Downloaded from genesdev.cshlp.org on October 29, 2017 - Published by Cold Spring Harbor Laboratory Press

Translation reprogramming is an
evolutionarily conserved driver
of phenotypic plasticity and therapeutic
resistance in melanoma
Paola Falletta,1,10 Luis Sanchez-del-Campo,1,10 Jagat Chauhan,1 Maike Effern,2 Amy Kenyon,3
Christopher J. Kershaw,4 Robert Siddaway,1 Richard Lisle,1 Rasmus Freter,1 Matthew J. Daniels,5
Xin Lu,1 Thomas Tüting,6 Mark Middleton,7 Francesca M. Buffa,7 Anne E. Willis,8 Graham Pavitt,4
Ze’ev A. Ronai,9 Tatjana Sauka-Spengler,3 Michael Hölzel,2 and Colin R. Goding1
1

Ludwig Institute for Cancer Research, Nuffield Department of Clinical Medicine, University of Oxford, Headington, Oxford OX3
7DQ, United Kingdom; 2Department of Clinical Chemistry and Clinical Pharmacology, Unit for RNA Biology, University Hospital
of Bonn, D-53127 Bonn, Germany; 3Weatherall Institute of Molecular Medicine, Radcliffe Department of Medicine, University of
Oxford, John Radcliffe Hospital, Headington, Oxford OX3 9DS, United Kingdom; 4Division of Molecular and Cellular Function,
School of Biological Sciences, Faculty of Biology, Medicine, and Health, The University of Manchester, Manchester M13 9PT,
United Kingdom; 5Division of Cardiovascular Medicine, Radcliffe Department of Medicine, University of Oxford, John Radcliffe
Hospital, Headington, Oxford OX3 9DU, United Kingdom; 6Laboratory of Experimental Dermatology, Department of Dermatology
and Allergy, University Hospital Magdeburg, 39120 Magdeburg, Germany; 7Department of Oncology, University of Oxford,
Headington, Oxford OX3 7DQ, United Kingdom; 8Medical Research Council Toxicology Unit, Leicester LE1 9HN, United
Kingdom; 9Tumour Initiation and Maintenance Program, Cancer Center, Sanford-Burnham Perbys Medical Discovery Institute,
La Jolla, California 92037, USA

The intratumor microenvironment generates phenotypically distinct but interconvertible malignant cell subpopulations that fuel metastatic spread and therapeutic resistance. Whether different microenvironmental cues impose
invasive or therapy-resistant phenotypes via a common mechanism is unknown. In melanoma, low expression of
the lineage survival oncogene microphthalmia-associated transcription factor (MITF) correlates with invasion,
senescence, and drug resistance. However, how MITF is suppressed in vivo and how MITF-low cells in tumors
escape senescence are poorly understood. Here we show that microenvironmental cues, including inflammationmediated resistance to adoptive T-cell immunotherapy, transcriptionally repress MITF via ATF4 in response to
inhibition of translation initiation factor eIF2B. ATF4, a key transcription mediator of the integrated stress response,
also activates AXL and suppresses senescence to impose the MITF-low/AXL-high drug-resistant phenotype
observed in human tumors. However, unexpectedly, without translation reprogramming an ATF4-high/MITF-low
state is insufficient to drive invasion. Importantly, translation reprogramming dramatically enhances tumorigenesis
and is linked to a previously unexplained gene expression program associated with anti-PD-1 immunotherapy
resistance. Since we show that inhibition of eIF2B also drives neural crest migration and yeast invasiveness, our
results suggest that translation reprogramming, an evolutionarily conserved starvation response, has been hijacked
by microenvironmental stress signals in melanoma to drive phenotypic plasticity and invasion and determine
therapeutic outcome.
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Over many years, the genetic basis for cancer progression,
including the development of drug resistance, has become
increasingly well defined. However, superimposed on
the heterogeneous genetic landscape within tumors is
10

These authors contributed equally to this work.
Corresponding author: colin.goding@ludwig.ox.ac.uk
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.290940.116.

the influence of the intratumor microenvironment. Variations in a variety of microenvironmental cues, including
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hypoxia, nutrient levels, signals from infiltrating immune
cells, and the stroma, combine to impose specific gene
expression programs that can determine invasive potential or therapeutic response. However, how drug-resistant and immunotherapy-resistant phenotypes relate to
invasiveness and whether multiple intratumor microenvironmental cues converge on a “universal” regulator of
phenotypic plasticity is poorly understood.
Melanoma, a cancer notorious for its ability to metastasize early, is an excellent model to dissect the complex
relationship between invasion, drug resistance, and immunotherapy resistance. Gene expression profiling of 86
melanoma cell lines (Hoek et al. 2006) revealed that their
gene expression signatures reflected one of two phenotypes: those that were invasive but poorly proliferative,
or those that proliferated rapidly but were poorly invasive.
The inverse correlation between invasive and proliferative signatures is not well understood but correlates
with the expression of a key regulator of the melanocyte
lineage, the microphthalmia-associated transcription
factor (MITF) (Hodgkinson et al. 1993). MITF, a lineage
survival oncogene (Garraway et al. 2005), drives proliferation (Carreira et al. 2006), promotes survival, and activates
genes implicated in the differentiation-associated production of melanin. In contrast, MITF-low cells are slowcycling and invasive (Carreira et al. 2006; Cheli et al.
2010). However, while short-term depletion of MITF leads
to invasiveness and adoption of a tumor-initiating phenotype (Cheli et al. 2011b), longer-term MITF depletion
leads to senescence (Giuliano et al. 2010). However, in
vivo senescence is largely restricted to nevi (Michaloglou
et al. 2005; Gray-Schopfer et al. 2006), although melanomas can contain many MITF-negative cells (Goodall
et al. 2008; Riesenberg et al. 2015). How MITF is downregulated in vivo without provoking senescence is unknown, but low MITF is correlated with resistance to
MEK and BRAF inhibitors (Konieczkowski et al. 2014;
Muller et al. 2014; Dugo et al. 2015). Dissecting the molecular mechanisms underpinning the generation of
MITF-low nonsenescent cells in vivo is therefore crucial
to understanding the complex relationship between invasion, senescence bypass, and therapy resistance.
Here we show that MITF is translationally repressed by
signals that trigger inhibition of the translation initiation
factor eIF2B and transcriptionally repressed by ATF4, a
translationally regulated transcription factor that is a
key component of the integrated stress response (ISR).
We reveal that translation reprogramming represents a
master regulator of melanoma phenotypic plasticity that
determines drug and immunotherapy resistance and metastatic potential.
Results
Glutamine limitation suppresses MITF
As an initial approach to understanding how the intratumor microenvironment might generate MITF-low cells,
we focused on the potential role of glutamine. Glutamine,
a conditionally essential amino acid, serves as a carbon
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and nitrogen source for anabolic metabolism and is
commonly depleted in solid tumors (Roberts et al. 1956;
Kamphorst et al. 2015). Although it can be synthesized
de novo, many cells, especially cancer cells (Wise and
Thompson 2010), including melanoma (Wang et al.
2014), require its exogenous supply, and glutamine is
among one of five key amino acids depleted in melanoma
tumor cores (Pan et al. 2016). Moreover, BRAF inhibitorresistant melanomas exhibit a strong glutamine addiction
(Hernandez-Davies et al. 2015; Baenke et al. 2016).
Transfer of melanoma cells from Dulbecco’s modified
Eagle medium (DMEM) to minimal essential medium
(MEM) that lacks glutamine, serine, and glycine reduced
MITF expression in human SKmel28, mouse B16 (Fig.
1A), or human IGR37 (Supplemental Fig. S1A) melanoma
cell lines. MITF expression was restored upon addition of
glutamine but not serine or glycine. Note that in most
melanoma cell lines analyzed by Western blotting,
MITF appears as two bands, the upper corresponding to
MITF phosphorylation by ERK on Ser73 (Hemesath
et al. 1998) that has been shown previously to increase
binding to the p300 cofactor and enhance MITF’s transcriptional activity (Price et al. 1998). The decrease in
MITF on glutamine limitation was specific, as neither
the PAX3 nor the BRN2 melanocyte lineage transcription
factors were repressed (Fig. 1B). Transfer to MEM also
triggered MITF phosphorylation (Fig. 1B) that was mediated by ERK, since it correlated with increased phosphoERK (Supplemental Fig. S1B, left panel) and was blocked
using the MEK inhibitor U0126 (Supplemental Fig. S1B,
right panel). Importantly, glutamine titration (Fig. 1C) revealed that MITF expression was maintained in 2 mM glutamine compared with 4 mM glutamine in DMEM but
was reduced in IGR37 cells at 0.5 mM glutamine, the
physiological concentration of glutamine in blood. MITF
expression was severely repressed in all cell lines at 0.1
mM glutamine.
A transient increase in MITF mRNA on glutamine starvation (Fig. 1D) correlated with increased phosphorylation
of CREB (cyclic AMP response element-binding protein)
(Fig. 1E), a well-known regulator of MITF expression
(Bertolotto et al. 1996). Modification of CREB was inhibited by calmidazolium, a generic calmodulin antagonist
(Supplemental Fig. S1C, top panels), or KN-93, a calcium-dependent calmodulin-dependent kinase II inhibitor
(Supplemental Fig. S1C, bottom panels), consistent with
CAMKII activation of CREB (Ma et al. 2014). Calmidazolium also blocked the early increase in MITF mRNA
expression in response to glutamine deprivation (Supplemental Fig. S1D), consistent with CREB phosphorylation
driving increased MITF promoter activity. H89, a cAMPactivated protein kinase A inhibitor, did not block CREB
phosphorylation (data not shown). In summary, at early
times, glutamine deprivation transiently increases MITF
mRNA expression via Ca2+-dependent CaMKII CREB
phosphorylation, while ERK-mediated MITF phosphorylation will enhance its transcriptional activity (Price
et al. 1998). However, the transition from acute to prolonged glutamine deprivation involves a dynamic regulation of MITF as it declines at later times.

