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Background Patients with malignant melanoma often relapse after treatment with
BRAF and/or mitogen-activated protein kinase kinase (MEK) inhibitors (MEKi)
owing to development of drug resistance.

Objectives To establish the temporal pattern of CD271 regulation during develop-
ment of resistance by melanoma to trametinib, and determine the association
between development of resistance to trametinib and induction of prosurvival
autophagy.

Methods Immunohistochemistry for CD271 and p62 was performed on human
naevi and primary malignant melanoma tumours. Western blotting was used to
analyse expression of CD271, p62 and LC3 in melanoma subpopulations. Flow
cytometry and immunofluorescence microscopy was used to evaluate trametinib-
induced cell death and CD271 expression. MTS viability assays and zebrafish
xenografts were used to evaluate the effect of CD271 and autophagy modulation
on trametinib-resistant melanoma cell survival and invasion, respectively.

Results CD271 and autophagic signalling are increased in stage III primary mela-
nomas vs. benign naevi. In vitro studies demonstrate MEKi of BRAF-mutant mela-
noma induced cytotoxic autophagy, followed by the emergence of CD271-
expressing subpopulations. Trametinib-induced CD271 reduced autophagic
flux, leading to activation of prosurvival autophagy and development of MEKi
resistance. Treatment of CD271-expressing melanoma subpopulations with
RNA interference and small-molecule inhibitors to CD271 reduced the develop-
ment of MEKi resistance, while clinically applicable autophagy modulatory
agents — including A9-tetrahydrocannabinol and Vps34 — reduced survival of
MEKi-resistant melanoma cells. Combined MEK/autophagy inhibition also
reduced the invasive and metastatic potential of MEKi-resistant cells in an in vivo
zebrafish xenograft.

Conclusions These results highlight a novel mechanism of MEKi-induced drug resis-
tance and suggest that targeting autophagy may be a translatable approach to
resensitize drug-resistant melanoma cells to the cytotoxic effects of MEKi.

What’s already known about this topic?

e The targeted mitogen-activated protein kinase kinase (MEK) inhibitor (MEKi) tram-
etinib is used for the treatment of patients with BRAF-mutant metastatic melanoma
in combination with BRAF inhibitors, but many tumours rapidly develop resistance
to these drugs.

e Resistance of melanoma to trametinib has been associated with the induction of
prosurvival autophagy, but it is unclear how stem-cell markers, such as CD271
contribute to the transitionary phase of drug resistance.
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What does this study add?

e Transient induction of the low-affinity neurotrophin receptor CD271 is a critical
regulator of the adaptive drug-response phase of melanoma cells to trametinib.

e Genetic or chemical inhibition of CD271 prevents emergence of trametinib-
induced drug-resistant melanoma subpopulations.

e Progression to trametinib resistance by melanoma subpopulations results in loss of
CD271 expression and subsequent resistance to CD271 inhibitors, but not to the
cytotoxic effects of autophagy modulation.

What is the translational message?

e Autophagy modulation either through inhibition of vacuolar protein sorting 34, or
activation of cytotoxic autophagy with tetrahydrocannabinol effectively resensitizes
drug-resistant melanoma cells to trametinib in vitro and in vivo.

e Combined autophagy modulation and MEK inhibition offers a novel personalized
therapeutic strategy to overcome MEKi-induced drug resistance for patients with
BRAF-mutant metastatic melanoma.

Cutaneous melanoma remains the most deadly form of skin
cancer with a rapidly increasing global incidence.! Oncogenic
BRAF mutations, such as the common V600E substitution pre-
sent in 30-50% of melanomas.”? activate the downstream
effector mitogen-activated protein kinase kinase (MEK) to drive
melanoma tumour growth. Despite improvements in clinical
outcome since the introduction of selective BRAF and MEK
inhibitors (BRAFi/MEKi) and immune checkpoint inhibitors,
development of resistance to these drugs remains a major
problem, with little improvement in overall patient survival.*
Proposed mechanisms of resistance to BRAFi/MEKi treatment
include selection of melanoma subpopulations with inherent
genetic/ epigenetic changes,7'8 or the induction of generic
stress-induced response mechanisms that raise the survival
threshold of the cell.” " This manuscript describes how two
complementary mechanisms — CD271 signalling and autop-
hagy — interact to regulate resistance of metastatic melanoma
to the MEKi trametinib, as well as how they may be targeted to
overcome drug resistance as an improved therapeutic approach
for patients with melanoma.

CD271 (low-affinity nerve growth factor receptor, nerve
growth factor receptor or p75 neurotrophin receptor) is a
member of the tumour necrosis factor superfamily that is criti-
cal in determining cell survival or death decisions.'” Previous
studies indicate that CD271 expression within primary mela-
nomas correlates with a more aggressive tumour phenotype
and reduced patient survival,"> while isolated CD271-expres-
sing cells from primary melanomas initiate tumour growth in
immunocompromised NRG mice at a higher rate than CD271"
cells.'"* Conversely, other studies suggest that, rather than
being a marker of distinctive melanoma-initiating subpopula-
tions, CD271 expression is induced during acquired resistance

© 2018 The Authors. British Journal of Dermatology

to BRAF inhibition, DNA-damaging drugs or ethanol.'” "’

Collectively, these studies indicate that CD271 is a biomarker
of tumour progression and is consistent with the concept that
CD271 signalling constitutes a stress-tolerance mechanism
within tumour cells.

