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for BRAF-Targeted Melanoma Therapy
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SUMMARY

BRAF V600 mutation influences cellular signaling pathways for melanoma development. However,

the role of oncogenic BRAF in adaptive stress response pathways is not fully understood. Here, we

show that oncogenic BRAF plays an essential role in the induction of ATF4 following the activation

of general control non-derepressible 2 (GCN2) kinase during nutrient stress and BRAF-targeted, ther-

apeutic stress. Under GCN2 activation, BRAF ensures ATF4 induction by utilizing mTOR and eIF4B as

downstream regulators. In contrast to the MEK-ERK pathway, this signaling pathway remains tempo-

rarily active even during treatment with BRAF inhibitors, thereby enabling the transient induction of

ATF4. We also identify a chemical compound that prevents BRAF inhibitor-induced activation of the

GCN2-ATF4 pathway and produces synergistic cell killing with BRAF inhibitors. Our findings establish

a collaborative relationship between oncogenic BRAF and the GCN2-ATF4 signaling pathway, which

may provide a novel therapeutic approach to target the adaptive stress response.

INTRODUCTION

Oncogenic mutations of BRAF are observed in approximately 50% of patients with melanoma (Schaden-

dorf et al., 2018). The most common mutation is the substitution of valine at position 600 by glutamic

acid (V600E), which results in constitutive activation of its kinase activity, leading to tumor initiation, pro-

gression, metastasis, and therapy resistance (Schadendorf et al., 2018). Mechanistically, the mutationally

activated BRAF directly induces hyperactivation of the downstream MEK-ERK pathway (Davies et al.,

2002) and also acts in cooperation with other genetic abnormalities, such as loss of function of PTEN, a

negative regulator of the PI3K-Akt-mTOR pathway (The Cancer Genome Atlas Network, 2015). BRAF has

also been reported to promote immune suppression (Bradley et al., 2016; Shabaneh et al., 2018). Thus,

BRAF mutation can widely influence cellular signaling pathways and functions in the development of ma-

lignant melanoma.

BRAF inhibitors and the combination of BRAF and MEK inhibitors have shown impressive clinical efficacy in

patients with BRAF-mutated melanoma (Chapman et al., 2011; Robert et al., 2015), but drug resistance

generally remains inevitable. Resistant tumors frequently arise due to reactivation of theMEK-ERK pathway

through multiple mechanisms, including amplification of BRAF, splice site mutations in BRAF, de novo

mutations in NRAS or MEK, or upregulation of receptor tyrosine kinases (Das Thakur and Stuart, 2014;

Van Allen et al., 2014). Drug resistance is also associated with non-mutational drug-tolerant states of cells,

seen at the early phase of treatments (Raha et al., 2014; Sharma et al., 2010). Indeed, BRAF inhibitors, imme-

diately after their administration to drug-sensitive cells, lead to reactivation of the MEK-ERK pathway

(Hatzivassiliou et al., 2010) and metabolic reprogramming similar to that seen in drug-resistant cells (Par-

menter et al., 2014). Thus, along with acquired vulnerability of drug-resistant cells (Hangauer et al., 2017;

Wang et al., 2018), understanding the early response of drug-sensitive cells to BRAF inhibitors can provide

clues to circumvent resistance and maximize the therapeutic efficacy.

To cope with diverse stresses, including environmental and therapeutic stresses, cancer cells often activate

the integrated stress response (ISR) pathway, which is initiated by activation of eukaryotic initiation factor

2a (eIF2a) kinases (Pakos-Zebrucka et al., 2016). There are four different eIF2a kinases: general control non-

derepressible 2 (GCN2), protein kinase-like endoplasmic reticulum (ER) kinase (PERK), protein kinase

double-stranded RNA-dependent (PKR), and heme-regulated inhibitor (HRI), which sense distinct types

of stress, typically, amino acid limitation, ER stress, viral infection, and heme deficiency, respectively

(Pakos-Zebrucka et al., 2016). These eIF2a kinases catalyze the phosphorylation of eIF2a on serine 51, which
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attenuates general protein synthesis while promoting the translation of ATF4 mRNA with upstream open

reading frames that enable preferential translation (Vattem and Wek, 2004). ATF4 is a key ISR transcription

factor that induces the expression of genes involved in stress adaptation, such as amino acid and redox

metabolism (Pakos-Zebrucka et al., 2016).

We previously demonstrated that the BRAF kinase inhibitors vemurafenib (10 mM) and dabrafenib (1 mM), at

relatively high but clinically relevant concentrations (Falchook et al., 2014; Flaherty et al., 2010), can rapidly

induce ATF4 in melanoma cells with BRAFV600E mutation (Nagasawa et al., 2017). As the silencing of ATF4

expression sensitizes cells to vemurafenib, this rapid induction of ATF4 can contribute to cell survival during

treatments with BRAF inhibitors. Mechanistically, this ATF4 induction occurs via the GCN2 arm of the ISR,

which is primarily activated in response to amino acid limitation. This observation, together with previous

findings that metabolic reprogramming toward glutamine addiction occurred with the acquisition of resis-

tance by chronic exposure to BRAF inhibitors (Baenke et al., 2016; Hernandez-Davies et al., 2015), suggests

that modulating the metabolism of amino acids, especially glutamine, through ATF4 induction may be

important for early adaptation to BRAF inhibition. However, the role of oncogenic BRAF in the adaptive

mechanisms inducing ATF4 is not well understood.

We show herein that oncogenic BRAF exerts activity to drive the expression of ATF4 and can be associated

with ATF4 target gene expression in patients with melanoma. In contrast to the MEK-ERK pathway, this

signaling pathway that utilizes mTOR and eIF4B as downstream regulators for ATF4 expression remains

temporarily active even during exposure to BRAF inhibitors, leading to ATF4 induction in cooperation

with the GCN2 arm of the ISR pathway. We also identify a small compound that prevents the activation

of the GCN2-ATF4 pathway and synergistically kills melanoma cells during BRAF inhibitor treatments.

Our results demonstrate that BRAF-driven ATF4 expression mechanisms can provide a new strategy to

circumvent resistance to BRAF-targeted therapy.

RESULTS

BRAF Kinase Inhibitors Induce ATF4 Expression Transiently

Treatments with BRAF kinase inhibitors, 10 mM vemurafenib as well as 1 mM dabrafenib, for 4 h clearly

induced GCN2 phosphorylation, eIF2a phosphorylation, and ATF4 expression in BRAF-mutated A375

and G-361 cells (Figures 1A and S1A), as we previously reported (Nagasawa et al., 2017). Activation of

the GCN2-ATF4 pathway was also seen upon 4 h of treatment with PLX7904 (Figure 1B), a different type

of BRAF kinase inhibitor that has overcome the paradoxical property of vemurafenib and dabrafenib for

ERK signaling (Zhang et al., 2015). Thus, ATF4 induction through GCN2 activation appears to be a common

feature of BRAF kinase inhibitors. However, the increases in ATF4 expression levels by BRAF kinase inhib-

itors were transient and they returned to the basal levels within 24 h, despite the phosphorylation of GCN2/

eIF2a being kept at high levels (Figures 1A and S1A).

