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SUMMARY

BRAF(V600E) mutant melanomas treated with inhib-
itors of the BRAF andMEK kinases almost invariably
develop resistance that is frequently caused by re-
activation of the mitogen activated protein kinase
(MAPK) pathway. To identify novel treatment op-
tions for such patients, we searched for acquired
vulnerabilities of MAPK inhibitor-resistant mela-
nomas. We find that resistance to BRAF+MEK inhib-
itors is associated with increased levels of reactive
oxygen species (ROS). Subsequent treatment with
the histone deacetylase inhibitor vorinostat sup-
presses SLC7A11, leading to a lethal increase in
the already-elevated levels of ROS in drug-resistant
cells. This causes selective apoptotic death of only
the drug-resistant tumor cells. Consistently, treat-
ment of BRAF inhibitor-resistant melanoma with
vorinostat in mice results in dramatic tumor regres-
sion. In a study in patients with advanced BRAF+
MEK inhibitor-resistant melanoma, we find that vor-
inostat can selectively ablate drug-resistant tumor
cells, providing clinical proof of concept for the
novel therapy identified here.
INTRODUCTION

Approximately half of melanoma skin cancers carry activating

mutations in the BRAF oncogene, leading to activation of the

mitogen-activated protein kinase (MAPK) pathway. Inhibition of

the BRAF oncoprotein by targeted drugs provides substantial

benefit to patients, albeit most patients ultimately relapse with

resistant disease (Sosman et al., 2012). Dual inhibition of both

BRAF and the downstream MEK kinases leads to more sus-

tained clinical benefit, but resistance is still mostly inevitable

(Robert et al., 2015). Resistance to MAPK pathway inhibitors in
melanoma is frequently caused by reactivation of signaling

through this pathway in the presence of drug (Van Allen et al.,

2014; Wagle et al., 2014). Multiple mechanisms of MAPK reacti-

vation have been described, including upregulation of receptor

tyrosine kinases (RTKs), mutations in KRAS and NRAS, splice

site mutations in BRAF, amplification of BRAF, and mutation of

MEK kinases (reviewed by Manzano et al. [2016]). Drug with-

drawal in such drug-resistant patients often does not lead to

an immediate disease flare up, but rather to a transient pause

in tumor growth, known as the ‘‘drug holiday effect’’ (Seghers

et al., 2012). This effect can be explained, at least in part, by hy-

per-activation of the MAPK pathway signaling following drug

withdrawal, leading to a cellular state that has hallmarks of onco-

gene-induced senescence (Sun et al., 2014). Downregulation of

this hyper-active MAPK signaling marks the end of the drug

holiday, resulting in reinitiation of tumor growth and regained

drug sensitivity upon rechallenge with BRAF inhibitor (Seghers

et al., 2012).

The transient proliferation arrest of BRAF inhibitor-resistant

melanomas following drug withdrawal points to an acquired

vulnerability of drug-resistant cells that was not present in the

parental drug-sensitive cells (Sun et al., 2014). That drug resis-

tance of cancer cells comes at a fitness cost that in turn can

cause sensitivity to other drugs was identified over 50 years

ago and is referred to as ‘‘collateral sensitivity’’ (Hutchison,

1963). Previous studies have pointed to alterations in mitochon-

drial oxidative metabolism when signaling through the MAPK

pathway is modulated (Baenke et al., 2016; Corazao-Rozas

et al., 2013; Haq et al., 2013; Hernandez-Davies et al., 2015; Vaz-

quez et al., 2013). Here, we report a collateral sensitivity of BRAF

inhibitor-resistant melanoma that takes advantage of increased

levels of reactive oxygen species (ROS) in drug-resistant cells.
RESULTS

A Vulnerability of MAPKi-Resistant Melanoma
To explore new therapeutic strategies for melanomas having

acquired resistance to inhibitors of the MAPK pathway, we
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Figure 1. ROS Levels and ROS Sensitivity of

Melanoma Cells

(A) Incucyte proliferation assays of parental (A375),

BRAFi-resistant (A375R), and BRAFi/MEKi dou-

ble-resistant (A375DR) melanoma cells in the

presence or absence of 2 mM vemurafenib or

combination of 0.5 mM dabrafenib and 10 nM

trametinib.