Autophagy is the principal intracellular signalling mecha-
nism, responsible for the degradation and recycling of dam-
aged and/or excess proteins and organelles, and serves as a
critical regulator of the survival/death response of melanoma
cells,**?!

upregulates autophagy in patients with BRAF-mutant mela-

Previous studies have shown that BRAF inhibition

noma, whereas inhibition of autophagic flux with the lysoso-
mal inhibitor chloroquine (CQ) overcomes BRAF inhibitor-
induced resistance in several cancers, including brain, colorec-
tal and melanoma,”” ** suggesting that autophagy inhibition
may be beneficial for the control of drug-resistant tumours in
general. Conversely, as autophagy also has a tumour-suppressor
function, activation of autophagy, for example by cannabinoids
such as A9-tetrahydrocannabinol (THC) or cannabidiol, has
been shown to induce cytotoxicity of melanoma,***® which
may potentially overcome the resistance of melanoma to
BRAF/MEK inhibition.

In the present study we demonstrate that the induction of
CD271 and modulation of autophagy are part of a temporary
innate response by melanoma cells to drug-induced stress that
characterizes a stress-tolerant state preceding development of
drug resistance and tumour progression. Single-agent trame-
tinib was used as a time-efficient model for development of
drug resistance, which also occurs in response to BRAF inhibi-
tion or combined BRAFi + MEKi treatment at longer time
points.'” We show that inhibiting either CD271 or autophagy
using clinically relevant small-molecule inhibitors effectively

British Journal of Dermatology (2019) 180, pp346—356

published by John Wiley & Sons Ltd on behalf of British Association of Dermatologists.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited.



348 Autophagy modulation in MEK inhibitor-resistant melanoma, Verykiou et al.

targets the stress-tolerant state to induce death of MEKi-resis-
tant melanoma subpopulations. Moreover, using an in vivo zeb-
rafish xenograft of human melanoma we show reduced
metastatic potential of MEKi-resistant melanoma cells in
response to combined treatment with trametinib and a novel
Vps34 inhibitor PIK-III,”” while, importantly, having no
adverse effect on the development and survival of the zebra-
fish. This work underpins the clinical relevance of CD271 and
autophagy inhibition as a strategy to overcome the acquired
resistance of BRAF-mutant melanoma to mitogen-activated pro-
tein kinase pathway inhibitors.

Materials and methods

Use of patient-derived tissue

Written informed consent and full ethical permission for the
use of patient tissue, including naevi (benign, noninvasive),
primary cutaneous melanomas and normal melanocytes, was
obtained from the Newecastle and Tyneside 1 research ethics
committee in accordance with the Declaration of Helsinki
Principles (reference: NRES 08/H0906/95 + 5).

Immunohistochemistry

A retrospective cohort of formalin-fixed paraffin-embedded
(FFPE) benign naevi or American Joint Committee on Cancer
(AJCC) stage I, II or III primary melanomas at diagnosis (see
Appendix S1 for classification details; Supporting Informa-
tion)*® were obtained from the histopathology departments at
the Royal Victoria Infirmary (Newcastle upon Tyne) and the
University Hospital of North Durham (Durham). Semi-quanti-
tative immunohistochemical analysis of CD271 and p62 was
performed according to a preoptimized methodology, as
described in Appendix S1 (see Supporting Information).

In vitro culture of human cell lines

Cutaneous human metastatic melanoma cell lines WM35 (a gen-
erous gift from Professor Meenhard Herlyn, The Wistar Institute,
Philadelphia, PA, U.S.A.), A375 and SKmel28 (American Type
Culture Collection, Manassas, VA, U.S.A) were grown and main-
tained as described in Appendix S1 (see Supporting Informa-
tion). The authenticity of all cell lines was verified by melanA
staining and confirmation of NRAS/BRAF mutational status using
custom TagMan SNP genotyping assays (Applera, Europe BV,
Cheshire, UXK.) for the presence of the most frequent mutations
observed in melanomas — NRASQ“L, NRASR®'™ | BRAFVOOE or
BRAF®°°P — as previously described,” and cultures were main-
tained for up to a maximum of 50 passages. For long-term trame-
tinib treatment of melanoma cell lines, each cell line was cultured
in complete culture media containing 16 nmol L™ trametinib,
which was changed every 3 days. When trametinib-resistant mel-
anoma subpopulations emerged they were passaged by
trypsinization as normal and maintained in complete culture

media containing fresh 16 nmol L™ trametinib.
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Zebrafish xenograft assay

Transparent transgenic flil-GFP Casper zebrafish were housed
under standard conditions on a constant 14 h on/10 h off
light cycle at 28-5°C. All animals were maintained according
to the ARRIVE guidelines under U.K. Home Office project
licence 604548 held by B.C, which adhere to the require-
ments of the Animals (Scientific Procedures) Act 1986 of the
UK. Government and conformed to Directive 2010/63/EU of
the European Parliament. For full details of xenograft assay see
Appendix S1 (see Supporting Information).

Please see Appendix S1 (see Supporting Information) for
additional details.

Results

CD271 and autophagy in primary and metastatic
melanoma

The prognostic potential of CD271 and p62 as biomarkers of
disease progression was determined by their immunohisto-
chemical expression in a cohort of FFPE primary naevi and
melanomas of differing AJCC disease stage (Fig. la—c).”®°
CD271 expression was significantly greater in stage III primary
melanomas compared with naevi, stage I or stage II melanoma
(all P <0-001; Fig. 1b). Lowest CD271
observed in stage II melanomas, which was associated with

expression was

increased p62 expression (P = 0-001; Fig. 1c).>° These data
suggest that AJCC stage-dependent CD271 expression corre-
lates with the level of p62 expression in melanomas (Fig. 1d).
Western blotting demonstrated variable CD271 expression in a
panel of metastatic melanoma cell lines, with greatest basal
in  BRAF'*°*“mutant
(Fig. S1; see Supporting Information), while expression in
BRAF"*°®* mutant A375 and SKmel28 melanoma cells was

comparable to primary human melanocytes. Western blot

expression WM35 melanoma cells

analysis also demonstrated CD271" subpopulations isolated
from the WM35 cell line using CD271 antibody-tagged
microbeads and magnetic separation columns had reduced
p62 expression vs. CD271" cells (Fig. le), suggesting CD271-
expressing subpopulations have increased basal autophagy.