BRAF Depletion or Prolonged BRAF Kinase Inhibition Prevents ATF4 Induction

Unlike kinase inhibitors, siRNA-mediated knockdown of BRAF did not activate the GCN2-ATF4 pathway in

A375 cells at any of the time points examined, although ERK phosphorylation declined in accordance with

the decrease in BRAF expression (Figure 1C). Instead, BRAF knockdown prevented the induction of ATF4

expression but not GCN2 phosphorylation during additional challenge of 4-h treatments with BRAF kinase

inhibitors (Figures 1D and S1B: alternative siRNA). Similarly, BRAF knockdown in A375 and G-361 cells

prevented ATF4 induction but not GCN2/eIF2a phosphorylation under conditions of stress due to L-histi-

dinol, a chemical stressor that mimics histidine deprivation through inhibiting histidyl tRNA synthetase (De

Sousa-Coelho et al., 2013) (Figures 2A and S2A: alternative siRNA). In the case of glutamine deprivation,

both GCN2/eIF2a phosphorylation and ATF4 induction were suppressed by BRAF knockdown (Figure 2B).

Such preventive effects of BRAF knockdown on the GCN2-ATF4 pathway, especially ATF4 induction, were

not seen in SK-MEL-2 and MeWo cells expressing wild-type BRAF (Figures 2A and 2B). Thus, depletion of

oncogenic BRAF, but not wild-type BRAF, prevents ATF4 induction in response to BRAF kinase inhibitors as

well as nutrient deprivation stress.

We also found that ATF4 induction during nutrient stress can be inhibited by prolonged pretreatments of

A375 and G-361 cells with BRAF kinase inhibitors. Indeed, pretreatment with vemurafenib or dabrafenib for

24 h prevented ATF4 induction, without ERK reactivation, under stress conditions of L-histidinol addition

and glutamine withdrawal, although GCN2/eIF2a phosphorylation remained high (Figures 2C, 2D, and
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S2B). Thus, BRAF kinase inhibitors can exert biphasic effects on ATF4 expression: induction by short-term (4

h; see Figure 1) and inhibition by long-term (24 h) treatments, a unique property not seen for other stressors

such as L-histidinol (Figure S2C).

Oncogenic BRAF Utilizes mTOR Signaling Pathway for ATF4 Induction

By treating A375 and G-361 cells with vemurafenib for 1 to 24 h, we found that the decay of ATF4 induction

coincided with the attenuation of mTORC1 activity (Figure 3A). Unlike ERK dephosphorylation, the

mTORC1 attenuation occurred relatively slowly. Actually, the phosphorylation levels of p70 ribosomal pro-

tein S6 kinase (p70 S6K) as well as its substrate ribosomal protein S6 (S6) (and, although less clearly, those of

eIF4E binding protein 1 [4E-BP1]) steadily dropped from 8 h. Similar attenuation of mTORC1 activity was

also provoked by BRAF knockdown in melanoma cells harboring oncogenic BRAF but not wild-type

BRAF, as monitored by determining the phosphorylation status of S6 and 4E-BP1 (Figure 3B). Interestingly,

compared with wild-type cells, BRAF-mutated cells showed resistance to L-histidinol-induced mTORC1

suppression, and this resistance was also diminished by BRAF knockdown (Figure 3B). Thus, the mTOR

signaling pathway can be regulated by oncogenic BRAF under both normal and stress conditions.

To assess the involvement of mTOR in regulating ATF4 expression, we used different types of mTOR inhib-

itor. The selective and ATP-competitive mTOR inhibitor pp242 potently suppresses both mTORC1 and

mTORC2, whereas the rapalogs rapamycin and everolimus moderately inhibit mTORC1 (Benjamin et al.,

2011). Consistent with the mTOR-inhibitory potential, pp242 broadly prevented ATF4 induction under

short-term treatments with vemurafenib or dabrafenib in BRAF-mutated cells (Figures 3D and S3C), as

well as under conditions of stress due to L-histidinol in both wild-type and mutant cells (Figures 3C and

S3A). Compared with those of pp242, the preventive effects of rapalogs were relatively weak and uneven

depending on the stress types (Figures 3C–3E, S3B, and S3D). Conversely, mTORC1 activity and ATF4

Figure 1. BRAF Kinase Inhibitors Induce ATF4 Expression Transiently

(A and B) Immunoblot analysis of A375 and G-361 cells treated with vemurafenib (VEM, 10 mM) for the indicated times (A)

or vemurafenib (10 mM) or PLX7904 (PLX, 1, 10 mM) for 4 h (B).

(C and D) Immunoblot analysis of A375 cells with BRAF knockdown (C) and treatment with vemurafenib (10 mM) or

dabrafenib (DAB, 1 mM) for 4 h (D).

See also Figure S1.
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expression were partially rescued by knockdown of Tuberous Sclerosis Complex 2 (TSC2), a negative regu-

lator of mTORC1 (Inoki et al., 2002), under L-histidinol (but not vemurafenib [4 h]) stress in BRAF-silenced

cells as well as under long-term vemurafenib treatment (16 h) in BRAF-unsilenced cells (Figures S3E and

S3F). Although the precise reason remains unknown, the lack of rescue of ATF4 expression by TSC knock-

down in BRAF-silenced, vemurafenib (4 h)-treated cells might be related to insufficient reactivation of

mTORC1 owing to profound inhibition of the BRAF-mTOR axis. Notably, the ATF4 repression by mTOR

inhibitors accompanied a tendency (especially in the case of pp242) to dampen GCN2/eIF2a phosphory-

lation, suggesting cross talk between the mTOR and GCN2 pathways. Taken together, these results indi-

cate that oncogenic BRAF utilizes mTOR as a downstream regulator of ATF4 expression.

Oncogenic BRAF Enhances eIF4B Phosphorylation for ATF4 Induction

During the above time course experiments with vemurafenib (see Figure 3A), delayed attenuation similar to

that in the mTOR signaling pathway was observed in phosphorylation (Ser422) for the activation of eIF4B

(Figure 4A), an accessory factor stimulating eIF4A RNA helicase (Rozovsky et al., 2008). BRAF knockdown

also lowered the phosphorylation levels of eIF4B in BRAF-mutated cells specifically (Figures 4B and S4A:

alternative siRNA). Conversely, overexpression of mutant BRAF, but not the wild-type, enhanced eIF4B

phosphorylation levels (Figure 4C). However, eIF4B phosphorylation in A375 cells was not affected by

mTOR inhibition or the inhibition of other BRAF downstream kinasesMEK andAkt with each of the selective

inhibitors (Figure S4B). Thus, eIF4B phosphorylation can be under the control of oncogenic BRAF but not

wild-type BRAF, possibly in a manner independent of MEK, Akt, and mTOR.

Interestingly, eIF4B knockdown in A375 and G-361 cells attenuated ATF4 induction under conditions of

short-term treatments with BRAF kinase inhibitors (Figures 4D and S4C: alternative siRNA) but not under

Figure 2. BRAF Depletion or Prolonged BRAF Kinase Inhibition Prevents ATF4 Induction

(A and B) Immunoblot analysis of the melanoma cell lines with BRAF knockdown and treatment with L-histidinol (HIS,

2 mM) for 4 h (A) or cultured in glutamine-free (GlnF) medium for 18 h (B).