Downloaded from genesdev.cshlp.org on October 29, 2017 - Published by Cold Spring Harbor Laboratory Press

Melanoma plasticity and therapy resistance

Figure 1. Glutamine limitation activates then suppresses MITF.
(A) Western blot using anti-MITF cell lines grown in DMEM or
MEM supplemented with the indicated amino acids. ERK was
used as a loading control. (B) Western blot of IGR37 cells grown
in DMEM (t = 0) or MEM. (C ) Western blot of melanoma cells
grown in DMEM or MEM supplemented with serine and glycine
with the indicated concentrations of glutamine for 48 h. (D)
Quantitative RT–PCR (qRT–PCR) using MITF-M-specific primers using mRNA from IGR37 cells grown in DMEM or MEM.
(E) Western blot of IGR37 cells grown in DMEM or MEM supplemented with serine and glycine.

A transcription translation-coupled ATF4–MITF
feedback loop
Using 19,982 probes for 16,118 genes, analysis of mRNA
from IGR37 melanoma cells starved of glutamine for 6,
24, and 72 h revealed a total of 4336 differentially ex-

pressed genes (5003 probes) and confirmed MITF downregulation (Supplemental Fig. S2A; Supplemental Table
S1). Unsupervised hierarchical clustering of MITF-bound
genes (Supplemental Fig. S2B; Supplemental Table S2;
Strub et al. 2011) revealed clusters of coregulated genes
(groups 1–7). Known MITF target genes, including many
implicated in melanosome function (Fig. 2A) in group 6,
were down-regulated, indicating that glutamine limitation promotes dedifferentiation. However, we observed
no effect of glutamine deprivation on pigmentation,
most likely because cells accumulated in G1 (see below)
and consequently could not dilute pre-existing melanosomes through cell division.
Of the genes differentially regulated following glutamine starvation, one of the most interesting is ATF4.
The ATF4 transcription factor is a key mediator of the
ISR (Harding et al. 2003) and regulates genes that facilitate
resolution of nutrient stress, for example, by up-regulating nutrient importers and genes implicated in autophagy. MITF phosphorylation correlated with increased
mRNA encoding ATF4 (Fig. 2A; Supplemental Fig.
S2C). As MITF directly regulated an ATF4 promoter luciferase reporter (Supplemental Fig. S2D) and bound the
ATF4 promoter (Supplemental Fig. S2E), our results suggest that MITF activation may contribute to the ISR by
up-regulating ATF4 at early times following glutamine
starvation.
ATF4’s translation is suppressed in nutrient-rich conditions but is increased when stress triggers phosphorylation of translation initiation factor eIF2α (Harding et al.
2003). Phosphorylation of eIF2α and ATF4 expression increased on glutamine starvation (Supplemental Fig. S2F),
with p-eIF2α being detected prior to ATF4 accumulation
(Fig. 2B). ATF4 expression was suppressed by glutamine
but not serine or glycine (Supplemental Fig. S2G). Thapsigargin, a potent inducer of ER stress, was used as a positive
control. ATF4 was induced and MITF was repressed at 0.2
mM glutamine (Supplemental Fig. S2H); at this concentration, glutamine induced ATF4 within 2 h and suppressed MITF by 24 h (Supplemental Fig. S2I).
Increased ATF4 on glutamine limitation correlated
with regulation of its target genes (Fig. 2C; Supplemental
Fig. S2J; Supplemental Table S3; Han et al. 2013) and decreased MITF mRNA (Fig. 2C). Notably, ATF4 suppressed
MITF expression in three cell lines engineered to express
doxycycline-inducible ATF4 in nutrient-rich conditions
(Fig. 2D; Supplemental Fig. S2K) as well as TYR and
MART1 (Fig. 2D), MITF target genes involved in melanin
production. Ectopic ATF4 expression also repressed an
MITF promoter luciferase reporter (Fig. 2E), indicating
that it likely has a direct effect on MITF transcription,
and induced a G1 cell cycle arrest (Fig. 2F) similar to
that mediated by MITF silencing (Carreira et al. 2006).
However, while siRNA-mediated depletion of ATF4
largely abrogated the repression of MITF mRNA on glutamine starvation (Fig. 2G, left panel), repression of MITF
protein expression was unaffected (Fig. 2G, right panel),
indicating that MITF was repressed by a second ATF4-independent mechanism. This was most likely inhibition of
MITF translation, since growth in MEM led to decreased
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Figure 2. ATF4 couples MITF to the ISR. (A) Heat map from gene array data of well-characterized MITF targets from IGR37 cells grown in
DMEM or MEM for the indicated times. (B) Western blot of IGR37 cells grown in DMEM or MEM supplemented with serine and glycine
(−Gln). All samples are from the same experiment. (C) Heat map from gene array data of well-characterized ATF4 target genes. (D) Immunofluorescence using the indicated antibodies of SKmel28 cells expressing doxycycline-inducible ATF4 grown with or without 100
ng of doxycycline for 24 h. (E) Luciferase activity of an MITF promoter luciferase reporter cotransfected with an ATF4 expression vector.
Results are expressed as average ± SD. n = 3. The inset shows a Western blot of ectopically expressed ATF4 with increasing amounts of
transfected expression vector. (F) Flow cytometry profiles of iATF4 501mel cells before and after addition of doxycycline. (G) qRT–
PCR of mRNA extracted from IGR37 cells grown with or without glutamine and exposed or not to anti-ATF4 siRNA (left panel) and a
Western blot of the same cells (right panel). (H) Analysis of The Cancer Genome Atlas (TCGA) RNA sequencing (RNA-seq) data. The
black line indicates TCGA samples ranked by average expression of a 103-gene glutamine starvation signature (GSS) score derived
from the 6-h gene array time point (see Supplemental Table S4). Vertical gray lines indicate expression of the indicated gene in each melanoma sample. The colored line indicates the moving average of the indicated gene across 20 melanomas. (I ) Model depicting early response to glutamine limitation.
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S-methionine incorporation into protein (most likely
owing to increased eIF2a phosphorylation) that was restored by addition of glutamine but not serine and glycine
(Supplemental Fig. S2L, left panel). Immunoprecipitation
of MITF revealed no 35S-methionine incorporation into
the protein unless glutamine was present. Coomassie
staining was used as a control (Supplemental Fig. S2L,
right panel). Collectively, these data suggest that MITF
repression is likely mediated by both inhibition of its
translation by p-eIF2α and repression of its transcription
by ATF4. Overall, our results are consistent with translation reprogramming and induction of ATF4 coupling signals driving the ISR to melanoma dedifferentiation via
repression of MITF.
We next derived a glutamine starvation signature (GSS)
from 103 genes (Supplemental Table S4) whose expression
is altered significantly after 6 h of glutamine deprivation.
The 6-h time point was chosen to avoid potential indirect
effects of glutamine limitation expected to occur at later
times. The average expression of the GSS genes produced
a score to rank 471 human melanomas characterized for
gene expression in The Cancer Genome Atlas (TCGA;
http://cancergenome.nih.gov). The expression of ATF4
and its target, ASNS, followed the GSS ranking (Fig. 2H,
top panels); melanomas with a low GSS score exhibited
an average low ATF4/ASNS expression, and those with a
high GSS score displayed higher ATF4/ASNS expression.
In contrast, expression of MITF or its differentiation-associated target, MLANA, was inversely correlated with the
GSS score (Fig. 2H, bottom panels). Mechanistically, glutamine limitation initiates a transcription/translationcoupled feedback loop in which MITF first increases
ATF4 mRNA, eIF2α phosphorylation promotes ATF4
translation, and ATF4 represses MITF transcriptionally,
while MITF translation is also blocked, most likely as
a consequence of p-eIF2α-mediated inhibition of eIF2B
(Fig. 2I). siRNA-mediated depletion of MITF initially
drives invasiveness (Carreira et al. 2006) and subsequently
senescence (Giuliano et al. 2010), yet, paradoxically,
melanomas contain nonsenescent MITF-negative cells.
We reasoned that siMITF-induced senescence might be
circumvented if MITF were silenced via a physiological
mechanism, such as by translation reprogramming and
ATF4. Consistent with this, siMITF induces senescence
detected using senescence-associated-β-galactosidase
(SA-β-gal) activity (Fig. 3A, top panels; Supplemental Fig.
3A), whereas, in contrast, depletion of glutamine that silences MITF expression (Fig. 1) did not lead to senescence
(Fig. 3A, bottom panels; Supplemental Fig. S3A). Glutamine-deprived cells exhibited reduced S phase and accumulated in G1 (Fig. 3B), but, unlike senescence, the cell
cycle arrest was reversible, and cells re-entered the cell cycle on glutamine refeeding (Fig. 3B); even after 17 d of glutamine starvation, refeeding with glutamine reversed the
loss of MITF and its differentiation-associated target,
MLANA (Fig. 3C). Significantly, induction of ATF4 in nutrient-rich medium was sufficient to suppress siMITF-induced senescence (Fig. 3D). MITF-low nonsenescent cells
observed in tumors can therefore be generated by signals
that promote increased ATF4 translation.