To determine the contribution of increased autophagy to
the survival of CD271-expressing subpopulations, CD271"
cells isolated from A375, WM35 and SKmel28 cell lines were
treated for 24 h with 10 pmol L™' CQ, which inhibits autop-
hagy by blocking lysosome/autophagosome fusion. Analysis
of 3-(4,5,dimethythiazol-2-y)-5-(3-carboxymethoxy-phenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) metabo-
lism demonstrated that CQ significantly inhibited the viability
of CD2717" cells (Fig. 1f), indicating CD271" subpopulations
require autophagy for survival.

To determine the effect of increased CD271 expression on
p62, CD271 was exogenously overexpressed in WM35 cells.
Western blot analysis demonstrated reduced p62 expression in
WM35 cells overexpressing CD271 vs. WM35 wild-type cells
(Fig. 1g). The reduction in p62 is likely attributable to CD271
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Fig 1. Expression and correlation of CD271 and the autophagy marker p62 in primary melanomas and metastatic melanoma cell lines. (a)
Representative photomicrographs of immunohistochemical CD271 staining (pink) in a human benign naevus and American Joint Committee on
Cancer (AJCC) stage I-III primary melanomas of increasing Breslow depth and spread (scale bars = 100 pm). Semi-quantitative scoring of (b)
CD271 and (c) p62 expression in naevi (n = 5) and AJCC stage I (n = 5), stage II (n = 15) and stage III (n = 7) primary melanomas. Each point
is the mean CD271 or p62 expression of 10 images taken of each naevus or primary melanoma £ 95% confidence interval [CI; one-way ANOVA
with Tukey’s post-hoc correction (*P = 0-027, **P = 0-001, *#P = 0-007, ****p < 0-001)]. (d) Schematic of observed pattern of CD271
expression (red line) during melanoma progression vs. previously reported biphasic expression of p62 (green line). (e) Representative Western
blot analysis of CD271 (75 KDa), p62 (65 KDa) and B-actin (42 KDa) expression in subpopulations of the WM35 metastatic melanoma cell line
isolated using CD271 antibody-tagged microbeads and magnetic separation columns. (f) Relative viability, as measured by 3-(4,5,dimethythiazol-
(MTS) of isolated CD2717 and CD271°

subpopulations from WM35, A375 and SKmel28 melanoma cell lines following 24-h treatment in the presence or absence of 10 pmol L'

2-y)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt metabolism,
chloroquine (CQ) [n = 18 replicates from three independent experiments; mean £ 95% CI, one-way Anova with Tukey’s post-hoc correction
(**P = 0-003, P = 0-001, ****p < 0-001)]. ns, nonsignficant. (g) Representative Western blot analysis of CD271 (75 KDa), p62 (65 KDa) and

B-actin (42 KDa) expression in WM35 cells before and after lentiviral-mediated overexpression of CD271 (CD271 OE).

signalling rather than generic stress resulting from the trans-
fection process as expression of several endoplasmic reticulum
stress-response genes [ATF4, XBP1, ATF6, TRB3 and DDIT3
(CHOP)] were not significantly altered (Fig. S1; see Supporting
Information).

CD271 expression and autophagic activity in response to
trametinib

Dose-escalation studies demonstrated that a clinically achiev-
able concentration of 16 nmol L' trametinib induced 50—
60% cell death of BRAF'*°*-mutant melanoma cells after
3 days. Flow cytometry analysis of annexin V/propidium
iodide (PI)-stained A375 cells treated with 16 nmol L™ ' tram-
etinib for 28 days demonstrated induction of apoptosis up to
14 days post-treatment (Fig. 2a). Gating of live A375 cells co-
stained with annexinV/PI and anti-CD271 antibody revealed
the expression of CD271 on live melanoma subpopulations
following exposure to trametinib for 9 days (Fig. 2b). Trame-
tinib also induced the time-dependent expression of CD271 in

© 2018 The Authors. British Journal of Dermatology

A375, WM35 and SKmel28 cells, with a concurrent reduction
in p62 and increase in LC3-II expression after 9 days of treat-
ment, indicating co-activation of autophagy and CD271 sig-
nalling (Fig. 2¢, Fig. S2; see Supporting Information).
Treatment of WM266-4 BRAF'®°°°_mutant melanoma cells,
stably expressing the dual-tagged LC3-red fluorescent protein—

33 with trame-

green fluorescent protein reporter construct,®'”
tinib for 9 days also revealed an increase in red puncta and
the expression of CD271 in individual cells, also indicating
co-activation of autophagy and CD271 signalling (Fig. 2d,
Fig. S3; see Supporting Information). Treatment of A375 and
WM35 cells with trametinib for 9 days increased activity of
adenosine monophosphate-activated protein kinase (AMPK), a
known inducer of autophagy (Fig. 2e, Fig. S3; see Supporting
(ATP)
release (Fig. 2f, Fig. S2; see Supporting Information), both of