(C) Immunoblot analysis of A375 and G-361 cells treated with vemurafenib (VEM, 10 mM) for 24 h and then treated with

L-histidinol (2 mM) for 4 h.

(D) Immunoblot analysis of A375 and G-361 cells cultured in glutamine-free medium for 18 h in the presence or absence of

vemurafenib (10 mM).

See also Figure S2.
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nutrient stress conditions of L-histidinol addition and glutamine withdrawal (Figures 4E and S4D). This

selectivity in ATF4 attenuation was more consistent with the decrease in phosphorylation levels of

eIF4B rather than the levels of eIF4B or the GCN2/eIF2a phosphorylation state, raising the possibility

that the loss of residual eIF4A-stimulating activity by dephosphorylation may be needed to attenuate

ATF4 induction. Actually, hampering eIF4A with specific siRNAs or the selective inhibitor silvestrol

impaired ATF4 induction very broadly, in both wild-type and mutant BRAF cells, under all conditions

examined, including not only GCN2-activating (BRAF inhibitors and L-histidinol) but also PERK-activating

conditions (tunicamycin and thapsigargin) (Figures 4F, 4G, and S4E–S4H). Thus, eIF4A likely functions as

basic machinery for ATF4 translation under stress conditions. Taking these findings together, eIF4B,

especially active, phosphorylated forms, appears to be involved in ATF4 induction, possibly through

regulating the eIF4A-dependent translation in BRAF-mutated melanoma cells. Notably, this eIF4B-

ATF4 axis may also contribute to cell survival upon BRAF inhibition because eIF4B knockdown can

slightly but significantly enhance cellular sensitivity to vemurafenib (Figure S4I), as previously shown

with ATF4 knockdown (Nagasawa et al., 2017).

Figure 3. Oncogenic BRAF Utilizes mTOR Signaling Pathway for ATF4 Induction

(A) Immunoblot analysis of A375 and G-361 cells treated with vemurafenib (VEM, 10 mM) for the indicated times.

(B) Immunoblot analysis of the melanoma cell lines with BRAF knockdown and treatment with L-histidinol (HIS, 2 mM) for 4

h. The internal control bands are shown in Figure 2A.

(C) Immunoblot analysis of A375 cells treated with L-histidinol (2 mM) alone or in combination with pp242 (1 mM),

rapamycin (0.1 mM), or everolimus (0.1 mM) for 4 h.

(D and E) Immunoblot analysis of A375 cells treated with vemurafenib (10 mM) or dabrafenib (DAB, 1 mM) alone or in

combination with pp242 (1 mM) (D) or rapamycin (0.1 mM) (E) for 4 h.

See also Figure S3.
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Expression of ATF4 Target Genes Is Influenced by BRAF Inhibition

Gene expression analysis of A375 cells treated with vemurafenib for 6 or 16 h, or silenced with siRNA

specific for BRAF, revealed that 3,214 probe sets, representing genes that are involved in various cellular

processes, were altered more than 2-fold by either perturbation (Figure 5A and Tables S1 and S2). These

gene expression changes were very similar and, indeed, the directions of expression changes were highly

concordant between the BRAF-inhibiting perturbations (61.8%–82.4% concordance rates; Figure S5A).

Notably, somewhat distinct changes in expression of particular gene sets were seen between vemurafenib

treatment and BRAF knockdown (e.g., clusters 2–4 in Figure 5A), possibly, at least in some cases, reflecting

the different modes of action of each perturbation (kinase inhibition versus protein depletion). As part of

the effectiveness evaluation, BRAF knockdown was also found to suppress the transcriptional response in

Figure 4. Oncogenic BRAF Enhances eIF4B Phosphorylation for ATF4 Induction

(A) Immunoblot analysis of A375 and G-361 cells treated with vemurafenib (VEM, 10 mM) for the indicated times.

(B) Immunoblot analysis of the melanoma cell lines with BRAF knockdown.

(C) Immunoblot analysis of HEK293T and A375 cells with overexpression of wild-type BRAF or mutant BRAF.

(D and E) Immunoblot analysis of A375 and G-361 cells with EIF4B knockdown and treatment with vemurafenib (10 mM) or

dabrafenib (DAB, 1 mM) (D) or with L-histidinol (HIS, 2 mM) (E) for 4 h.

(F and G) Immunoblot analysis of A375 and G-361 cells with EIF4A1 knockdown and treated with vemurafenib (10 mM) (F)

or with L-histidinol (2 mM), tunicamycin (TM, 1 mg/mL), or thapsigargin (TG, 0.3 mM) (G) for 4 h.

See also Figure S4.
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A375 cells deprived of glutamine (Figure S5B and Table S3), in line with the above findings that oncogenic

BRAF regulates the ISR signaling pathway during nutrient stress.

Comparison of changes in gene expression upon vemurafenib treatment (4 h) with or without ATF4 knock-

down suggested that ATF4 exerted only limited effects on the transcriptional response to vemurafenib in

A375 cells (Figures S5C and S5D, and Table S4). We then extracted 155 probe sets (116 genes) as a BRAFi-

ATF4 signature that was downregulated by ATF4 knockdown under vemurafenib treatment (Figure 5B and

Table S5). Consistent with the time course changes in ATF4 levels (see Figure 3A), the BRAFi-ATF4 signa-

ture, especially 72 probe sets (56 genes) that overlapped with those altered by BRAF-inhibiting perturba-

tions as above (Figure 5A), had a tendency to show lower expression levels at 16 h than at 6 h during

vemurafenib treatment (Figure S5E and Table S6). Remarkably, the majority of 72 probe sets (56 genes)

were downregulated by BRAF knockdown (Figure S5E). Furthermore, gene set enrichment analysis, using

a public melanoma gene expression dataset, revealed that the BRAFi-ATF4 signature was highly enriched

in melanoma harboring BRAF V600 mutations (p < 10�4) (Figure 5C and Table S7). Thus, oncogenic BRAF-

mediated regulation of ATF4 target genes can be clinically relevant in melanoma.

Identification of a Chemical Compound that Suppresses GCN2-ATF4 Pathway Activation

during BRAF Kinase Inhibition

By screening of a kinase inhibitor library with fluorescent immunostaining of ATF4, we identified a multi-ki-

nase inhibitor, AT9283 (Figure 6A), that selectively prevented nuclear ATF4 accumulation induced by BRAF

kinase inhibitors (Figure 6B). AT9283 dose-dependently inhibited GCN2/eIF2a phosphorylation induced

Figure 5. Expression of ATF4 Target Genes Is Influenced by BRAF Inhibition

(A) Signature of 3,214 probe sets (2,311 genes) that were either upregulated or downregulated by treatment with

vemurafenib (VEM, 10 mM, 6 or 16 h) or BRAF knockdown in A375 cells. The log2 fold change of levels under the indicated

conditions is shown for the condition of treatment with DMSO (for vemurafenib treatment) or transfection with

nontargeting siRNA (siCont) (for BRAF knockdown). For probe lists and GO analysis results, see Tables S1 and S2.