An ATF4-high/MITF-low state is insufficient to drive
invasiveness
The GSS correlated with two independent melanoma invasiveness signatures (Hoek et al. 2006; Verfaillie et al.
2015) in the TCGA human melanoma cohort (Fig. 3E;
Supplemental Table S4). The GSS correlated even better
with the Verfaillie invasive signature in a recent patientderived single-cell melanoma RNA sequencing (RNAseq) data set (Tirosh et al. 2016), suggesting that much
of the noise in the correlation with the TCGA data set
arises from nonmelanoma cells within the tumor. Note
that the overlap between the GSS and the Hoek and Verfaillie signatures is small, and the correlation could be recapitulated even without the overlapping genes (data not
shown). The GSS also correlates with the Verfaillie invasiveness signature in independent cohorts of melanoma
cell lines (Broad [Lin et al. 2008], Queensland [Johannessen et al. 2013], and Duke [Augustine et al. 2009])
(Supplemental Fig. S3B, left panels) and their invasiveness (Supplemental Fig. S3B, right panel; Widmer et al.
2012). Glutamine limitation promoted invasiveness
(Fig. 3F) and up-regulated mRNAs encoding the epithelial-to-mesenchyme transition (EMT)-associated transcription factor ZEB1, CDH2 (N-cadherin), and FN1
(Fibronectin 1) (Supplemental Fig. S3C). This observation
was corroborated by examining EMT-associated gene expression in the gene array data derived from glutaminedepleted cells (Supplemental Table S1). The observed
up-regulation of ZEB1 and down-regulation of SNAI2
are hallmarks of reprogramming by EMT-associated transcription factors in late-stage melanoma (Caramel et al.
2013). siRNA-mediated depletion of MITF triggers invasion (Carreira et al. 2006), and low MITF in vivo and in
vitro correlates with invasiveness. We therefore expected
ATF4-mediated repression of MITF to promote a proliferative-to-invasive phenotype switch. Surprisingly, however, ATF4 induction in nutrient-rich medium (Fig. 3F,
right) efficiently silenced MITF (Fig. 2D) but consistently
failed to promote invasion. Since an ATF4-high/MITFlow state more accurately reflects the in vivo setting
than siRNA depletion, we reassessed MITF’s role in melanoma progression. Notably, while some cells die under
glutamine limitation, death was substantially increased
on doxycycline-mediated induction of MITF in the
iMITF 501mel cell line (Fig. 3G). Most likely this is
because MITF promotes proliferation, for example, by activating CDK expression (Du et al. 2004) to impose a
high-nutrient-demand state incompatible with nutrient
limitation. Surprisingly, therefore, an ATF4-high/MITFlow state is insufficient to establish an invasive phenotype. This result was further substantiated by examining
the effect of glutamine deprivation on invasiveness in a
panel of cell lines with different levels of MITF. In all
cases, with the exception of the MITF-negative IGR39
cell line, glutamine deprivation led to transient activation of ATF4 expression and increased invasiveness irrespective of MITF status (Fig. 3H). Understanding the
different response of the IGR39 cells will require further
investigation.
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Inhibition of eIF2B drives invasiveness
If ATF4-mediated repression of MITF is insufficient to initiate invasiveness, as expected, what is? Nutrient limitation increases ATF4 expression but also leads to global
reprogramming of translation via p-eIF2α-mediated inhibition of eIF2B. However, when ATF4 is induced by doxycycline in nutrient-rich conditions to repress MITF,
translation reprogramming would not occur. In breast
cancer activation of PERK, an eIF2α kinase has been reported to lie downstream from EMT (Feng et al. 2014).
In contrast, our results suggest that invasiveness occurs
as a consequence of eIF2α phosphorylation. To define

the role of p-eIF2α in invasiveness and uncouple its activation from upstream signals, we treated cells with salubrinal, a selective inhibitor of eIF2α dephosphorylation
(Boyce et al. 2005). As expected, salubrinal increased
ATF4 and decreased MITF expression (Fig. 4A; Supplemental Fig. S4A) but also down-regulated E-cadherin (Supplemental Fig. S4B) and induced invasiveness (Fig. 4B).
Significantly, the ISR inhibitor ISRIB, a drug that stabilizes eIF2B dimers to render cells insensitive to eIF2α
phosphorylation (Sidrauski et al. 2015), prevented invasiveness arising from glutamine limitation (Fig. 4C). Using a panel of melanoma lines with different MITF
levels and driver mutation statuses, we observed that neither salubrinal nor ISRIB caused any significant cell death
(Supplemental Fig. S4C) and that, while NRAS mutant
lines appeared less susceptible to death on glutamine deprivation, more extensive analysis will be required to determine whether this is significant. To confirm the role of
eIF2α phosphorylation in invasion, we stably expressed
Flag-tagged eIF2α wild type and an S51A mutant that
acts as a dominant negative in 501mel cells and examined
their response to glutamine limitation. The results revealed that while cells expressing ectopic wild-type
eIF2α induced ATF4 (Fig. 4D) and became invasive (Fig.
4E), those expressing the dominant-negative eIF2α S51A