Information) and reduced adenosine triphosphate
which indicate a switch to catabolic, prosurvival metabolism.
Furthermore, Western blot analysis demonstrated that treat-
ment of A375 cells with trametinib for 9 days increased phos-
phorylation of AMPK, which was reversed by treatment with
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Fig 2. Trametinib induces CD271 expression and autophagic activity in melanoma cells in vitro. (a) Flow cytometry of AnnexinV—phycoerythrin
(PE)/propidium iodide (PI)-stained A375 melanoma cells for percentage live, dead, dying/apoptotic or dying/necrotic cell fractions in the
presence or absence of treatment with 16 nmol L' trametinib (Tram) for 3, 6, 9, 14 or 28 days compared vs. dimethyl sulfoxide (DMSO)
treatment (percentages did not significantly change between time points following DMSO treatment, which is shown at day 3 only for clarity)
[n = 3 independent experiments; mean + 95% confidence interval (CI), two-way anova with Tukey’s post-hoc correction for comparison of dead
cells (*#P = 0-007, **P = 0-001, ****p < 0-001)]. (b) Representative flow cytometry plots of A375 cells stained with AnnexinV—PE/PI/anti-
CD271 following treatment for 9 days with 16 nmol L™" trametinib (mean 4 SD of three independent experiments). An oval gate over ‘live cells’
was used to quantify CD271 expression, shown in the right-hand panel. (c) Representative Western blot analysis for CD271 (75 KDa), phospho-
extracellular signal-regulated kinase [ERK (pERK); 42/44 KDa], total-ERK (42/44 KDa), p62 (65 KDa), LC3B (LC3-I upper band, 14 KDa; LC3-II
lower band, 16 KDa), cleaved poly (ADP-ribose) polymerase (Cle. PARP; 85 KDa) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 37
KDa) expression by A375 cells following treatment with DMSO or 16 nmol L™ trametinib for 3, 6 or 9 days. (d) Representative fluorescent
photomicrographs of LC3-red fluorescent protein (RFP)—green fluorescent protein (GFP) expressing WM266-4 melanoma cells stained with anti-
CD271 (purple) following treatment for 9 days with DMSO or 16 nmol L™" trametinib. LC3-RFP-GFP appears in cells as diffuse yellow/green
fluorescence in the absence of autophagy but marks autolysosomes with red fluorescent puncta during active autophagy (scale bars = 50 um). (e,
f) Relative phospho-adenosine monophosphate-activated protein kinase (AMPK) activity or adenosine triphosphate (ATP) release by A375 cells
following treatment with 16 nmol L™ trametinib (Tram) or DMSO for 9 days, or 10 min in the presence of either 1 mmol L™' H,0, or 10%
sodium dodecyl sulfate (SDS) as positive controls [n = 3 independent experiments; mean & 95% CI, one-way anova with Tukey’s post-hoc
correction (**P = 0-002, ***p < 0-001)]. (g) Representative Western blot analysis for phospho-AMPK (pAMPK; 62 KDa), total AMPK (tAMPK;
62 KDa) and GAPDH (37 KDa) expression by A375 cells following treatment with 16 nmol L™" trametinib for 9 days, alone or in the presence of
5 pmol L™ Compound C (CC) for the final 24 or 48 h.

dorsomorphin (Compound C, an ATP mimic that inhibits melanoma cells induces CD271 and AMPK phosphorylation,
AMPK)** for the final 24 or 48 h (Fig. 2g). Collectively, these while also increasing autophagy and disrupting cellular energy
results indicate that prolonged MEKi in BRAF-mutant production.
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Effect of CD271 inhibition on cell viability and autophagic
activity

To determine whether trametinib-induced CD271 functions as
a prosurvival signalling mechanism contributing to drug toler-
ance, A375 and WM3S5 cells, pretreated for 9 days with
16 nmol L~! trametinib, were further treated for 72 h with
trametinib in combination with either the CD271 inhibitors
TAT-PEP5 (PEP5) or Ro08-2750 (Ro08), or, alternatively,
interfering RNA (siRNA) targeting CD271
(siCD271). Subsequent analysis of MTS metabolism demon-
strated that chemical inhibition or siCD271 reduced the viabil-
ity of trametinib-treated A375 and WM35 cells vs. trametinib
treatment alone or following transfection with a scrambled

with  small

siRNA, respectively (Fig. 3a, b). Western blot analysis demon-
strated that siCD271 of A375 or WM35 cells following treat-
ment with trametinib for 9 days reduced p62 and increased
LC3-II expression vs. a scrambled siRNA, indicating increased
autophagy in response to loss of CD271 (Fig. 3c, Fig. S4; see
Supporting Information). Conversely, CD271 inhibitors did
not appear to alter p62 or LC3-II expression of A375 cells fol-
lowing treatment with trametinib for 9 days (Fig. 3d), sug-
gesting PEP5 and Ro08 may reduce cell viability through
inhibition of multiple mechanisms. In contrast to previous
studies, '’ overexpression of CD271 in A375 and WM35 cells
did not reduce trametinib-mediated inhibition of cell viability
(Fig. 1f, Fig. S4; see Supporting Information).

To determine the effect of basal CD271 expression on
response to trametinib, WM35 cells (with highest basal
CD271 expression) were transfected with siCD271 prior to
trametinib treatment. Western blot analysis confirmed knock-
down of CD271 expression following siCD271 in WM35 cells
for 24 or 72 h compared with cells transfected with a scram-
bled siRNA (Fig. 3e). Subsequent analysis of MTS metabolism
demonstrated siCD271 for 24 h prior to treatment with tram-
etinib for 24 or 72 h increased trametinib-mediated inhibition
of cell viability vs. cells transfected with a scrambled siRNA
(Fig. 3f). Collectively, these data suggest that in the context of
MEKi, CD271 contributes to development of drug resistance,
potentially mediated through reduced cytotoxic autophagy.