(B) Quantification of cell viability assay of parental

and drug-resistant cells cultured in the presence

or absence of MAPK inhibitors shown in (A) at the

end of the assay. Cell viability was quantified with

CellTiter-Blue.

(C) Western blot analysis of PDGFRB expression

in A375 cells and A375R cells.

(D) Sanger sequencing analysis of NRAS gene

in A375DR cells showing gain of NRASQ61H mu-

tation.

(E) ROS levels of A375R, A375DR, and parental

A375 cells measured after 72 hr of culturing

without drugs. ROS levels were measured using

CellROX-Green flow cytometry assay. Relative

ROS levels are plotted.

(F and G) Long-term colony formation assays of

A375R (F) and A375DR (G) compared to parental

A375 cells treated with paraquat and/or MAPK

inhibitors (Vem, vemurafenib; DT, dabrafenib+

trametinib). Cells were seeded 50,000 cells per

well in 6-well plates and treated with 20 mM

paraquat, 2 mM vemurafenib, or a combination of

10 nM trametinib and 0.5 mM dabrafenib for

10 days. Afterward, the cells were fixed, stained,

and photographed.

(H) Long-term colony formation assays of parental

and MAPKi-resistant A375 cells treated with

paraquat and/or NAC. Cells were seeded 50,000

cells per well in 6-well plates and treated with

20 mM paraquat and/or 2.5 mM N-acetyl-L-

cysteine (NAC) for 10 days. Afterward, the cells

were fixed, stained, and photographed.

(I) Protein lysates were harvested from the MAPKi-

resistant (R and DR cells), and parental A375 cells

were treated with 25 mM paraquat and/or 2.5 mM

NAC for 72 hr. Western blot analysis of gH2AX as

a DNA damage marker and cleaved-PARP (cl-

PARP) as an apoptosis marker; vinculin (VINC)

served as the loading control.

(J) Parental and MAPKi-resistant A375 cells were treated with 20 mM paraquat and/or 2.5 mM NAC for 72 hr. ROS levels were measured using CellROX-Green

flow cytometry assay.

Error bars represent the mean ± SD from the biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).

See also Figure S1.
generated drug-resistant derivatives of BRAF mutant A375 hu-

man melanoma cells by long-term culture in the presence of

the BRAF inhibitor vemurafenib (A375R, resistant cells) or a com-

bination of the BRAF inhibitor dabrafenib and the MEK inhibitor

trametinib (A375DR, double-resistant cells). In a short-term pro-

liferation assay, A375R and A375DR cells proliferated in the

presence of vemurafenib and the combination of dabrafenib

plus trametinib, respectively, whereas parental A375 cells were

sensitive to MAPK inhibition (Figure 1A). In the absence of

MAPK inhibitors (MAPKi), A375R and A375DR cells displayed

slight proliferation impairment, modeling the drug holiday effect

seen in the clinic (Seghers et al., 2012). Quantification of cell
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viability at the end of the proliferation assay confirmed the sus-

tained viability of the MAPKi-resistant A375R and A375DR deriv-

atives in the presence of the drugs (Figure 1B). Further character-

ization of these derivatives revealed that A375R cells have

gained platelet-derived growth factor receptor B (PDGFRB)

expression (Figure 1C), while A375DR cells acquired a second-

ary NRASQ61H mutation (Figure 1D). Similar results were

obtained in Mel888 cells, another BRAFV600E mutated human

melanoma model. After a similar long-term culture protocol

in MAPKi, we isolated a variant resistant to vemurafenib

(Mel888R) (Figures S1A and S1C) and a line resistant to the com-

bination of dabrafenib plus trametinib (Mel888DR) (Figures S1B



and S1C). Mel888R cells express a splice variant of BRAF (Fig-

ure S1D), whereas Mel888DR harbor a secondary KRASG12C

mutation (Figure S1E). These four resistance mutations

commonly found in melanoma patients that develop resistance

to drugs that target BRAF and/or MEK kinases converge on

the hyper-activation of the MAPK pathway. These data also un-

derscore that, although generated in vitro, our drug-resistant

melanoma cell line derivatives faithfully recapitulate clinical

drug resistance.