Figure 3. Glutamine limitation drives ATF4-mediated senescence bypass and invasiveness. (A) SA-β-gal activity in SKmel28
cells grown in DMEM and depleted for MITF or in MEM supplemented with serine (S) and glycine (G) or glutamine (Q) as indicated. Bars, 10 µm. (B) Flow cytometry of the indicated melanoma
cell lines grown in the presence or absence of glutamine as indicated. (C ) Western blot using the indicated antibodies of IGR37
cells depleted for glutamine and refed as indicated. (D) SA-β-gal
activity in B16 cells expressing doxycycline-inducible ATF4 and
mCherry. Cells were depleted for MITF using siRNA, and, 24 h
later, ATF4 was induced using 100 ng of doxycycline. SA-β-gal
is false-colored green to facilitate visualization of colocalization.
Arrowheads indicate SA-β-gal-positive cells not expressing ATF4.
Bars, 10 µm. (E) Analysis of TCGA human melanoma samples or
melanoma single-cell RNA-seq data (Tirosh et al. 2016) for the
presence of the Hoek (Hoek et al. 2006) or Verfallie (Verfaillie
et al. 2015) invasiveness signature in samples ranked by the
GSS score. Vertical gray lines indicate expression of the invasive
signatures in each melanoma sample. Colored line indicates the
moving average of the invasive signature across 20 melanoma
samples. Venn diagrams indicate the number of genes in each signature (see also Supplemental Table S4). (F) Matrigel invasiveness assay in melanoma cells grown in DMEM or MEM
supplemented with serine, glycine, or glutamine or the same
cell lines expressing doxycycline-inducible ATF4. Results are expressed as mean ± SD of at least three biological replicates. (∗∗∗ ) P
= <0.001. (G) Cell numbers in an iMITF 501mel cell line grown in
the presence or absence of doxycyline or minus glutamine as indicated. Results are expressed as mean ± SD of three biological
replicates. (H, top panel) Matrigel invasiveness assays using the
indicated cell lines grown with or without glutamine deprivation
for 72 h as indicated. Results are expressed as mean ± SD of three
biological replicates. (∗∗∗ ) P = <0.001. (Bottom panel) Western blot
at the indicated times of cell lines grown in the presence or absence of glutamine as indicated.
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Figure 4. Inhibition of eIF2B drives invasion. (A) Western blot of 501mel cells grown in DMEM and treated with 20 µM salubrinal. (B)
Matrigel invasion assays for cells grown in DMEM; MEM; MEM supplemented with serine (S), glycine (G), or glutamine (Q); or
DMEM plus 20 µM salubrinal as indicated. Statistical analysis used a Student’s unpaired t-test assuming equal variances. Data are presented as mean ± SD of at least three biological replicates. (∗∗∗ ) P = <0.001. (C ) Matrigel invasion assays for cell lines grown in DMEM,
MEM, or MEM supplemented with serine (S) and glycine (G) (−Gln) in the presence or absence of 10 µM ISRIB. Results are expressed
as mean ± SD of at least three biological replicates. (∗∗∗ ) P = <0.001. (D) Western blot using the indicated antibodies of 501mel cells stably
expressing Flag-tagged wild-type or S51A mutant eIF2α and starved of glutamine for the indicated times. (E) Matrigel invasion assays for
parental 501mel cells or derivatives stably expressing Flag-tagged wild-type or S51A mutant eIF2α grown in the presence or absence of
glutamine. Results are expressed as mean ± SD of at least three biological replicates. (∗∗ ) P = <0.01; (n.s.) not significant. (F ) Zebrafish embryo expressing Foxd3-citrine in the neural crest 5 d after fertilization with or without 10 µM ISRIB. (G) Yeast invasion assay showing wildtype and mutant colonies grown on YPD agar before and after washing.

mutant failed to do either. Collectively, these data firmly
place inhibition of eIF2B as a crucial driver of melanoma
invasiveness. Significantly, this pathway is also activated
by nelfinavir (Supplemental Fig. S4D), a drug recently
proposed as a melanoma therapeutic (Smith et al. 2016),
raising the possibility that cells exposed to sublethal
concentrations of nelfinavir in vivo may become more
invasive.
Since melanomas arise from melanocytes that have
their developmental origins in the migrating neural crest,
we asked whether ISRIB would also block neural crest migration. Using zebrafish in which neural crest cells are
fluorescently tagged, migration was readily observed in
untreated embryos, but, in ISRIB-treated fish, neural crest
cells were maintained on the midline (Fig. 4F). Although
we were unable to confirm the effect of ISRIB on ATF4,
MITF, and eIF2α in the fish neural crest owing to the ab-