Harnessing autophagy modulation for the treatment of
mitogen-activated protein kinase kinase inhibitor-
resistant melanoma cells

Western blot analysis of A375 cells treated with 16 nmol L™
trametinib for 42 days demonstrated that MEKi-induced
CD271 expression peaked at approximately 9 days and
returned to baseline by 28 days (Fig. 4a). Peak CD271 expres-
sion was subsequently followed by increased p62 expression
and accumulation of total LC3 with a reduced LC3-II/LC3-I
ratio between 9 and 14 days (Fig. 4a, Fig. S5¢; see Supporting
Information), indicating reduced autophagy as previously
described,®> which coincided with a return to full proliferative
and invasive potential, confirming development of drug resis-
tance. Previous studies suggest autophagy inhibition represents

© 2018 The Authors. British Journal of Dermatology

a viable therapeutic approach to overcome resistance of
BRAF'*°%"_mutant brain tumour and melanoma cells to BRAF
inhibition.”>** To determine the role of autophagy within
MEKi-resistant melanoma cells, A375 cells continuously treated
with 16 nmol L™
for 48 h with trametinib alone or in combination with
5 pmol L™ PIK-III, 10 pmol L™' CQ or 5 pmol L' THC.

Subsequent analysis of MTS metabolism showed that inhibi-

trametinib for 42 days were further treated

tion of autophagy with PIK-IIT or CQ, or, alternatively, activa-
tion of autophagy with THC, in combination with trametinib,
reduced the viability of MEKi-resistant melanoma cells
(Fig. 4b). Western blot analysis of A375 cells treated with
5 pmol L™ PIK-IIT for 2, 6 or 24 h demonstrated a time-
dependent increase in p62 and reduction in the LC3-1I/LC3-I
ratio, indicating inhibition of autophagy by PIK-III (Fig. 4c,
Fig. S5d; see Supporting Information). Furthermore, com-
bined treatment of MEKi-resistant A375 cells with trametinib
and CQ for 7 days reduced migration/invasion into collagen
compared with single-agent treatment (Fig. S5; see Supporting
Information).*® Collectively, these results indicate that autop-
hagy modulation can contribute to resistance of BRAF-mutant
melanoma cells to MEK inhibition.

In vivo efficacy of autophagy inhibition in a zebrafish
xenograft of human melanoma

To evaluate whether combined autophagy and MEK inhibition
reduces the invasive potential of MEKi-resistant melanoma
cells in vivo, we developed an embryonic zebrafish xenograft
model of human metastatic melanoma in which Dil-labelled
melanoma cells were injected into the yolk sac of 2-day post-
fertilization fli1-GFP casper zebrafish embryos (Fig. 5a).*" %’
Zebrafish injected with trametinib-resistant A375 cells were
treated with dimethyl sulfoxide, 16 nmol L™! trametinib,
5 pmol L' PIK-TII or both drugs in combination for 3 days
by addition of drugs to E3 aquarium water (Fig. 5b—e). Anal-
ysis of cell movement from site of injection demonstrated that
combination treatment with trametinib and PIK-III signifi-
cantly reduced invasion of trametinib-resistant A375 cells
in vivo (Fig. 5f) compared with DMSO or single-agent treat-
ment. Moreover, the combination treatment regime induced
cell death, as evidenced by the release of Dil from melanoma
cells into the surrounding tissue. Importantly, the combination
treatment regime was well tolerated and all fish survived treat-
ment with no obvious developmental abnormalities after
3 days. Collectively, these results demonstrate that specific
autophagy inhibition overcomes the metastatic and survival
potential of MEKi-resistant melanoma cells in vitro and in vivo.

Discussion

This study aimed to determine mechanisms mediating the
resistance of BRAF-mutant melanoma cells to MEK-specific
inhibition and define innovative means through which to
overcome such resistance in a clinical setting. Our observa-
tions of reduced CD271 expression in AJCC stage II
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treatment with 16 nmol L™' trametinib (Tram) for 42 days then for a further 48 h in the presence or absence of 16 nmol L~
or in combination with 5 mmol L™" PIK-III, 10 mmol L™" chloroquine (CQ) or 5 mmol L™ A9-tetrahydrocannabinol (THC) [n = 18 replicates
from three independent experiments; mean & 95% confidence interval, one-way anova with Tukey’s post-hoc correction (**P = 0-005,

##%%p < 0.001)]. (c) Representative Western blot analysis for p62 (65 KDa), LC3B (14/16 KDa) and GAPDH (37 KDa) expression by A375 cells

following treatment with 5 mmol L™ PIK-III (Vps34 inhibitor) for 2, 6 or 24 h.

melanomas suggest that CD271 may have a tumour-suppressor
function in normal melanocytes that is lost in the early stages
of melanoma progression. However, increased CD271 expres-
sion in AJCC stage III tumours indicates that CD271 may
potentially give tumour cells a survival advantage during
metastasis.

We show that treatment of BRAF-mutant melanoma cell
lines with trametinib induced cytotoxic autophagy and subse-
quent cell death. However, prolonged exposure to trametinib
led to the emergence of drug-resistant melanoma subpopula-
tions characterized by a transient increase in CD271 expres-
sion, the inhibition of which resulted in increased trametinib-
induced cell death, indicating that CD271 functions as a
prosurvival mechanism in response to MEK inhibition. Trame-
tinib-induced CD271 signalling has recently been shown to
induce prosurvival DNA damage response pathways,'® and
data from the present study additionally suggest that such sig-
nalling may promote survival by inhibiting cytotoxic autop-
hagy as knock-down of trametinib-induced CD271 in WM35
melanoma cells resulted in increased autophagy and reduced
cell viability. However, results also suggest that CD271 may
have opposing effects on autophagy in unstressed cells, such
as CD2717" cells from treatment-naive cell lines that appear to
require autophagy for survival vs. CD271" cells undergoing