(B) Signature of 155 probe sets (116 genes) that were downregulated by ATF4 knockdown during treatment with

vemurafenib (10 mM) for 4 h in A375 cells. The log2 fold change of levels under the indicated conditions is shown for the

condition of transfection with nontargeting siRNA and then treatment with DMSO. For probe lists, see Table S5.

(C) Enrichment plot of GSEA using the 107 genes defined from the BRAFi-ATF4 signature. We tested the enrichment of

these genes in transcripts upregulated by BRAF V600 mutation in human melanomas. NES, normalized enrichment score.

For gene lists, see Table S7. See also Figure S5.
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by vemurafenib (Figure 6C) in A375 and G-361 cells and by dabrafenib (Figure S6A) in A375 cells, but did

not inhibit GCN2/eIF2a phosphorylation induced by nutrient stresses (Figures 6D and S6B) and also PERK/

eIF2a phosphorylation induced by tunicamycin or thapsigargin (Figure 6D). The prevention of ATF4

induction occurred with only marginal effects on the phosphorylation levels of eIF4B and S6 (Figures 6C

and S6C) and was not recaptured by other kinase inhibitors targeting known AT9283-inhibitable kinases,

such as Abl, JAK2/3, and Aurora (Howard et al., 2009) (Figure S6D). Gene expression analysis of A375 cells

further supported GCN2-ATF4 pathway inhibition. Indeed, AT9283 counteracted vemurafenib (6 h)-

induced activation of ATF4-target genes (p < 10�4 by Enrichr online tool with the Reactome pathway

database for cluster 1 and 2 in Figure 6E) (Chen et al., 2013; Gjymishka et al., 2009; Kuleshov et al.,

2016), especially ASNS, PSAT1, and PSPH that are well-known ATF4 targets involved in amino acid

metabolism (Tables S8 and S9) (Adams, 2007). Consistently, AT9283 led to the downregulation of gene

Figure 6. Identification of a Chemical Compound that Suppresses GCN2-ATF4 Pathway Activation during BRAF

Kinase Inhibition

(A) Chemical structure of AT9283.

(B) A375 cells were treated with vemurafenib (VEM, 10 mM), L-histidinol (HIS, 2 mM), or tunicamycin (TM, 1 mg/mL) in the

presence or absence of AT9283 (0.1, 0.2, 0.5, or 1 mM) for 6 h. The cells were fixed and stained with anti-ATF4 antibody

(green). Bars represent the quantification of the intensity of ATF4 signals in the nucleus. Results are shown as the meanG

SD (n = 6).

(C and D) Immunoblot analysis of A375 and G-361 cells treated with AT9283 alone or in combination with vemurafenib

(10 mM), L-histidinol (2 mM), tunicamycin (1 mg/mL), or thapsigargin (TG, 0.3 mM) for 4 h.

(E) Signature of 432 probe sets (309 genes) whose expression levels were upregulated or downregulated by combined

treatment with vemurafenib (10 mM) and AT9283 (0.1 mM) for 6 h compared with the level upon treatment with vemurafenib

alone for 6 h in A375 cells. The log2 fold change of levels under the indicated conditions is shown for the condition of

treatment with DMSO. For probe lists and GO analysis results, see Tables S8 and S9.

See also Figure S6.
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expression broadly in the BRAFi-ATF4 signature (86% and 62% of probe sets up- and downregulated by

vemurafenib, respectively) (Figure S6E). Thus, AT9283 effectively prevents activation of the GCN2-ATF4

pathway in response to BRAF inhibitors.

Combined treatment with vemurafenib and AT9283 for 16 h led to profound growth inhibition in A375 and

G-361 cells when the cell growth ability was assessed by reseeding and culturing cells in fresh medium for

96 h or until colony formation (Figures 7A and 7B). During the drug treatments, cell attachment was largely

unaffected, although a decrease in cell number was seen (Figure S7C). In fact, in the BRAF-mutated cell

lines, AT9283 also enhanced apoptosis induction in combination with vemurafenib or dabrafenib for 16

h, as determined by increased caspase 3/7 activity and PARP cleavage (Figures 7C, 7D, S7A, and S7B).

The effects of AT9283, however, were not phenocopied by other kinase inhibitors targeting Abl, JAK2/3,

Aurora, or their combinations (Figure S7D). In addition, such enhancement of apoptosis induction by

AT9283 was not seen in BRAF wild-type cells co-treated with vemurafenib (Figure S7E) or in BRAF mutant

cells co-treated with L-histidinol (Figure S7F). These results indicate that AT9283 can induce vulnerability to

BRAF kinase inhibitors in BRAF-mutated melanoma cells (Figure 7E).

Figure 7. Enhanced Growth Inhibition by Combined Treatments with BRAF Inhibitors and AT9283

(A and B) A375 and G-361 cells were treated with AT9283 alone or in combination with vemurafenib (VEM) for 16 h. The

cells were reseeded in 96-well plates (A) or 6-well plates (B) and cultured in drug-free medium for 96 h (A), or 7 (A375) or 14

(G-361) days (B). Results are shown as the mean G SD (n = 3).

(C) A375 and G-361 cells were treated with AT9283 alone or in combination with vemurafenib for 16 h. The caspase-3/7

activities were measured by the Caspase-Glo 3/7 assay. Results are shown as the mean G SD (n = 3).

(D) Immunoblot analysis of A375 and G-361 cells treated with AT9283 alone or in combination with vemurafenib for 16 h.

(E) Mechanisms of AT9283 involved in prevention of the GCN2-ATF4 pathway activation by BRAF kinase inhibitors.

See also Figure S7.
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DISCUSSION

Using melanoma cell lines with BRAFV600E mutation, we have shown that oncogenic BRAF signaling controls the

expression of ATF4, the major ISR transcription factor. Indeed, siRNA-mediated knockdown of BRAF prevents

ATF4 induction during nutrient stress. ATF4 induction is also inhibited by relatively long-term treatments (16–

24 h) with the BRAF kinase inhibitors vemurafenib and dabrafenib. Thus, oncogenic BRAF positively regulates

ATF4 expression. We further identified mTOR and eIF4B as downstream regulators in BRAF-mediated ATF4

regulation. Curiously, ATF4was rapidly inducedby short-term treatments (4–8 h) with BRAF kinase inhibitors, de-

pending on the stress kinase GCN2 (Nagasawa et al., 2017), before onset of the downregulation of mTOR and

eIF4B. This paradoxical response was effectively inhibited by a small compound, resulting in sensitization to

BRAF kinase inhibitors. Taken together, our findings indicate that oncogenic BRAF-mediated regulation of

ATF4 expression plays a central role in stress response and cell survival.