sence of antibodies that recognize these factors in fish,
this result nevertheless suggests that translation reprogramming imposed by signals originating in the neural
crest converge on inhibition of eIF2B, in effect hijacking
the starvation response to promote migration.
To provide genetic evidence for a role of translation reprogramming as an evolutionarily conserved driver of invasive behavior, we also tested whether inhibition of
eIF2B is required for invasion in yeast. Under nutritional
stress, the budding yeast Saccharomyces cerevisiae form
invasive chains to adopt a filamentous growth phenotype
(Gimeno et al. 1992). Yeast bearing a wild-type eIF2α gene,
an S51A mutant, or an L84F mutant that permits eIF2αS51 phosphorylation but prevents interaction with eIF2B
were grown on agar. After washing with water, only cells
that invaded the substrate were retained. This assay
revealed that cells with wild-type eIF2α are invasive,
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whereas yeast bearing either the eIF2α S51A or L84F
mutation are not (Fig. 4G). This genetic evidence strongly
supports our contention that migration/invasiveness is an
evolutionarily conserved response to inhibition of eIF2B
and consequent translation reprogramming. Moreover,
since yeast do not have an MITF gene, the result again underscores our observation above (Fig. 3F,H) that invasion
can be uncoupled from effects on MITF expression.
Tumor necrosis factor α (TNFα) mediates translation
reprogramming, ATF4 expression, and repression of MITF
Given that invasiveness in yeast, neural crest, and melanoma is imposed via inhibition of eIF2B, we predicted
that other intratumor microenvironmental signals would
hijack this evolutionarily conserved starvation response
to impose invasiveness via the same mechanism even in
nutrient-rich conditions. Inflammatory cytokines originating from infiltrating immune cells play a critical role
in tumor evolution. Of these, one of the more important
is TNFα. Smith et al. (2014) reported that TNFα promotes
melanoma growth and therapeutic resistance by up-regulating MITF, which should promote differentiation. In
contrast, other studies report that TNFα down-regulates
MITF (Landsberg et al. 2012; Konieczkowski et al. 2014;
Riesenberg et al. 2015), decreases differentiation, and promotes a slow-cycling phenotype (Ostyn et al. 2014), a
characteristic of MITF-low cells (Cheli et al. 2011b). Significantly, a recently described melanoma TNFα response
gene set (Riesenberg et al. 2015) positively correlated with
the GSS score in the TCGA melanoma cohort as well as
the single-cell RNA-seq patient-derived melanoma data
from Tirosh et al. (2016) (Fig. 5A). The overlap between
the two signatures was small, and the correlation could
be recapitulated even without the overlapping genes
(data not shown). This suggests that the responses to glutamine starvation and TNFα converge on a common melanoma phenotype. In culture, although the response was
variable between cell lines, TNFα initiated a response remarkably similar to that observed on glutamine limitation (Fig. 5B); any increase in MITF, as observed by
Smith et al. (2014), was transient, and, in all cell lines,
TNFα ultimately promoted ATF4 expression (indicative
of p-eIF2α-mediated translation reprogramming) and invasiveness (Fig. 5C) that would be consistent with TNFα
driving an MITF-low phenotype and dedifferentiation.
To explore further the convergence of inflammatory, invasive, and glutamine starvation gene expression programs in vivo, we used gene expression data from a
mouse model of inflammation-mediated melanoma dedifferentiation (Fig. 5D, left; Landsberg et al. 2012). In this
model, tumors initially respond to adoptive cell transfer
therapy using transgenic cytotoxic pmel-1 T cells targeting the melanoma differentiation antigen gp100 (also
known as Pmel). However, TNFα and other cytokines released from the T cells and tumor-infiltrating myeloid immune cells dedifferentiate melanoma cells in vivo, leading
to depigmentation, gp100 antigen down-regulation, and
escape from pmel-1 T-cell immunotherapy. The HCmel3
mouse melanoma cell line used also responds to gluta-
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mine deprivation and/or TNFα exposure by down-regulating MITF (Fig. 5D, right). Gene set enrichment analysis
(GSEA) (Fig. 5E) of the gene expression profile from the inflammation-driven dedifferentiated relapsed melanomas
revealed a strong positive correlation to TNFα response
genes and the Hoek and Verfaillie invasive gene sets, consistent with TNFα-mediated dedifferentiation driving
proinvasive phenotype switching. Significantly, the in
vivo gene expression data also revealed a strong positive
correlation with the GSS, and relapsed tumors were
strongly depleted for both the Hoek and Verfaillie proliferative gene expression signatures (Fig. 5E; Supplemental
Table S4). Moreover, expression of Mitf and its target,
Mlana, were robustly down-regulated in the relapsed tumors, whereas Atf4 and Asns were strongly up-regulated
(Fig. 5F). Although we did not show that there is a causative relationship between translation reprogramming
and resistance to pmel adoptive T-cell therapy in vivo, collectively, these data are consistent with an in vivo inflammation-mediated dedifferentiation phenotype switch
associated with adoptive T-cell therapy ultimately arising
through a stress response related to that observed on glutamine deprivation.
ATF4 drives the MITF-low/AXL-high drug resistance
signature
Strikingly, the relapsed murine tumors also exhibited
strong up-regulation of the AXL receptor tyrosine kinase
(Fig. 5F); an MITF-low/AXL-high phenotype (Supplemental Fig. S4E) is a well-characterized hallmark of BRAF inhibitor resistance in human melanoma (Konieczkowski
et al. 2014; Muller et al. 2014; Dugo et al. 2015; Tirosh
et al. 2016) and has been linked to resistance to antiPI3K therapy in head and neck cancer (Elkabets et al.
2015). How AXL expression is up-regulated is not well established. However, AXL levels correlated with the GSS
score in TCGA melanoma samples (Fig. 6A, left), and a
100-gene AXL program signature (Supplemental Table
S4; Tirosh et al. 2016) also closely correlated with the
GSS in the single-cell melanoma gene expression profile
from Tirosh et al. (2016) (Fig. 6A, right). Significantly, glutamine depletion (Fig. 6B,C) or doxycycline-mediated induction of ATF4 in nutrient-rich medium (Fig. 6D;
Supplemental Fig. S4F) imposed an MITF-low/AXL-high
state, suggesting that stresses driving ATF4 protein expression within tumors may initiate the observed MITFlow/AXL-high phenotype.
Inhibition of eIF2B correlates with the IPRES (innate
anti-PD-1 resistance) gene expression signature
Interaction between T-cell-associated PD-1 and its ligand,
PD-L1 (PD-1), dampens T-effector function and protects
melanomas from immune rejection. Consequently,
blockade of the PD-1/PD-L1 axis can provide a major therapeutic benefit (Wolchok et al. 2013). However, nonresponsiveness to anti-PD-1 therapy is associated with a
characteristic gene expression pattern that also includes
elevated AXL expression, termed the IPRES signature
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Figure 5. TNFα activates ATF4 to trigger a GSS. (A) Analysis of TCGA or single-cell (Tirosh et al. 2016) human melanoma samples for the
presence of a 219-gene TNFα response signature (see also Supplemental Table S4; Landsberg et al. 2012) in samples ranked by the GSS score
(black line). Vertical gray lines indicate expression of the TNFα signature in each melanoma sample. The colored line indicates the moving
average of the TNFα signature across 20 melanoma samples. The Venn diagram indicates the number of genes in each signature. (B) Western blot of melanoma cells treated with 20 ng/mL TNFα. (C ) Matrigel invasiveness assay in melanoma cells grown in DMEM with 20 ng/
mL TNFα. Statistical analysis was carried out using Student’s unpaired t-test assuming equal variances. Data are presented as mean ± SD of
at least three biological replicates. (∗∗∗ ) P = <0.001. (D) Strategy for analysis of pmel adoptive T-cell therapy-mediated dedifferentiation and
relapse of mouse melanoma (left) and Western blot (right) of murine melanoma Hcmel3 cells grown in the presence or absence of TNFα or
glutamine. (E) Gene set enrichment analysis (GSEA) of gene array data derived from relapsed mouse melanomas. (NES) Normalized enrichment score; (FDR) false discovery rate. (F) Box plots showing the relative expression of the indicated genes from gene arrays of untreated
or relapsed mouse melanomas after T-cell immunotherapy. The respective gene probe identities are indicated below the gene symbols. Box
plot horizontal lines and whiskers indicate quartiles. (∗ ) P < 0.05; (∗∗ ) P < 0.01; (∗∗∗ ) P < 0.001, unpaired two-sided t-test.

(Hugo et al. 2016). Although the IPRES signature is found
in a major subset of nonresponsive tumors, how it is established is unknown. Since AXL expression is associated
with poor response to anti-PD-1 therapy (Hugo et al.
2016) and is induced by ATF4, we asked whether the
IPRES gene expression signature correlated with the
GSS score in the TCGA melanoma cohort. Using gene
set variation analysis (GSVA) to compare the IPRES signature in the top and bottom 75 melanomas ranked by the
GSS revealed a very strong correlation (Fig. 6E). Importantly, we saw a similar enrichment using a gene expression
signature derived from cells treated for 24 h with salubri-

nal (Supplemental Tables S4, S5) that inhibits eIF2B by
promoting eIF2α phosphorylation. Thus, translation reprogramming not only is associated with invasiveness,
dedifferentiation, and resistance to adoptive T-cell therapy but can also impose a gene expression program that predicts poor response to anti-PD-1 immunotherapy.
Translation reprogramming promotes tumor
colonization
Rare, stochastically occurring, slow-cycling MITF-low
cells exhibit increased tumor initiation capacity (Cheli
GENES & DEVELOPMENT
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Figure 6. Translation reprogramming is sufficient to trigger melanoma invasiveness and drives therapeutic resistance signatures. (A)
Analysis of TCGA human melanoma samples ranked by the GSS score (black line) for AXL expression or single-cell melanoma for an
AXL signature. Gray lines indicate the expression of AXL in each melanoma sample. The colored line indicates the moving average of
AXL or AXL signature expression across 20 melanoma samples. (B) Western blot of 501mel cells grown in DMEM or MEM supplemented
with serine (S) and glycine (G) minus Gln (Q) for the indicated times. (C ) qRT–PCR of mRNA from IGR37 cells grown in DMEM or MEM
supplemented with serine (S) and glycine (G) minus Gln (Q) for 48 h. (D) Western blot of 501mel cells grown in DMEM inducibly expressing ATF4 for 24 h in response to 100 ng of doxycycline. (E,F ) Heat maps showing gene set variation analysis (GSVA) scores of the IPRES
(innate anti-PD-1 resistance) gene signatures enriched in the top and bottom 75 TCGA melanoma samples ranked by the GSS (E) or salubrinal (F) signatures (see also Supplemental Table S4).