© 2018 The Authors. British Journal of Dermatology

drug-induced stress, where CD271 appears to reduce cyto-
toxic autophagy. The role of CD271 as a component of
diverse and/or opposing signalling networks is supported by
recent studies characterizing CD271 as a regulator of the ‘phe-
notype switch’,*® and seems increasing likely given the large
number of CD271-interacting partners, as well as the ability
of CD271 to function as a homodimer,*' or to elicit sig-
nalling in the absence of ligand binding.“

Data from the present study suggest a model whereby
CD271 contributes to drug resistance by lowering autophagy
below the threshold for induction of apoptosis allowing the
cell to benefit from the prosurvival function of autophagy
(Fig. 6). Therefore, similarly to BRAFi-resistant brain tumour

22,24
and melanoma cells,

it is likely that MEKi-resistant mela-
noma subpopulations maintain a low autophagic activity to
promote survival and metastasis, which can be subsequently
targeted with CQ or by the novel, selective autophagy inhibi-
tor PIK-TII to reduce invasion and viability of MEKi-resistant
melanoma cells both in vitro and in vivo. These results also sup-
port our previous findings showing that mutant BRAF sup-
presses autophagy,” and provide a clear rationale for
combining BRAFi/MEKi with clinically relevant inhibitors of
autophagy such as those targeting the autophagy regulatory
protein Vps34.
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However, as autophagy is also a tumour-suppressor mecha-
nism in normal cells clinical inhibition of autophagy may sen-
sitize patients to secondary tumour formation. Therefore, an
alternative approach may be to exacerbate autophagy, for
example with THC, which has been shown to activate cyto-
toxic autophagy through induction of endoplasmic reticulum
stress, specifically in cancer cells, with minimal adverse effect
on normal cell types.”>**

This study highlights the great potential of harnessing the
modulation of generic survival mechanisms, such as CD271
signalling and autophagy, as a means to overcome drug resis-
tance and more effectively treat patients with currently incur-
able metastatic melanoma. However, for these approaches to
be applied in the clinic, further in vivo validation, such as per-
formed by recent studies demonstrating the potential of
autophagy modulatory drugs in zebrafish,** is required to
confirm their antitumourigenic efficacy with minimal off-tar-
get toxicity to normal cells. To this end, zebrafish are a useful
and versatile model organism for the study of cancer that
complement existing nonanimal models of melanoma, such as
skin equivalents,*® by providing a fast, cost-effective assay for
studying in vivo melanoma metastasis and drug response.

Further preclinical studies of specific autophagy inhibitors,
such as novel Vps34 inhibitors, or compounds and strategies
that specifically mediate induction of cytotoxic autophagy in
cancer cells, such as cannabinoids, will inform the design of
early-phase clinical trials and drive the efficacy of personalized
targeted medicine that harnesses autophagy modulation of the
benefit of patients with metastatic melanoma.

References

—

World Health Organization. Skin cancers. Available at: https://
www.who.int/uv/faq/skincancer/en/index1.html (last accessed
25 October 2018).

Welsh §J, Rizos H, Scolyer RA et al. Resistance to combination

N~

BRAF and MEK inhibition in metastatic melanoma: where to next?
Eur J Cancer 2016; 62:76-85.

The Cancer Genome Atlas Network. Genomic classification of cuta-
neous melanoma. Cell 2015; 161:1681-96.

4 Menzies AM, Long GV. Systemic treatment for BRAF-mutant mela-

w

noma: where do we go next? Lancet Oncol 2014; 15:e371-81.
Verykiou S, Edwards N, Hill D. How breakthroughs in transla-
tional research have impacted treatment strategies for melanoma.
Br J Dermatol 2018; 178:5-8.

Robert C, Karaszewska B, Schachter J et al. Improved overall sur-

(%2}

[e)}

vival in melanoma with combined dabrafenib and trametinib. N
Engl J Med 2015; 372:30-9.
Roesch A, Fukunaga-Kalabis M, Schmidt EC et al. A temporarily

~

distinct subpopulation of slow-cycling melanoma cells is required
for continuous tumor growth. Cell 2010; 141:583-94.

Schatton T, Murphy GF, Frank NY et dl. Identification of cells initi-
ating human melanomas. Nature 2008; 451:345-9.

oo

Nel

Ravindran Menon D, Das S, Krepler C et al. A stress-induced early
innate response causes multidrug tolerance in melanoma. Oncogene
2015; 34:4448-59.

10 Hiscutt EL, Hill DS, Martin S et al. Targeting X-linked inhibitor of
apoptosis protein to increase the efficacy of endoplasmic reticulum
stress-induced apoptosis for melanoma therapy. J Invest Dermatol
2010; 130:2250-8.

© 2018 The Authors. British Journal of Dermatology

11 Hill DS, Martin S, Armstrong JL et d. Combining the endoplasmic
reticulum stress-inducing agents bortezomib and fenretinide as a
novel therapeutic strategy for metastatic melanoma. Clin Cancer Res
2009; 15:1192-8.

12 Nykjaer A, Willnow TE, Petersen CM. p75NTR — live or let die.
Curr Opin Neurobiol 2005; 15:49-57.

13 Beretti F, Manni P, Longo C et al. CD271 is expressed in melano-
mas with more aggressive behaviour, with correlation of charac-
teristic morphology by in vivo reflectance confocal microscopy. Br J
Dermatol 2015; 172:662-8.

14 Boiko AD, Razorenova OV, van de Rijn M et d. Human mela-
noma-initiating cells express neural crest nerve growth factor
receptor CD271. Nature 2010; 466:133—7.