One of the features of increased RAS signaling is the abundant

production of ROS, which serve as signaling molecules in multi-

ple cellular pathways (Lee et al., 1999; Reczek and Chandel,

2017; Ruefli et al., 2001). To test whether this is also the case

in melanoma, we measured ROS levels using fluorescent flow

cytometry. Indeed, basal levels of ROS were 2-fold higher in sin-

gle drug-resistant cells (A375R and Mel888R) and increased

even further in double drug-resistant cells (A375DR and

Mel888DR) (Figures 1E and S1F). We hypothesized that this in-

crease in ROS levels may represent an acquired vulnerability in

the sense that a further increase in ROS levels could become

detrimental to the drug-resistant cells. To test this, we exposed

parental and drug-resistant melanoma cells to the ROS inducer

paraquat. Indeed, paraquat treatment inhibited the proliferation

of single-resistant A375R cells and double-resistant A375DR

cells in a colony formation assay, while it induced only slight pro-

liferation impairment in the parental cells (Figures 1F, 1G, S1G,

and S1H). The sensitivity to paraquat in resistant melanoma cells

was proportional to the higher basal ROS levels (Figures 1E and

S1F) and correlated with an increase of DNA damage and

apoptosis, as evidenced by the presence of g-H2AX and cleaved

PARP, respectively (Figures 1I and S1J). The notion that

increased sensitivity of MAPKi-resistant cells to paraquat is

mediated by increased ROS levels is supported by the observa-

tion that treatment with the ROS scavenger N-acetyl-cysteine

(NAC) reduced ROS levels negated the sensitivity of BRAFi-

resistant cells to paraquat (Figures 1H and S1I) and reduced

DNA damage and apoptosis (Figures 1I, 1J, S1J, and S1K).

These findings indicate that regardless of the type of mutation

responsible for acquired MAPKi-resistance in melanomas,

ROS induction is a common vulnerability that can be targeted

with ROS inducers.

MAPKi-Resistant Melanoma Cells Are Sensitive to
Vorinostat
To take this concept closer to a potential clinical use, we

searched for approved drugs that also induce ROS. We selected

histone deacetylase inhibitor (HDACi) vorinostat, because vori-

nostat has a safe pharmacological profile in the clinic and HDACi

are known to induce ROS (Petruccelli et al., 2011; Ruefli et al.,

2001; Ungerstedt et al., 2005; Wolf et al., 2014). To test whether

vorinostat also induces ROS in melanoma, we treated our two

cell models with vorinostat for 72 hr and measured intracellular

ROS. Indeed, vorinostat induced ROS levels in parental and

resistant cells, which could be prevented by co-treatment with

NAC (Figures 2A and S2A). In long-term proliferation assays, vor-

inostat treatment inhibited the growth of drug-resistant cells, but

the combination of vorinostat and NAC rescued this effect in

both melanoma models (Figures 2B and S2B). Again, the vorino-
stat effect was far more pronounced in MAPKi-resistant mela-

noma cells, as it only caused mild proliferation impairment in

parental cells, also in a short-term Incucyte assay (Figures 2C

and S2C). The differential effect of vorinostat is most likely ex-

plained by the much higher ROS levels induced in MAPKi-resis-

tant melanoma cells as compared to the ROS levels induced by

vorinostat in parental cells (Figures 2A and S2A). Similar to para-

quat treatment, vorinostat induced DNA damage and apoptosis

in BRAFi-resistant, but not in parental A375 cells, which was

rescued by NAC treatment (Figure 2D). In Mel888 cells, vorino-

stat treatment also induced apoptosis in MAPKi-resistant cells

(Mel888R and Mel888DR) but not in the parental line (Fig-

ure S2D). The same results were essentially obtained with a sec-

ond ROS scavenger glutathione ethyl ester (GEE) as GEE also

reduced ROS levels induced by vorinostat and rescued the pro-

liferation defect induced by vorinostat in MAPK inhibitor-resis-

tant cells (Figures 2E, 2F, S2E, and S2F). These observations

suggest that a certain ROS level is required to inflict sufficient

DNA damage and to activate cell death pathways, which is

only achieved by vorinostat in drug-resistant, but not in parental,

melanoma cells.