et al. 2011b). However, how such cells are generated in vivo
is poorly understood. Since glutamine deprivation produces MITF-low cells, it was possible that translation reprogramming controls tumor initiation capacity. We
therefore injected B16 melanoma cells into the tail vein
of immunocompetent C57/Bl6 mice and assessed tumor
formation in the lungs, an assay that measures the capacity
to survive in the circulation as well as providing a quantitative measure of tumor-initiating capacity. After 20 d, a few
small tumors were visible in the lungs (Fig. 7A), consistent
with the presence of infrequent MITF-low tumor-initiating cells (Cheli et al. 2011b). In contrast, B16 cells deprived
of glutamine prior to injection led to a massive tumor
burden. Since inhibition of eIF2B is sufficient to increase
invasiveness, we compared the effects of salubrinal with
glutamine deprivation in the tail vein injection assay.
Mice were examined 15 d following injection, when tumors from untreated B16 cells were barely visible (Fig.
7B). In contrast, many pigmented tumors were readily
visible in mice injected with either glutamine-deprived
or salubrinal-treated cells, indicating that inhibition of
eIF2B increases tumor initiation capacity in this assay.

Discussion
Given the role of MITF in integrating so many aspects of
melanoma biology and the fact that an MITF-low state
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correlates with drug resistance, understanding how the tumor microenvironment impacts on MITF expression is
key to the development of effective anti-melanoma therapies. Here we reveal a crucial and previously unsuspected
link between the ISR and the gene expression programs
underpinning melanoma biology regulated by MITF; microenvironmental signals, including glutamine limitation
and TNFα, converge to inhibit eIF2B, leading to a block in
MITF translation as well as ATF4 expression and direct
repression of MITF transcription. Although we did not examine the molecular mechanism underpinning repression of MITF by ATF4, it is likely that it occurs either
by displacement of the MITF promoter activator CREB
that shares a related DNA-binding motif or via recruitment of a repressive cofactor, as has been observed at
the Apelin gene promoter (Jeong et al. 2014).
The role of ATF4 and translation reprogramming in
resistance to adoptive T-cell therapy is clinically relevant.
Anti-PD1 or PD-L1 therapy is not effective in a significant
proportion of patients, resistance is an increasing issue,
and there are continuing efforts to enhance adoptive
T-cell therapy or develop anti-melanoma vaccines that
work via activation of T cells. Identifying the potential
mechanisms of resistance, such as inflammation-mediated inhibition of differentiation via ATF4 and translationmediated repression of MITF, provides opportunities to
target translation reprogramming and restore sensitivity
to T-cell-mediated therapies. Moreover, although we did
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Figure 7. Translation reprogramming enriches for tumor initiation capacity. (A) Lung colonization by B16 melanoma cells
grown in DMEM or for 17 d in MEM prior to tail vein injection.
Mice were sacrificed 20 d after injection. (B) Lung colonization
by B16 melanoma cells grown in DMEM or for 17 d in MEM supplemented with serine and glycine (−Gln) or in DMEM plus 20
µM salubrinal prior to tail vein injection. Mice were sacrificed
at 15 d after injection. Quantification was made by counting visible tumors using a dissecting microscope. Error bars indicate
mean ± SD. n = 5. (∗∗ ) P = <0.01.

not show a direct effect on the interaction between the immune system and melanoma cells, both glutamine starvation and salubrinal treatment generate a gene expression
signature that can predict the presence of an established
signature (IPRES) (Hugo et al. 2016) of immunotherapy
resistance. This raises the possibility that translation reprogramming may play a key role in modulating the interaction between melanoma cells and the immune system
in response to microenvironmental cues, although further
work will be required to determine exactly how this might
be achieved. Importantly, ATF4 expression can also drive
the previously unexplained MITF-low/AXL-high gene expression program (Konieczkowski et al. 2014; Muller et al.
2014; Dugo et al. 2015) that is a hallmark of BRAF inhibitor resistance.
In addition to being correlated with drug resistance,
MITF-low cells are invasive. One conclusion from previous studies has been that invasion and proliferation are inversely correlated (Hoek et al. 2006) and that MITF
somehow suppresses invasiveness. Why invasion and proliferation are inversely correlated and how MITF might
block invasion have not been established previously.
Our results provide an explanation. Inhibition of eIF2B
in response to signals, including nutrient deprivation, inflammation, and other upstream stresses, enables cells to
mount a two-armed adaptive response: First, inhibition of
eIF2B reduces nutrient demand by decreasing the majority
of translation that is necessary for proliferation. Second,
cells increase ATF4 transcription via MITF and enhance

translation of ATF4 that can drive amino acid import
and autophagy to increase nutrient supply. Supply can
be further increased via translation reprogramming-mediated invasiveness that would enable cells to escape the
stress and seek new sources of nutrients. Consequently,
there is an inverse correlation between proliferation and
invasiveness, in which global translation is curtailed.
We also show that induction of ATF4 to reduce MITF
mRNA expression in nutrient-rich conditions can generate an ATF4-high/MITF-low nonsenescent state as
observed in tumors but that, surprisingly, this is insufficient to promote invasion. Together with our observation
that maintenance of MITF expression in glutamine-limited conditions is incompatible with survival, we suggest
that the ability of MITF to promote proliferation, a highnutrient-demand state, is incompatible with nutrient limitation; it is translation reprogramming mediated by inhibition of eIF2B rather than reduced MITF expression or
high ATF4 that is key to driving invasiveness, but MITF
expression must be decreased to permit survival. This explains why therapeutic strategies that increase MITF expression, such as the use of methotrexate, can be highly
effective at preventing metastatic spread (Saez-Ayala
et al. 2013). More importantly, our discovery that translation reprogramming can repress MITF has significant implications for therapeutic use of drugs that deliberately
(Cerezo et al. 2016) or inadvertently up-regulate ER stress
and ATF4 in melanoma. Nelfinavir, identified recently in
a drug-repurposing screen as a melanoma therapeutic that
down-regulates MITF (Smith et al. 2016), is known to inhibit an eIF2α phosphatase (De Gassart et al. 2016), and,
while reported to down-regulate MITF via suppression of
PAX3, we show that nelfinavir can also promote translation reprogramming and ATF4 expression in melanoma.
We suggest that, although down-regulation of MITF via
stress-induced translation of ATF4 may have therapeutic
advantages in some settings where cells may be susceptible to dynamic changes in MITF expression, there is a
danger that suppression of MITF via drugs that promote
translation reprogramming will increase metastatic
spread at sublethal doses likely to encountered by many
cells in vivo.
Although we focused here on the generation of MITFlow nonsenescent melanoma cells via ATF4 and phosphorylation of eIF2α, it is also clear that other factors
can transcriptionally silence MITF. These include BRN2
(POU3f2), whose expression is mutually exclusive with
MITF within tumors (Goodall et al. 2008), and BHLHB2,
which is activated under hypoxia (Cheli et al. 2011a).
While BRN2-mediated repression of MITF can induce invasion, it is not known whether it may promote invasion
by increasing eIF2α phosphorylation. In contrast, low oxygen levels do lead to ER stress and elevated p-eIF2α (Koumenis et al. 2002), which likely contributes to the
invasiveness observed under hypoxic conditions (Cheli
et al. 2011a).
Previous studies in melanoma have established that,
paradoxically, it is rare, stochastically occurring slow-cycling cells in culture that have enhanced tumor–tumorinitiating capacity rather than rapidly proliferating cells
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(Roesch et al. 2010; Cheli et al. 2011b). Our results suggest
that the greater tumor-initiating capacity of cells following eIF2B inhibition using salubrinal treatment is likely
to reflect a combination of four adaptations directly driven by the resulting translation switch: First, reduced nutrient demand owing to a global reduction in translation
generates slow-cycling cells that will survive better in
low-nutrient-supply environments encountered in vivo
than high-demand proliferating cells. Second, changes in
cell surface adhesion molecules will enable cells to adhere
to niches compatible with survival. Third, ATF4 can promote resistance to anoikis and suppresses oxidative stress
(Dey et al. 2015), and coping with oxidative stress is a critical determinant of establishing successful metastases
(Piskounova et al. 2015). Fourth, we show that salubrinal
or glutamine limitation drives a previously unexplained
gene expression program (IPRES) associated with nonresponsiveness to anti-PD-1 immunotherapy, implying that
translation reprogramming may engender a state of immune privilege. Thus, cells that leave the primary tumor
in response to translation reprogramming are exceptionally well adapted to survive the stresses associated with migration away from the primary tumor.
In summary, our results uncover a previously unsuspected translation reprogramming/ATF4–MITF axis that
integrates multiple microenvironmental signals, leading
to suppression of MITF and melanoma dedifferentiation,
and reveal that it is translation reprogramming upstream
of ATF4 that drives gene expression programs associated
with therapeutic resistance and metastatic spread.