In addition to BRAF, several oncogenes or oncogenic signals have been shown to regulate ATF4 expression

(Gwinn et al., 2018; Heydt et al., 2018; Zhao et al., 2016). Although ATF4 can be cytoprotective and proap-

optotic depending on the cell conditions (Pakos-Zebrucka et al., 2016), loss of ATF4 has been repeatedly

shown to suppress tumor growth in xenograft models (Dey et al., 2015; Ye et al., 2010). In line with this,

increased expression of ATF4 has been observed in certain tumors in clinical settings (Chen et al., 2017;

Dey et al., 2015). Using a TCGA dataset, we also found that the BRAFi-ATF4 signature, an ATF4-regulated

gene set defined under short-term BRAF kinase inhibition, is enriched in BRAF-mutated tumors derived

from patients with skin cutaneous melanoma (Figure 5C). Thus, it is conceivable that the BRAF-ATF4 axis

contributes to tumor formation in malignant melanoma, possibly through modulating the transcriptional

response to nutrient status in tumors. Indeed, oncogenic BRAF modulates various types of cellular meta-

bolism (Haq et al., 2013; Kang et al., 2015), and we demonstrated that knockdown of BRAF not only

prevents ATF4 induction but also abrogates transcriptional alterations in response to glutamine depriva-

tion (Figure S5B). Similar oncogenic regulation of glutamine response has been seen in KRAS mutant

lung cancer, and in those cells, KRAS regulates ATF4 expression to support amino acid homeostasis (Gwinn

et al., 2018). These observations collectively suggest that oncogene-mediated regulation of ATF4 can be a

common mechanism to manage metabolic homeostasis, particularly amino acid metabolism, in tumors.

It is conceivable that mTOR and eIF4B, as downstream regulators of oncogenic BRAF, cooperate to regulate

ATF4 expression. Actually, both proteins, in common,modulate the eIF4F translation initiation complex, consist-

ing of the eIF4E cap-binding protein, the eIF4G scaffolding protein, and the eIF4A RNA helicase (Silvera et al.,

2010). Inhibition of mTOR kinase can lead to disruption of the eIF4F complex by activating 4E-BP1 that blocks

eIF4E-eIF4G interaction (Richter and Sonenberg, 2005), whereas inactivation of eIF4B can lead to loss of function

to stimulate eIF4A activity (Rozovsky et al., 2008). In agreement with this, 4E-BP1 can negatively regulate ATF4

expression under the control of mTORC1 (Park et al., 2017), and, as we showed herein, inactivation of eIF4A

canpreventATF4 induction.Thus, theeIF4Fcomplex is likelyoneof the focalpointswhereoncogenicBRAFeffec-

tively regulates ATF4 expression. In this regard, persistent formation of active eIF4F complex has been identified

as a mechanism for both innate and acquired resistance to BRAF-targeted therapy (Boussemart et al., 2014).

Together with this, our present findings raise the possibility that control of ATF4 translation initiation through

the eIF4F complex plays an important role in resistance to BRAF-targeted therapy.

Contrary to relatively long-term treatments (16–24 h), short-term treatments (4–8 h) with BRAF kinase inhib-

itors paradoxically lead to GCN2 activation and subsequent induction of ATF4. Importantly, ATF4 knock-

down enhances cellular sensitivity to the anti-proliferative effect of vemurafenib (Nagasawa et al., 2017),

suggesting that the GCN2-mediated ATF4 induction functions as part of the cellular stress response to

BRAF inhibition. Consistent with this notion, we herein found that the BRAFi-ATF4 signature contained

many genes expressed in a BRAF-dependent manner (Figure S5E). In this context, it would be conceivable

that abrupt inhibition of BRAF kinase activity, per se, becomes a stressor to trigger the GCN2-ATF4 stress

response pathway. Actually, in the presence of BRAF kinase inhibitors, paradoxical induction of ATF4

occurs after the rapid inhibition of ERK phosphorylation and continues until the onset of mTOR and

eIF4B inhibition, which can lead to prevention of the translation initiation of ATF4 as above. Thus, differen-

tial regulation of the ERK andmTOR/eIF4B signaling pathways during BRAF kinase inhibitionmay provide a

time window that enables cells to activate the GCN2-mediated stress response and induce ATF4 tran-

siently. However, it is likely that activation of the GCN2-ATF4 pathway is uncoupled from the MEK-ERK

pathway inhibition, as the MEK inhibitor trametinib does not activate the GCN2-ATF4 pathway in BRAF-

mutated cells (Nagasawa et al., 2017).
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Finally, we found that rapid activation of the GCN2-ATF4 pathway by BRAF kinase inhibitors can be effec-

tively prevented by AT9283, a broad-spectrum kinase inhibitor that inhibits kinases such as JAK2, JAK3,

Aurora A, Aurora B, and c-ABL (Howard et al., 2009). Our efforts to drive clinical applications of this finding,

including to identify the target kinase(s) of AT9283 for this unexpected property and to determine the

appropriate conditions for its administration to tumor-bearing mice, have been unsuccessful. Nonetheless,

our results already show that AT9283 possesses unique features as a lead compound against BRAF-

mutated cells. The prevention of GCN2-ATF4 pathway activation by this compound has been seen selec-

tively in BRAF-mutated cells treated with BRAF kinase inhibitors, but not with amino acid stress, revealing

that different signaling mechanisms can operate between each type of stressor. In agreement with this,

combinations of AT9283 with BRAF kinase inhibitors, but not with amino acid stress, lead to the synergistic

induction of apoptosis in BRAF-mutated cells. Meanwhile, the potent efficacy of AT9383, as compared with

that of ATF4 knockdown (Nagasawa et al., 2017), suggests that the synergistic apoptosis induction may be

attributed to ATF4-dependent and -independent mechanisms.

In fact, although somewhat less effective, AT9283 can also enhance apoptosis induction in combination

with the MEK inhibitor trametinib (Figure S7G). This observation, together with the fact that trametinib

does not activate the GCN2-ATF4 pathway (Nagasawa et al., 2017), suggests that mechanisms other

than preventing ATF4 induction are also involved in the enhanced cell death by combined treatments

with BRAF inhibitors and AT9283. Although further studies are needed to understand the whole mecha-

nisms of AT9283-induced apoptosis during BRAF inhibition, these features shed light on the existence

of druggable mechanisms to improve melanoma therapy using BRAF inhibitor together with or without

MEK inhibitor. A deeper understanding of the mechanisms for GCN2-ATF4 pathway activation upon the

acute inhibition of BRAF kinase activity, as well as for oncogenic BRAF-mediated ATF4 regulation, would

provide a novel therapeutic strategy to combat melanoma harboring mutated BRAF.

Limitations of the Study

We demonstrated that oncogenic BRAF promotes cellular stress adaptation by collaborating with the ISR

pathway and that disruption of this collaborative, adaptive mechanism results in sensitization of melanoma

cells to BRAF inhibitors. However, the detailed mechanisms of BRAF-driven stress adaptation as well as

BRAF inhibitor-induced ISR activation remain to be fully elucidated. The chemical compound, which we

identified to inhibit activation of the ISR and to sensitizemelanoma cells to BRAF inhibitors, may have pleio-

tropic, as-yet-unidentified mechanisms of action. Although we showed that the expression of ISR target

genes is enriched in BRAF-mutated melanomas, future studies will be needed to determine the clinical

relevance of our findings and their potential implications in BRAF-targeted therapy.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. BRAF kinase inhibitors induce ATF4 expression transiently, related to Figure

1.

