi P, Dahl Jensen L, Zhang D, Ji H,

Hauptmann G, Ingham P, Cao Y. Hypoxia-induced
pathological angiogenesis mediates tumor cell dissemi-
nation, invasion, and metastasis in a zebrafish tumor
model. Proc Natl Acad Sci U S A 2009; 106:19485—
90;  PMID:19887629;  http://dx.doi.org/10.1073/
pnas.0909228106

. Girotti MR, Pedersen M, Sanchez-Laorden B, Viros A,

Turajlic S, Niculescu-Duvaz D, Zambon A, Sinclair J,
Hayes A, Gore M, et al. Inhibiting EGF receptor or
SRC family kinase signaling overcomes BRAF inhibitor
resistance in melanoma. Cancer Discov 2013; 3:158—
67;  PMID:23242808;  http://dx.doi.org/10.1158/
2159-8290.CD-12-0386

Molecular & Cellular Oncology

8.

Shao Y, Aplin AE. BH3-only protein silencing contrib-
utes to acquired resistance to PLX4720 in human mela-
Death Differ 2012; 19:2029-39;
htep://dx.doi.org/10.1038/

noma. Cell
PMID:22858545;
cdd.2012.94

. Das Thakur M, Salangsang F, Landman AS, Sellers

WR, Pryer NK, Levesque MP, Dummer R, McMahon
M, Stuart DD. Modelling vemurafenib resistance in
melanoma reveals a strategy to forestall drug resistance.
Nature 2013; 494:251-5; PMID:23302800; http://dx.
doi.org/10.1038/nature11814

. Carlino MS, Gowrishankar K, Saunders CA, Pupo

GM, Snoyman S, Zhang XD, Saw R, Becker TM, Kef-
ford RF, Long GV, et al. Antiproliferative effects of
continued mitogen-activated protein kinase pathway
inhibition following acquired resistance to BRAF and/
or MEK inhibition in melanoma. Mol Cancer Therap
2013; 12:1332-42; PMID:23645591; http://dx.doi.
org/10.1158/1535-7163.MCT-13-0011

€1008291-3