We also tested the vorinostat sensitivity in NRAS mutant mel-

anoma cells, since this gene is the second most commonly

mutated in melanoma patients. We generated NRAS mutant

SK-MEL-147 melanoma cells resistant to MEK inhibitor by

long-term culture in trametinib-containing medium. Vorinostat

treatment of parental SK-MEL-147 cells and resistant derivatives

(SK-MEL-147R) induced an increase in intracellular ROS levels

that could be abrogated with co-treatment with NAC (Fig-

ure S2G). Accordingly, in a colony formation assay SK-MEL-

147R cells showed increased sensitivity to vorinostat as

compared to the parental line. This sensitivity was reversed by

the concomitant treatment with NAC (Figure S2H).

MAPK Inhibition Is Antagonized by HDACi
It has been shown in short-term assays that combined HDAC

and MAPK inhibition can prevent some forms of MAPK inhibitor

resistance in melanoma (Johannessen et al., 2013). It also has

been shown, however, that increased ROS levels lead to activa-

tion of the MAPK pathway (Son et al., 2011). This would suggest

that vorinostat, by virtue of its increase in ROS levels, could acti-

vate MAPK signaling and thereby counteract the effects of

MAPK inhibitors. Indeed, also in melanoma, vorinostat activated

MAPK signaling in A375, A375R, and A375DR cells, as evi-

denced by an increase in phosphorylated MEK (pMEK) and

p-P90RSK (Figures 3A and 3B). While MAPK inhibitors were

able to reduce levels of pMEK and p-P90RSK in all three cells,

combined treatment with MAPKi and vorinostat resulted in sig-

nificant residual MAPK signaling (Figures 3A and 3B). Consistent

with this, treatment of A375 orMel888 cells with a combination of

HDACi andMAPKi resulted in continued proliferation (Figures 3C

and S3C). Conversely, whereas A375DR and A375R are hyper-

sensitive to three different HDAC inhibitors, the combination of

MAPKi and HDACi resulted in a poor response (Figures 3C and

3D). This finding is most readily explained by the reduced

MAPK signaling caused by the MAPKi, resulting in lower ROS

levels and hence a lesser effect of ROS increase by HDACi.

Indeed, treatment of A375 and A375 DR cells with MAPK
Cell 173, 1413–1425, May 31, 2018 1415
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Figure 2. HDACi Is Detrimental to MAPKi-

Resistant Melanoma Cells

(A) Parental and MAPKi-resistant A375 cells

were treated with 2 mM vorinostat and/or 2.5 mM

NAC for 72 hr. ROS levels were measured using

CellROX-Green flow cytometry assay. Relative

ROS levels are indicated.

(B) Long-term colony formation assays of parental

and MAPKi-resistant A375 cells treated with vor-

inostat and/or NAC. Cells were seeded 50,000 cells

per well in 6-well plates and treated with 1 mM vor-

inostat and/or 2.5 mM NAC for 8 days. Afterward,

the cells were fixed, stained, and photographed.

(C) Incucyte proliferation assay of parental and

MAPKi-resistant A375 cells were seeded 400 cells

per well in a 384-well plate and cultured in the

presence or absence of 1 mM vorinostat.

(D) Protein lysates were harvested from the

MAPKi-resistant and parental A375 cells treated

with 1 mM vorinostat and/or 2.5 mMNAC for 72 hr,

and western blot analysis was performed for

gamma-H2AX (gH2AX) as a DNA damage marker

and cleaved-PARP (cl-PARP) as an apoptosis

marker. Ac-H3 was used as an indicator for levels

of acetylated histone H3. Vinculin (VINC) served

as the loading control.

(E) Parental and MAPKi-resistant A375 cells were

treated with 2 mM vorinostat and/or 2.5 mM

reduced glutathione ethyl ester (GEE) for 72 hr.

ROS levels were measured using CellROX-Green

flow cytometry assay. Relative ROS levels are

indicated.

(F) Long-term colony formation assays of parental

and MAPKi-resistant A375 cells treated with vor-

inostat and/or GEE. Cells were seeded 50,000 cells

per well in 6-well plates and treated with 1 mM vor-

inostat and/or 2.5 mM GEE for 8 days. Afterward,

the cells were fixed, stained, and photographed.

Error bars represent the mean ± SD from the

biological triplicates (*p% 0.05, **p% 0.01, ***p%

0.001, Student’s t test).