15 Boyle SE, Fedele CG, Corbin V et al. CD271 expression on patient
melanoma cells is unstable and unlinked to tumorigenicity. Cancer
Res 2016; 76:3965-77.

16 Cheli Y, Bonnazi VF, Jacquel A et al. CD271 is an imperfect marker
for melanoma initiating cells. Oncotarget 2014; 5:5272-83.

17 Lehraiki A, Cerezo M, Rouaud F et al. Increased CD271 expression
by the NF-kB pathway promotes melanoma cell survival and drives
acquired resistance to BRAF inhibitor vemurafenib. Cell Discov
2015; 1:15030.

18 Redmer T, Walz I, Klinger B et dl. The role of the cancer stem cell
marker CD271 in DNA damage response and drug resistance of
melanoma cells. Oncogenesis 2017; 6:€291.

19 Rappa G, Anzanello F, Lorico A. Ethanol induces upregulation of
the nerve growth factor receptor CD271 in human melanoma
cells via nuclear factor-kappaB activation. Oncol Lett 2015;
10:815-21.

20 Levy JMM, Towers CG, Thorburn A. Targeting autophagy in can-
cer. Nat Rev Cancer 2017; 17:528—42.

21 Liu H, He Z, von Rutte T et d. Down-regulation of autophagy-
related protein 5 (ATGS) contributes to the pathogenesis of early-
stage cutaneous melanoma. Sci Transl Med 2013; 5:202ral23.

22 Mulcahy Levy JM, Zahedi S, Griesinger AM et al. Autophagy inhibi-
tion overcomes multiple mechanisms of resistance to BRAF inhibi-
tion in brain tumors. eLife 2017; 6: e19671.

23 Goulielmaki M, Koustas E, Moysidou E et a. BRAF associated
autophagy exploitation: BRAF and autophagy inhibitors synergise
to efficiently overcome resistance of BRAF mutant colorectal cancer
cells. Oncotarget 2016; 7:9188-221.

24 Ma XH, Piao SF, Dey S et d. Targeting ER stress-induced autophagy
overcomes BRAF inhibitor resistance in melanoma. J Clin Invest
2014; 124:1406-17.

25 Armstrong JL, Hill DS, McKee CS et al. Exploiting cannabinoid-
induced cytotoxic autophagy to drive melanoma cell death. J Invest
Dermatol 2015; 135:1629-37.

26 Blazquez C, Carracedo A, Barrado L et al. Cannabinoid receptors as
novel targets for the treatment of melanoma. FASEB ] 2006;
20:2633-5.

27 Dowdle WE, Nyfeler B, Nagel J et al. Selective VPS34 inhibitor blocks
autophagy and uncovers a role for NCOA4 in ferritin degradation
and iron homeostasis in vivo. Nat Cell Biol 2014; 16:1069—79.

28 Gershenwald JE, Scolyer RA, Hess KR et al. Melanoma staging: evi-
dence-based changes in the American Joint Committee on Cancer
eighth edition cancer staging manual. CA Cancer J Clin 2017;
67:472-92.

29 Hiscutt EL, Hill DS, Martin S et al. Targeting X-linked inhibitor of
apoptosis protein to increase the efficacy of endoplasmic reticulum
stress-induced apoptosis for melanoma therapy. ] Invest Dermatol
2010; 130:2250-8.

30 Ellis RA, Horswell S, Ness T et al. Prognostic impact of p62 expres-
sion in cutaneous malignant melanoma. ] Invest Dermatol 2014;
134:1476-8.

British Journal of Dermatology (2019) 180, pp346—-356

published by John Wiley & Sons Ltd on behalf of British Association of Dermatologists.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited.



https://www.who.int/uv/faq/skincancer/en/index1.html
https://www.who.int/uv/faq/skincancer/en/index1.html

356 Autophagy modulation in MEK inhibitor-resistant melanoma, Verykiou et al.

31 Armstrong JL, Hill DS, McKee CS et d. Exploiting cannabinoid-
induced cytotoxic autophagy to drive melanoma cell death. J Invest
Dermatol 2015; 135:1629-37.

32 Kabeya Y, Mizushima N, Ueno T et al. LC3, a mammalian homo-
logue of yeast Apg8p, is localized in autophagosome membranes
after processing. EMBO ] 2000; 19:5720-8.

33 Kimura S, Noda T, Yoshimori T. Dissection of the autophagosome
maturation process by a novel reporter protein, tandem fluores-
cent-tagged LC3. Autophagy 2007; 3:452—-60.

34 Handa N, Takagi T, Saijo S et al. Structural basis for compound C
inhibition of the human AMP-activated protein kinase alpha2 sub-
unit kinase domain. Acta Crystallogr D Biol Crystallogr 2011; 67:480—7.

35 Schlafli AM, Adams O, Galvan JA et adl. Prognostic value of the
autophagy markers LC3 and p62/SQSTM1 in early-stage non-small
cell lung cancer. Oncotarget 2016; 7:39544-55.

36 Haass NK, Beaumont KA, Hill DS et al. Real-time cell cycle imaging
during melanoma growth, invasion, and drug response. Pigment Cell
Melanoma Res 2014; 27:764—76.

37 Fior R, Povoa V, Mendes RV et al. Single-cell functional and
chemosensitive profiling of combinatorial colorectal therapy in
zebrafish xenografts. Proc Natl Acad Sci U S A 2017; 114:E8234—43.

38 Teng Y, Xie X, Walker S et al. Evaluating human cancer cell metas-
tasis in zebrafish. BMC Cancer 2013; 13:453.

39 Jung DW, Oh ES, Park SH et adl. A novel zebrafish human tumor
xenograft model validated for anti-cancer drug screening. Mol Bio-
Syst 2012; 8:1930-9.