(A) Immunoblot analysis of A375 and G-361 cells treated with dabrafenib (DAB, 1 μM) for 4 or

24 h. (B) Immunoblot analysis of A375 and G-361 cells with BRAF knockdown by alternative

siRNA (Silencer select) and treatment with vemurafenib (VEM, 10 μM) or dabrafenib (1 μM) for

4 h.
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Figure S2. BRAF depletion or prolonged BRAF kinase inhibition prevents ATF4

induction, related to Figure 2.

(A) Immunoblot analysis of A375 and G-361 cells with BRAF knockdown by alternative siRNA

(Silencer select) and treatment with L-histidinol (HIS, 2 mM) for 4 h. (B) Immunoblot analysis of

A375 and G-361 cells treated with dabrafenib (DAB, 1 μM) for 24 h and then treated with L-

histidinol (2 mM) for 4 h. (C) Immunoblot analysis of A375 and G-361 cells treated with L-

histidinol (2 mM) for the indicated times.
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Figure S3. Oncogenic BRAF utilizes mTOR signaling pathway for ATF4 induction,

related to Figure 3.

(A, B) Immunoblot analysis of the melanoma cell lines treated with L-histidinol (HIS, 2 mM)

alone or in combination with pp242 (1 μM) (A) or with rapamycin (0.1 μM) or everolimus (0.1

μM) (B) for 4 h. (C, D) Immunoblot analysis of G-361 cells treated with vemurafenib (VEM, 10

μM) or dabrafenib (DAB, 1 μM) alone or in combination with pp242 (1 μM) (C) or with

rapamycin (0.1 μM) (D) for 4 h. (E, F) Immunoblot analysis of A375 cells with TSC2 knockdown

by siRNA (ON-TARGETplus SMARTpool) and treatment with vemurafenib (10 μM) or L-

histidinol (2 mM) for 4 h (E) or 16 h.
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Figure S4. Oncogenic BRAF enhances eIF4B phosphorylation for ATF4 induction,

related to Figure 4.

(A) Immunoblot analysis of A375 and G-361 cells with BRAF knockdown by alternative siRNA

(Silencer select). (B) Immunoblot analysis of A375 cells with BRAF knockdown or treatment

with pp242 (1 μM), Akt inhibitor MK-2206 (MK, 1 μM), or trametinib (TRA, 0.1 μM) for 4 h. (C)

Immunoblot analysis of A375 cells with EIF4B knockdown by alternative siRNAs (Silencer

select) and treatment with vemurafenib (10 μM) for 4 h. (D) Immunoblot analysis of A375 cells

with EIF4B knockdown cultured in glutamine-free (GlnF) medium for 18 h. (E, F) Immunoblot

analysis of the melanoma cell lines with EIF4A1 knockdown and treatment with dabrafenib

(DAB, 1 μM) (E) or with L-histidinol (HIS, 2 mM), tunicamycin (TM, 1 μg/ml), or thapsigargin

(TG, 0.3 μM) (F) for 4 h. (G, H) Immunoblot analysis of the melanoma cell lines treated with

silvestrol (50 nM) alone or in combination with vemurafenib (10 μM) (G) or L-histidinol (2 mM),

tunicamycin (1 μg/ml), or thapsigargin (0.3 μM) (H) for 4 h. (I) A375 and G-361 cells were

transfected with EIF4B-specific siRNA and treated with vemurafenib (10 μM) for 48 h. Results
are shown as the mean ± SD (n=3). The p values were calculated by two-tailed t-test. **p <

0.01, *p < 0.05. Results are representative of two independent experiments.
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Figure S5. Expression of ATF4 target genes is influenced by BRAF inhibition, related to

Figure 5.

(A) Concordance rates between the BRAF-inhibiting perturbations in Figure 5A. (B) Signature

of 2,130 probe sets (1,574 genes) that were upregulated or downregulated under glutamine

deprivation (GlnF) for 18 h in A375 cells with BRAF knockdown. The log2 fold change of levels

upon glutamine deprivation is shown for each indicated knockdown condition. For probe lists,

see Table S3. (C) Signature of 1,117 probe sets (781 genes) that were either upregulated or

downregulated by treatment with vemurafenib and/or knockdown of ATF4. A375 cells were

transfected with non-targeting siRNA (siCont) or siRNA specific for ATF4 and then treated with

vemurafenib (VEM, 10 μM) for 4 h. The log2 fold change of levels under the indicated

conditions is shown for the conditions of transfection with nontargeting siRNA (siCont) and

treatment with DMSO. For probe lists, see Supplementary Table S4. (D) Immunoblot analysis

of A375 cells with ATF4 knockdown and treatment with vemurafenib (10 μM) for 4 h. (E)

Signature of 72 probe sets (56 genes) that overlapped between probe sets altered by BRAF-

inhibiting perturbations (Figure 5A) and probe sets of the BRAFi–ATF4 signature (Figure 5B).

For probe lists, see Supplementary Table S6.
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Figure S6. Identification of a chemical compound that suppresses GCN2–ATF4 pathway

activation during BRAF kinase inhibition, related to Figure 6.

(A) Immunoblot analysis of A375 cells treated with AT9283 alone or in combination with

dabrafenib (DAB, 1 μM) for 4 h. (B) Immunoblot analysis of A375 cells in the presence of

AT9283 (1 μM) in glutamine-free (GlnF) medium for 18 h. (C) Immunoblot analysis of A375 and

G-361 cells treated with AT9283 alone or in combination with vemurafenib (VEM, 10 μM) for 4

h. (D) A375 cells were treated with vemurafenib (10 μM) in the presence or absence of AT9283

(1 μM), dasatinib (1 μM), MLN8054 (1 μM), LY2784544 (1 μM), tofacitinib (1 μM), or their

combinations for 6 h. The cells were fixed and stained with anti-ATF4 antibody. Bars represent

the quantification of the intensity of ATF4 signals in the nucleus. Results are shown as the
mean ± SD (n=3). (E) Signature of 155 probe sets (BRAFi–ATF4 signature) under the

conditions of treatment with vemurafenib (10 μM), AT9283 (0.1 μM), or both for 6 h. The log2

fold change of levels upon treatment with vemurafenib is shown for the condition of treatment

with DMSO. Plots represent the ratio of gene expression changes (cotreatment of vemurafenib

with AT9283 vs. vemurafenib alone; left panel, rank of 101 probes upregulated by vemurafenib

alone; right panel, rank of 50 probes downregulated by vemurafenib alone).
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Figure S7. Enhanced growth inhibition by combined treatments with BRAF inhibitors

and AT9283, related to Figure 7.