See also Figure S2.
inhibitors reduced ROS levels and suppressed the increase in

ROS caused by vorinostat (Figures 3E and 3F). The same results

were essentially obtained in short-term proliferation assays (Fig-

ures 3G–3L), in additional BRAFV600E mutant melanomas (Fig-

ures S3C–S3G), and in the NRAS mutant melanoma models

(Figure S3H).

To further study the antagonism of ROS and MAPK inhibition,

we performed long-term colony formation on A375 cells treated

with the BRAFi vemurafenib and/or the ROS inducer paraquat.

Figures 3M and S3I show that the ROS inducers paraquat and

DMNQ inhibit the proliferation of the cells in a dose-dependent

manner, but this was counteracted by vemurafenib. Moreover,

paraquat and tert-butyl-hydroperoxide (tBHP, another ROS

inducer) both caused an increase in RAS-GTP loading in A375

cells and prevented vemurafenib from effectively inhibiting

MEK activity (Figures 3N and 3O). These results indicate that

indeed ROS can positively regulate MAPK signaling, as previ-

ously shown by others (Son et al., 2011). Consistently, vorinostat

can increase RAS-GTP loading in A375, but this induction can be

abrogated by co-treatment with the ROS scavenger NAC (Fig-
1416 Cell 173, 1413–1425, May 31, 2018
ure 3P). Taken together, these data indicate antagonistic effects

of HDACi and MAPKi and emphasize the need to administer

MAPK and HDAC inhibitors sequentially in a therapeutic setting

rather than simultaneously, a notion that is tested further below.

HDACi Confers a Disadvantage to MAPKi-Resistant
Melanoma
We have shown previously that acquisition of resistance to ve-

murafenib leads to a transient proliferation arrest upon drugwith-

drawal, phenocopying the transient arrest in tumor growth upon

drug withdrawal seen in the clinic, known as the drug holiday

effect (Seghers et al., 2012; Sun et al., 2014). Biochemically, ve-

murafenib withdrawal in drug-resistant cells resulted in hyperac-

tivation of the MAPK pathway and indeed such cells have hall-

marks of ‘‘oncogene-induced senescence’’ (Sun et al., 2014).

Our present data indicate that treatment of MAPKi-resistant mel-

anoma with HDACi results in active cell death, suggesting that

this treatment is more effective in MAPKi-resistant melanoma

than in drug-sensitive cells. We tested this prediction in a

competition assay using a mixed population of parental and



two MAPKi-resistant derivatives (R and DR) of A375 cells and

Mel888 cells. Drug-sensitive and drug-resistant cells were

labeled with green or red fluorescent proteins through transduc-

tion with lentiviral vectors encoding GFP and RFP. The two cell

populationsweremixed in a 1:9 or 1:8 ratio of drug-resistant cells

over drug sensitive cells and cultured with no drug (drug holiday

effect), MAPKi, or HDACi, as schematically outlined in Figure 4A.

Relative abundance of the two populations was followed over

17 days using quantification by flow cytometry. Figure 4B shows

that MAPK inhibition efficiently depleted GFP+ parental cells and

enriched RFP+ MAPKi-resistant cells. In contrast, RFP+ MAPKi-

resistant cells were depleted by vorinostat treatment, while

GFP+ parental cells were enriched. The drug holiday arm fol-

lowed the same trend as the vorinostat arm; however, the

changes were moderate and initiated at a later time point (Fig-

ures 4B, 4C, S4A, and S4B). These results support the notion

that a switch from MAPKi to HDACi can specifically deplete

the drug-resistant cells in a heterogeneous melanoma popula-

tion that harbors both drug sensitive and drug-resistant cells.

Moreover, the competition experiment indicates that a switch

to HDACi upon development of resistance to MAPKi is more

effective in eliminating drug-resistant cells than a drug holiday.

HDACi Induces ROS through Suppression of SLC7A11
To systematically interrogate the molecular pathways govern-

ing ROS induction upon HDACi treatment, we performed tran-

scriptome profiling by next-generation RNA sequencing (RNA-

seq) of A375 parental and MAPKi-resistant derivatives (A375R

and A375DR) treated with and without vorinostat. This analysis

identified a set of 12 genes commonly downregulated in the

three cell lines upon HDACi treatment (Table S1). We focused

our attention on SLC7A11, as it encodes the cystine-glutamate

antiporter xCT. This transporter is responsible for the cellular

intake of cystine, the precursor of the major antioxidant gluta-

thione (GSH) (Bannai and Tateishi, 1986; Gout et al., 1997).