TCGA transcriptomic analysis
Gene expression data (RNA-seq) of TGCA cancer cohorts was accessed through the cBioportal for Cancer Genomics (http://www.
cbioportal.org) using the R-based package CGDS-R (Cerami et al.
2012; Gao et al. 2013) and following the TCGA guidelines for the
use of TCGA data (http://cancergenome.nih.gov/publications/
publicationguidelines). We retrieved individual gene expression
values for the genes of interest as normalized RSEM (RNA-seq
by expectation maximization) read counts preprocessed through
the TCGA/cBioportal projects. RSEM values <1 were set to 1 to
avoid negative expression values upon log2 transformation if necessary. All melanoma samples were ordered by increasing expression values of the averaged GSS. Gene symbols of the gene
signatures are provided in the Supplemental Tables. The GSS
was established from the glutamine starvation time-course experiments. We included genes that were induced more than twofold at 6 h after the medium change from glutamine-rich DMEM
to glutamine-deprived MEM. We decided to use this gene signature from an early time point after glutamine withdrawal, as signatures from latter time points were enriched for secondary
effects such as cell cycle arrest and down-regulation of MITF target genes. The moving average expression of individual genes of
interest or averaged signatures were calculated using a sample
window size of n = 20, and trend lines were added to the bar
plots. An R-skript for calculating and generating moving average
plots of TCGA cancer cohorts implementing TCGA access via
cBioportal was provided in our previous study (Riesenberg
et al. 2015). Significance of the Spearman rank correlation was
determined by an asymptotic Spearman correlation test using
the original log2 expression values and not the moving average
values.
GSEA

Materials and methods
Microarray
IGR37 melanoma cells were cultured in DMEM or medium minus glutamine (MEM) for 6, 24, and 72 h. Total RNA was extracted using RNeasy minikits and QIAshredder columns (Qiagen).
RNA quality was assessed using a Bioanalyzer (Agilent Technologies). Triplicate samples of each condition were converted into
biotin-labeled cRNA, and 30 ng of total RNA was hybridized to
a human HT-12 version 4.0 Expression BeadChip and scanned using an IScan (Illumina). The hybridized and washed chips were
then scanned using an Illumina iScan scanner using the manufacturer’s recommended protocols at the Wellcome Trust Center for
Human Genetics at the University of Oxford.

Gene expression analysis
Average probe intensities were determined in Genome Studio
(Illumina) and analyzed in a Bioconductor using the limma package (Smyth 2004; Shi et al. 2010). Probe intensities for each array
were background-corrected against negative control probes,
quantile-normalized against negative and positive control probes,
and log2-transformed. Differential expression analysis was performed by fitting linear models to the data and calculating empirical Bayes moderated t statistics. Probes with absolute fold
change >2 and Benjamini-Hochberg-adjusted P-value of <0.05
were considered differentially expressed. Heat maps were plotted
as residuals for the relevant probes, with each probe transformed
to give a mean of 0 and variance of 1.
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Gene expression data from untreated or pmel-1 T-cell immunotherapy relapse HCmel3 mouse melanomas were generated in
our previous study and deposited in the Gene Expression Omnibus (GEO) archive with the accession number GSE40213. Briefly,
raw data were normalized with variance stabilization without
background corrections using the vsn2 package of the R-based
Bioconductor computing platform. A moderated eBayes t-test statistic (limma package) was used to generate a gene-wise rank metric as input for the GSEA preranked gene list algorithm. The javabased GSEA program was downloaded from the GSEA homepage
of the Broad Institute (http://www.broadinstitute.org/gsea/index.
jsp). GSEA was performed with 10,000 permutations using custom gene sets: the GSS, the Hoek invasive/proliferative signature
(Hoek et al. 2006), the Verfaillie invasive/proliferative signature
(Verfaillie et al. 2015), and the melanoma cell-derived TNFα response gene set (Riesenberg et al. 2015).
The GSVA program (Hanzelmann et al. 2013) uses a nonparametric unsupervised method of gene set enrichment to estimate
the relative enrichment of selected gene sets across all of the samples. We used a gene expression matrix in the form of normalized
log2 TCGA RNA-seq expression values and IPRES gene signatures from Hugo et al. (2016) as inputs, and the output is a gene
set enrichment profile in the form of a matrix for each gene set
and sample. The salubrinal gene expression signature used represents the 100 most regulated genes in response to 24 h of salubrinal treatment.
Melanoma cell line panels
Raw CEL files of the Broad Institute melanoma portal cell line
panel were downloaded from https://www.broadinstitute.org/
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software/cprg/?q=node/46. Raw CEL files of the Queensland,
Duke, and Zürich melanoma cell lines or short-term culture
panels were downloaded from the GEO database using the accession numbers GSE7127, GSE10916, and GSE33728, respectively.
Robust multiarray average (RMA; justRMA, R affy package) was
used for normalization and log2 transformation of the gene expression data. GSE7127 and GSE10916 were combined for the
analysis, as these panels have been processed on the identical
microarray platform (Affymetrix hgu133plus2). The Zürich
panel was analyzed separately, as data from functional invasion assays were available for these melanoma short-term cultures. Signature scores were calculated by averaging signals
from probes corresponding to the signature genes. Correlations
between signatures and invasiveness and P-values were determined by Spearman’s rank correlation with two-sided alternative testing.

and Alexa-647), imaged with an LSM 710 confocal microscope
(Carl Zeiss), and processed with Adobe Photoshop CS6 (Adobe
Systems). Quantification of the mean fluorescence intensity per
cell was performed using ImageJ software.

Inducible cell lines
EcoRI/BamHI small adapters were added to the ends of the ATF4
cDNA, digested, and inserted into pPBhCMV∗ 1-cHA-pA55 modified to contain mCherry-P2A (self-cleavable peptide) in-frame
with the MCS to produce the inducible vector. Cell lines were
transfected with FuGENE6 with the mCherry-P2A-ATF4 vector
together with CAG-rtTA-IRES-Neo and PiggyBac transposase
and selected with 750 µg/mL geneticin for 10 d. Expression of
mCherry-P2A-ATF4 was achieved by treating the cells (iATF4)
with 100 ng/mL doxycycline. A similar strategy was used to create the 501mel iMITF cell line.