(A) A375 and G-361 cells were treated with AT9283 alone or in combination with dabrafenib

(DAB) for 16 h. The caspase-3/7 activities were measured by the Caspase-Glo 3/7 assay.
Results are shown as the mean± SD (n=3). (B) Immunoblot analysis of A375 and G-361 cells

treated with AT9283 alone or in combination with dabrafenib for 16 h. (C) Representative

images of A375 cells treated with AT9283 alone or in combination with vemurafenib (VEM) for

16 h. (D) A375 cells were treated with vemurafenib in the presence or absence of AT9283 (0.1

μM), dasatinib (0.1 μM), MLN8054 (0.1 μM), LY2784544 (0.1 μM), tofacitinib (0.1 μM), or their

combinations for 16 h. The caspase-3/7 activities were measured by the Caspase-Glo 3/7
assay. Results are shown as the mean ± SD (n=3). (E–G) The melanoma cell lines were

treated with AT9283 alone or in combination with vemurafenib (E), L-histidinol (HIS, 2 mM) (F),

or trametinib (TRA) (G) for 16 h. The caspase-3/7 activities were measured by the Caspase-
Glo 3/7 assay. Results are shown as the mean± SD (n=3).



TRANSPARENT METHODS 

 

Cell lines, Reagents, and Software 

Cell lines Source Catalog number 

A375 ATCC CRL-1619 

G-361 ATCC CRL-1424 

SK-MEL-2 ATCC HTB-68 

MeWo ATCC HTB-65 

HEK293T ATCC CRL-3216 

   

Antibodies Source Catalog number 

Rabbit monoclonal anti-phospho-eIF2α 

(Ser51) 

Cell Signaling Technology # 3398 

Rabbit monoclonal anti-ATF4 Cell Signaling Technology # 11815 

Rabbit anti-GCN2 Cell Signaling Technology # 3302 

Rabbit monoclonal anti-phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204) 

Cell Signaling Technology # 4370 

Rabbit monoclonal anti-p44/42 MAPK 

(Erk1/2) 

Cell Signaling Technology # 4695 

Rabbit monoclonal anti-phospho-Akt 

(Ser473) 

Cell Signaling Technology # 4060 

Rabbit monoclonal anti-Akt (pan) Cell Signaling Technology # 4685 

Rabbit monoclonal anti-phospho-p70 S6 

Kinase (Thr389) 

Cell Signaling Technology # 9234 

Rabbit anti-p70 S6 Kinase Cell Signaling Technology # 9202 

Rabbit anti-phospho-S6 Ribosormal 

Protein (Ser235/236) 

Cell Signaling Technology # 2211 

Rabbit anti-phospho-S6 Ribosormal 

Protein (Ser240/244) 

Cell Signaling Technology # 2215 

Rabbit monoclonal anti-S6 Ribosormal 

Protein 

Cell Signaling Technology # 2217 

Rabbit monoclonal anti-TSC2 Cell Signaling Technology #4308 

Rabbit monoclonal anti-phospho-4E-

BP1 (Ser65) 

Cell Signaling Technology # 9456 



Rabbit monoclonal anti-phospho-4E-

BP1 

Cell Signaling Technology # 9644 

Rabbit anti-phospho-eIF4B (Ser422) Cell Signaling Technology # 3591 

Rabbit anti-eIF4B Cell Signaling Technology # 3592 

Rabbit anti-eIF4A1 Cell Signaling Technology # 2490 

Rabbit monoclonal anti-cleaved PARP 

(Asp214) 

Cell Signaling Technology # 5625 

Rabbit monoclonal anti-PARP Cell Signaling Technology # 9532 

Rabbit monoclonal anti-phospho-Stat3 

(Tyr705) 

Cell Signaling Technology # 9145 

Rabbit anti-Stat3 Cell Signaling Technology # 9132 

Rabbit anti-Ribosomal Protein L7a Cell Signaling Technology # 2403 

Rabbit monoclonal anti-Ribosomal 

Protein S3 

Cell Signaling Technology # 9538 

Rabbit monoclonal anti-phospho-GCN2 

(Thr899) 

Abcam ab75836 

Rabbit anti-PERK Abcam ab65142 

Mouse monoclonal anti-EIF2S1 Abcam ab5369 

Mouse monoclonal anti-Raf-B Santa Cruz Biotechnology sc-55522 

Mouse monoclonal anti-B-Raf (V600E) NewEast Biosciences # 26039 

Mouse monoclonal anti-FLAG Sigma-Aldrich F3165 

Goat anti-Rabbit IgG (H+L) Secondary 

Antibody, Alexa Fluor 488 conjugate 

Thermo Fisher Scientific A-11034 

   

Chemicals Source Catalog number 

Vemurafenib Selleckchem S1267 

Dabrafenib Selleckchem S2807 

Trametinib Selleckchem S2673 

AT9283 Selleckchem S1134 

Dasatinib Selleckchem S1021 

MLN8054 Selleckchem S1100 

LY2784544 Selleckchem S2179 

Tofacitinib Selleckchem Kinase Inhibitor 

Library 

MK-2206 Selleckchem S1078 



Kinase Inhibitor Library Selleckchem Z88022 

PP242 Sigma-Aldrich N/A 

Rapamycin Sigma-Aldrich N/A 

Everolimus Sigma-Aldrich N/A 

L-Histidinol dihydrochloride Sigma-Aldrich H6647 

Thapsigargin FUJIFILM Wako 205-17283 

Tunicamycin Nacalai Tesque 35638-74 

Silvestrol ChemScene CS-0543 

   

siRNAs Source Catalog number 

ON-TARGETplus SMARTpool BRAF 

siRNA 

Dharmacon L-003460-00 

ON-TARGETplus SMARTpool EIF4B 

siRNA 

Dharmacon L-020179-00 

ON-TARGETplus SMARTpool EIF4A1 

siRNA 

Dharmacon L-020178-00 

ON-TARGETplus SMARTpool ATF4 

siRNA 

Dharmacon L-005125-00 

ON-TARGETplus SMARTpool TSC2 

siRNA 

Dharmacon L-003029-00 

Silencer Select BRAF siRNA Thermo Fisher Scientific s2080 

Silencer Select EIF4B siRNA #1 Thermo Fisher Scientific s4573 

Silencer Select EIF4B siRNA #2 Thermo Fisher Scientific s4574 

Silencer Select EIF4B siRNA #3 Thermo Fisher Scientific s4575 

   

Plasmid Source Catalog number 

pFLAG-B-Raf Addgene 40775 

   

Software Reference  

Cluster 3.0 de Hoon et al., 2004 http://bonsai.hgc.jp/

~mdehoon/software

/cluster/software.ht

m 

DAVID (version 6.8) Huang da et al., 2009a; 

Huang da et al., 2009b 

https://david.ncifcrf

.gov/ 



Enrichr Chen et al., 2013; Kuleshov 

et al., 2016 

https://amp.pharm.

mssm.edu/Enrichr/ 

GSEA software (version 2.0.14) Mootha et al., 2003; 

Subramanian et al., 2005 

http://software.broa

dinstitute.org/gsea/i

ndex.jsp 

Java TreeView (version 1.1.6r4) Saldanha, 2004 http://jtreeview.sour

ceforge.net/ 

R (version 3.3.1) N/A https://www.r-

project.org/ 

RMAExpress (version 1.0.5) Irizarry et al., 2003 http://rmaexpress.b

mbolstad.com/ 

 

Cell culture 

The melanoma cell lines and HEK293T cells were maintained in RPMI1640 (FUJIFILM 

Wako, Osaka, Japan) supplemented with 10% fetal bovine serum and 100 μg/ml 

kanamycin. For the glutamine withdrawal, cells were cultured in glutamine-free 

RPMI1640 (FUJIFILM Wako) supplemented with 10% fetal bovine serum and 100 μg/ml 

kanamycin. 