40 Restivo G, Diener J, Cheng PF et al. low neurotrophin receptor CD271
regulates phenotype switching in melanoma. Nat Commun 2017; 8:1988.

41 Anastasia A, Barker PA. Detection of p75NTR trimers: implications for
receptor stoichiometry and activation. J Neurosci 2015; 35:11911-20.

42 Vilar M, Charalampopoulos I, Kenchappa RS et al. Ligand-indepen-
dent signaling by disulfide-crosslinked dimers of the p75 neu-
rotrophin receptor. J Cell Sci 2009; 122:3351-7.

43 Armstrong JL, Corazzari M, Martin S et al. Oncogenic B-RAF signal-
ing in melanoma impairs the therapeutic advantage of autophagy
inhibition. Clin Cancer Res 2011; 17:2216-26.

44 Velasco G, Sanchez C, Guzman M. Towards the use of cannabi-
noids as antitumour agents. Nat Rev Cancer 2012; 12:436—44.

45 Fernandez Del Ama L, Jones M, Walker P et al. Reprofiling using a
zebrafish melanoma model reveals drugs cooperating with targeted
therapeutics. Oncotarget 2016; 7:40348—61.

46 Hill DS, Robinson ND, Caley MP et d. A novel fully humanized 3D
skin equivalent to model early melanoma invasion. Mol Cancer Ther
2015; 14:2665-73.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Appendix S1 Supplementary methods.

Fig S1. (a) Representative Western blot analysis of CD271
and f-actin  expression in primary human melanocytes
(M1058F, M1054F, M880F) and human metastatic melanoma
cell lines (WM35, A375 and SKmel28). (b) Densitometry
quantification of CD271 expression and (c) quantification of
CD271 mRNA transcript levels in primary human melanocytes
and human metastatic melanoma cell lines (n = 3 independent
Western blot replicates). (d-h) Relative expression of Xbpl,
ATF4, ATF6, TRB3 and CHOP mRNA transcript level in A375
melanoma cells flowing over expression of CD271 (CD271
OE).

British Journal of Dermatology (2019) 180, pp346—356

Fig S2. (a) Densitometry quantification of CD271, p62 and
LC3-II expression by A375 cells following treatment with
dimethyl sulfoxide or 16 nmol L™! trametinib for 3, 6 or
9 days. (b, ¢) Representative Western blot analysis of CD271,
p62 and LC3, and densitometry quantification of CD271, LC3-
II and p62 expression (n = 3 independent Western blot repli-
cates), by WM35 and SKmel28 cells.

Fig 83. (a—c) Mean fluorescence intensity of LC3-red fluo-
rescent protein (RFP), LC3—green fluorescent protein (GFP)
and CD271-A647 staining by WM266-4 cells following treat-
ment with 16 nmol L~' trametinib for 9 days [n= 10
images; mean £ 95% confidence interval (CI), Mann—Whit-
ney test (*P = 0-012, **P = 0-002, ***P < 0-001)]. (d) Rela-
tive phospho-adenosine
kinase (AMPK) activity or (e) adenosine triphosphate (ATP)

release by WM35 cells following treatment for 9 days in the
1

monophosphate-activated  protein

presence or absence of 16 nmol L™ trametinib, or 10 min in
the presence of either 1 mmol L' H,0, or 10% sodium
dodecyl sulfate (SDS) as positive controls [n = 3 independent
experiments; mean + 95% CI, one-way anova with Tukey’s
post-hoc correction, (¥P = 0-042, ****p < 0-001)].

Fig S4. (a—d) Densitometry quantification of CD271, phos-
pho-adenosine  monophosphate-activated ~ protein  kinase
(AMPK), p62 and LC3-II expression by A375 and WM35 cells
following treatment with 16 nmol L' trametinib for 9 days
and then for a further 72 h following transfection with scram-
bled nontarget (siScram) or CD271 (siCD271) small interfer-
ing RNA (siRNA; n = 3 independent Western blot replicates).
(e) Densitometry quantification of CD271 and (f) quantifica-
tion of CD271 mRNA transcript levels in WM35 cells after 24,
96 and 168 h after transfection with siScram or siCD271. (g,
h) Relative viability, as measured by MTS metabolism, of
WM35 and A375 wild-type cells or cells overexpressing
CD271, following treatment in the presence or absence of
16 nmol L™ trametinib for 24, 48 or 72 h.

Fig S5.
spheroids in type I collagen following treatment with 16 nmol

(a) Representative photomicrographs of A375

L' trametinib for 42 days, and subsequently treated with
dimethyl (DMSO), 16 nmol L'

10 mmol L™" chloroquine or the combination of 16 nmol
1

sulfoxide trametinib,

L' trametinib and 10 mmol L~ chloroquine [16 Tram + 10
chloroquine (CQ)] for 0, 2, 4 or 7 days; x10 magnification,
scale bar = 100 pm. (b) Invasion of A375 trametinib-resistant
spheroids relative to size at day 0 following the same treat-
ment protocol as for (a) [n = 24 cross-sectional diameters at
each time point from three independent experiments;
mean £ SD, two-way anova with Tukey’s post-hoc correction
(**P = 0-002, ***p < 0-001)]. (c) Densitometric quantifica-
tion of the ratio of LC3-II/LC3-I expression by A375 cells
treated for 3 days with DMSO, or for 3, 9, 14, 28 and
42 days with 16 nmol L™ trametinib (n = 3 independent
Western blot replicates). (d) Densitometric quantification of
the ratio of LC3-TI/LC3-I expression by A375 cells treated for
0, 2, 6 or 24 h with 5 mmol L~! PIK-III (n = 3 independent

Western blot replicates).
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