Cell culture
Melanoma cell lines tested for mycoplasma and authenticated by
Eurofins-Genomics were cultured in 10% CO2 at 37°C with 1%
penicillin–streptomycin in high-glucose DMEM plus 10% fetal
bovine serum (FBS) or MEM with 10% dialyzed FBS (Invitrogen).
Where indicated, MEM was supplemented with 42 mg/L 0.4 mM
serine, 30 mg/L 0.4 mM glycine, and glutamine at the indicated
concentrations. Inducible cell lines were made, luciferase reporters were constructed, and immunofluorescence was performed as
described in the Supplemental Material.
Invasion assay
Matrigel invasion assays were performed using an invasion chamber from BD Biocoat. Cells seeded at 2 × 105 cells per insert were
cultured overnight in triplicate before treatment with starvation
medium or drugs. After 48 h of incubation, cells remaining above
the insert membrane were removed by gentle scraping with a sterile cotton swab. Cells that invaded through the Matrigel to the
bottom of the insert were fixed in ethanol for 10 min, washed
in phosphate-buffered saline (PBS), and stained with Methylene
blue. The insert was then washed in PBS and air-dried, and invading cells were counted.
RT-qPCR
Total RNA was extracted from melanoma cells by using the
RNeasy minikit (Qiagen). Reverse transcription of 1 μg of RNA
was performed according to the manufacturer’s instructions
using the QuantiTect reverse transcription kit (Qiagen). Primers
for human genes were designed using the Primer Blast application
from NCBI (see the Supplemental Material). Reactions were done
in SYBR Green mix (Go-Taq, Promega) and analyzed using a
Corbett Rotor-Gene 6000. Melting curve analyses were carried
out to ensure product specificity, and data were analyzed using
the 2−ΔΔCt method. Relative mRNA expression levels were normalized to ACTIN or glyceraldehyde3′ phosphate dehydrogenase
(GAPDH).
Immunofluorescence microscopy
Cells were grown on 100-mm2 coverslips, fixed in 3% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Coverslips
were blocked in 5% BSA in PBS for 20 min and probed with
the appropriate antibody (see the Supplemental Material) for
20 min at room temperature. Proteins were detected with fluorochrome-conjugated secondary antibodies (Alexa-488, Alexa-546,

Flow cytometry
Melanoma cells were harvested, washed in PBS, and fixed with
70% ethanol for 1 h at 4°C after indicated treatments. Fixed cells
were washed with PBS and incubated with a staining solution
containing 50 µg/mL RNase A, 50 µg/mL propidium iodide, and
0.05% Triton X-100 in PBS for 30 min at 37°C. Cells were washed
with PBS, and DNA content was analyzed with a FACS Canto
flow cytometer (BD Bioscience). Approximately 10,000 cells
were used for each analysis. Quantification of cell death was performed by TO-PRO-3 iodide staining of unfixed cells. Cells were
treated with the indicated treatments, trypsinized, and harvested
in staining solution (PBS, FBS 5%, NaN3 0.02%). Cells were incubated with a solution of 50 nM TO-PRO-3 for 10 min and
analyzed with a FACS Canto flow cytometer (BD Bioscience).
TO-PRO-3 DNA intercalator was incorporated by the dead cells,
leaving the viable cells unstained. Flow cytometric analyses were
performed with FlowJo software.

Lentivirus expression in melanoma cells of eIF2α
wild type and S52A
Recombinant lentivirus was made in Phoenix producer cells
using the lentiviral vector pCSII-EF-MCS (a kind gift of H.
Miyoshi), driving Venus-P2A-eIF2α wild-type or mCherry-P2AeIF2α S52A expression. Phoenix cells were seeded onto poly-L-lysine-coated plates, and the vectors were cotransfected together
with Gag/Pol/Rev- and VSV-containing vectors. The medium
was changed after 24 h, and the virus-containing supernatant
was harvested 48 and 72 h after transfection and filtered through
a 0.45-μm syringe filter. 501mel melanoma cells were infected by
incubation with the viral suspension for 48 h. Fresh medium was
added and replaced after 24 h. Viral infection typically achieved
an efficiency of 100% of cells.

SA-β-gal assay
Cells were seeded in six-well plates (1 × 105 per well), washed
twice with PBS, fixed in 2% formaldehyde and 0.2% glutaraldehyde, washed again with PBS, and incubated for 16 h at 37°C
(no CO2) in fresh SA-β-gal buffer (1 mg/mL X-gal, 5 mmol/L potassium ferrocyanide, 5 mmol/L potassium ferricyanide, 2 mmol/L
MgCl2 in PBS at pH 6.0). Stained cells were visualized using a
Nikon Eclipse TE 2000-S microscope under bright-field, and images were captured with a ProgRes.digital camera using CapturePro software.
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Luciferase assay

Data

One kilobase upstream of the ATF4 transcription start site was
inserted upstream of the firefly luciferase-coding sequence. Melanoma cells were transfected using FuGENE6 (Promega) with 100
ng of promoter reporter with or without plasmid-expressing activators or empty expression vector. Forty-eight hours after transfection, cells were lysed, and luciferase activity was measured
in triplicate using the luciferase reporter kit (Promega) and a GloMax Multidetection system.

Gene array data were deposited in NCBI GEO under accession
numbers GSE77655 (glutamine limitation) and GSE86806
(salubrinal).

RNAi
Specific siRNA for MITF (5′ -AAAGCAGTACCTTTCTACCAC-3′ )
and negative control siRNA were obtained from Qiagen and
transfected using Lipofectamine 2000 (Invitrogen).

35

S-methionine labeling

Cells were plated in 6-cm plates and treated with different starvation media. After 24 h of starvation, cells were washed with PBS,
and the medium was replaced with methionine and cysteine-free
MEM (plus or minus S, G, or Q) containing 10% dialyzed FBS.
Thirty minutes later, 250 μCi/ml [35S]-methionine/cysteine Express protein labeling mix (Perkin Elmer) was added to the medium. After a further 20 min of incubation, cells were placed on ice
and washed twice in ice-cold PBS containing 1% cold methionine. Cells were lysed in 500 μL of lysis buffer (10 mM Tris at
pH 7.5, 50 mM NaCl, 0.5% NP-40, 0.5% deoxycholate, 0.5%
SDS) supplemented with protease inhibitors. The lysate was centrifuged at 13,000 rpm in a benchtop microfuge for 10 min at 4°C,
and the supernatant was transferred to a clean 1.5-mL tube. Ten
microliters of the lysate was removed, analyzed by SDS-PAGE,
and visualized by Coomassie staining and phosphorimager analysis to determinate the protein synthesis rate.

Western blot and antibodies
Cells were lysed in Laemmli buffer in reducing conditions.
Whole-cell extracts were subjected to 12% polyacrylamide SDSPAGE. Proteins were transferred onto nitrocellulose membranes
(Amersham Biosciences). Membranes were blocked with 5%
nonfat milk (or 5% BSA for blots using anti-phospho-specific antibodies) in PBS containing 0.1% Tween 20 and probed with the
appropriate primary antibodies (see the Supplemental Material)
overnight at 4°C. Proteins were detected using anti-mouse,
anti-rabbit, or anti-goat immunoglobulin coupled to horseradish
peroxidase (Bio-Rad and Santa Cruz Biotechnology) and visualized with an ECL detection kit (Amersham Biosciences)

Tumorigenesis assays
Specific pathogen-free 8-wk-old female C57/BL6 mice purchased
from Harlan Envigo laboratories were maintained in University
of Oxford facilities in accordance with UK Home Office regulations, monitored daily, and sacrificed at or before the first sign
of irregular behavior, appearance, or distress. B16F10 cells were
harvested using 0.25% trypsin and 0.02% EDTA and washed
twice with PBS. Only cell suspensions with >90% viability
were used for injections. Tumor cells (2.0 × 105 cells) in 100 µL
of PBS were injected into the lateral tail veins. Mice were sacrificed at the defined days after injections, and lung tumor colonies
were counted under a dissecting microscope.
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