 

Immunoblot analysis 

Immunoblot analysis was performed as described previously (Saito et al., 2009). Briefly, 

cell lysates were prepared using SDS lysis buffer (62.5 mM Tris-HCl pH6.8, 2% SDS, 

10% glycerol, and 50 mM DTT) and protein concentrations were determined using the 

Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Protein samples were subjected to 

SDS-PAGE and subsequently transferred onto a nitrocellulose membrane. The specific 

bands were detected using Western Lightning plus ECL (Perkin Elmer, Waltham, MA, 

USA). 

 



RNA interference 

Silencing of human BRAF, TSC2, EIF4B, EIF4A1, and ATF4 expression was performed 

using ON-TARGETplus SMARTpool siRNA (Dharmacon, Lafayette, CO, USA) or 

Silencer Select siRNA (Thermo Fisher Scientific, Waltham, MA, USA) with 

Lipofectamine RNAiMAX (Thermo Fisher Scientific). ON-TARGETplus SMARTpool 

and Silencer Select siRNAs were used at 20 and 5 nM, respectively. Cells were 

transfected with each siRNA, in accordance with the manufacturer’s reverse-transfection 

protocol. 

 

Overexpression of BRAF 

For BRAF V600E point mutation in the FLAG-BRAF expression vector, site-directed 

mutagenesis was carried out using a QuickChange Mutagenesis Kit (Agilent 

Technologies, Santa Clara, CA, USA). Transient transfections into HEK293T and A375 

cells were performed using Lipofectamine 2000 (Thermo Fisher Scientific). 

 

Cell viability assay 

Cells were transfected with EIF4B-specific siRNA and cultured at 1  103 (A375) or 2  

103 (G-361) cells/well in a 96-well plate. After 24 h, the cells were treated with 

vemurafenib for 48 h. For cell regrowth assay, the cells were seeded at 5  103 (A375) or 

1  104 (G-361) cells/well in a 96-well plate and treated with AT9283, vemurafenib, or 

both for 16 h. The cells were reseeded to a new 96-well plate and cultured in drug-free 

medium for 96 h. Cell viability was determined by the CellTiter-Glo luminescent cell 

viability assay (Promega, Madison, WI, USA) based on quantification of the ATP content. 

 



Chemical screening 

A375 cells were seeded at 8  103 cells/well in a 96-well plate and treated with each 

compound (2 μM) from the Kinase Inhibitor Library (355 kinase inhibitors, Selleck) in 

combination with vemurafenib (10 μM) for 6 h. The cells were fixed and subjected to 

fluorescent immunostaining using anti-ATF4 antibody as described below. 

 

Fluorescent immunostaining 

A375 cells (8  103 cells/well in a 96-well plate) were treated with vemurafenib, L-

histidinol, or tunicamycin in the presence or absence of kinase inhibitors for 6 h. For 

comparison of the effects of AT9283, dasatinib, MLN8054, LY2784544, and tofacitinib, 

cells were treated with each compound at 1 µM, a concentration enough to inhibit each 

target kinase activity, based on the previous reports (Flanagan et al., 2010; Howard et al., 

2009; Ma et al., 2013; Manfredi et al., 2007; O'Hare et al., 2005). The cells were subjected 

to fluorescent immunostaining using anti-ATF4 antibody, as described previously 

(Nagasawa et al., 2017). Fluorescent images were acquired by IN Cell Analyzer 6000 (GE 

Healthcare, Chicago, IL, USA). Quantification of ATF4 intensity in the nucleus was 

performed using IN Cell Developer Toolbox software (GE Healthcare). 

 

Caspase-3/7 activity assay 

Cells were seeded at 5  103 (A375) or 1  104 (G-361) cells/well in a 96-well plate and 

treated with vemurafenib, L-histidinol, or trametinib in the presence or absence of 

AT9283, dasatinib, MLN8054, LY2784544, tofacitinib, or their combinations for 16 h. 

The caspase-3/7 activities were measured by the Caspase-Glo 3/7 assay (Promega). 

 



Colony formation assay 

A375 and G-361 cells were treated with AT9283, vemurafenib, or both for 16 h, and then 

reseeded in six-well plates (A375: 1  103 cells/well, G361: 2  103 cells/well). After 7 

(A375) or 14 (G-361) days, the colonies were stained with crystal violet. 

 

Microarray 

Microarray analysis was carried out as described previously (Saito et al., 2009). The data 

were normalized by the Robust Multichip Average method using RMAExpress 1.0.5 

(Irizarry et al., 2003). Probes with a signal intensity value of < 50 were treated as having 

a fixed value of 50 (Mashima et al., 2015). Signatures of gene sets were selected using 

the signal intensity ratio relative to each control sample as follows: probes with fold 

change > 1.5 (< 0.75) are upregulated (downregulated) ones in Figure 6E; probe with fold 

change > 2 (< 0.5) are upregulated (downregulated) ones for other signatures. Control 

samples are described in each figure legend. Clustering analysis was performed using the 

correlation-based distance and complete linkage method by Cluster 3.0 software (de Hoon 

et al., 2004) and visualized by Java TreeView (Saldanha, 2004). Gene Ontology analysis 

was performed using DAVID (National Institute of Allergy and Infectious Diseases, NIH, 

MD, USA) with the default parameters (Huang da et al., 2009a, b) and Enrichr (Chen et 

al., 2013; Kuleshov et al., 2016). 

 

TCGA analysis 

Preprocessed RNA-sequenced transcriptome data and BRAF mutation status of skin 

cutaneous melanoma (SKCM; 472 donors), including primary and metastasis tumors, 

were obtained from The Cancer Genome Atlas (TCGA) (Broad Institute TCGA Genome 



Data Analysis Center (2016): Firehose stddata_2016_01_28 run; Broad Institute of MIT 

and Harvard; doi:10.7908/C11G0KM9) (2015) via the cBioPortal (Cerami et al., 2012; 

Gao et al., 2013) website (downloaded on 3/26/2017). For log2-scaled expression levels 

of each gene, we calculated the regression coefficients of BRAF V600* mutation status 

including V600E, V600G, V600M, V600V, and V600_K601delinsE (166 donors) by 

regressing out the covariate of NRAS or NF1 mutation status (138 donors), which are 

mutually exclusive with BRAF mutations. We established rankings of genes in 

descending order of the fitted coefficients for prerank mode of GSEA analysis with 1×104 

permutations (Mootha et al., 2003; Subramanian et al., 2005). From the BRAFi–ATF4 

signature, we excluded ATF4 and genes that were not included in the TCGA transcriptome 

data set and tested the enrichment of the remaining 107 genes. For such processing, we 

used the statistical computing language R (https://www.r-project.org/; version 3.3.1). 

 

Data and Software Availability 

The accession number for the microarray data reported in this paper is National Center 

for Biotechnology Information Gene Expression Omnibus: GSE136615. 

 

Statistics 

Data are presented as mean ± S.D. from at least three independent experiments. 
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