Suppression of this antiporter can therefore lead to reduction

of cellular GSH levels and, consequently, increased cellular

ROS. To investigate whether HDACi can induce ROS through

SLC7A11 suppression in BRAF or NRAS mutant melanomas,

we first quantified changes in SLC7A11 expression upon treat-

ment of parental and resistant melanoma cells with HDACi us-

ing qRT-PCR. Vorinostat indeed transcriptionally suppressed

SLC7A11 in three melanoma models (Figures 5A, S5A, and

S5I) and reduced GSH levels in two melanoma models (Figures

5B and S5B). In addition, genetic silencing of SLC7A11 using

multiple short hairpin RNAs (shRNAs) increased melanoma

ROS levels (Figures 5C and 5D). These shRNAs also sup-

pressed proliferation in our melanoma models, in particular

the double-resistant cells (Figures 5E and S5D). Next, we

used the most efficient shRNA (shSLC7A11-4) to study the ef-

fect of SLC7A11 reduction on ROS induction. We observed

that SLC7A11 suppression correlated with increased ROS

levels both in the parental cells and also in the MAPKi-resistant

derivatives (Figures 5F, 5G, S5C, and S5E). This suggests that

the HDACi-mediated ROS induction is (at least in part) due to

the reduction of SLC7A11 expression in melanomas, leading

to reduced GSH levels. The ROS scavenger trolox acts on

the lipid peroxidation process only and did not affect ROS
levels in A375R and A375DR cells and did not rescue the

toxicity of vorinostat in these cells (Valko et al., 2007) (Figures

S5M and S5N). Glutathione in contrast acts more broadly on

oxygen radicals and therefore is more efficient in rescuing

increased ROS in melanoma (see also Figures 2E and S2E).

To further support the notion that SLC7A11 is responsible for

ROS modulation by HDACi, we overexpressed SLC7A11 using

a lentiviral vector, leading to a 25- to 30-fold increase in

SLC7A11 mRNA levels (Figure 5I). Our data predict that

SLC7A11 overexpression should rescue the HDACi-mediated

ROS induction and consequently also the anti-proliferation

effect of vorinostat. The short-term IncuCyte proliferation assay

(Figures 5J and 5K) and long-term colony formation assay (Fig-

ures 5L and S5G) indicate that the HDACi-mediated anti-prolif-

eration effect is reduced by SLC7A11 overexpression. Quanti-

fication of the short-term proliferation assays are shown in

Figure S5O. Moreover, HDACi-mediated ROS induction

was abrogated by SLC7A11 overexpression (Figures 5M

and S5H). This same mechanism was confirmed in additional

NRAS mutant melanoma (SK-MEL-147) models (Figures

S5I–S5L).

In Vivo Study of Sequential Drug Treatment
Next, we tested the effectiveness of sequential treatment

of melanoma with BRAFi, followed by a switch to HDACi

upon progression on BRAFi in vivo. We injected immunodefi-

cient nude mice with A375 cells and after tumors reached

500 mm3, animals were fed a control chow, chow supple-

mented with PLX4720 (an analog of vemurafenib) or with vori-

nostat through daily intraperitoneal injection. Figure 6A shows

that in the absence of drug or in the presence of vorinostat,

A375 cells formed progressively growing tumors. In the pres-

ence of PLX4720 tumors regressed initially, but drug-resistant

tumors started to emerge approximately 40-50 days after the

start of PLX4720 treatment. To address which mechanisms of

PLX4720 resistance operated in vivo, we re-established four

drug-resistant A375 tumors in cell culture (ex vivo A1–A4, exv.

A1–A4). Figure 6G shows that each of these four tumor-derived

cell lines was highly resistant to vemurafenib, but responded to

vorinostat, belinostat, and panobinostat. All four cell lines main-

tained elevated levels of p-MEK in the presence of vemurafenib

(Figure 6C), which is explained by an amplification of BRAF in

the case of exv. A4 cells and a gain of an NRASQ61K mutation

in the case of exv. A3 cells (Figures 6D and 6E). The other two

drug-resistant tumor lines exhibited increased expression of

bona fide transforming growth factor b (TGF-b) target genes,

suggestive of the possibility of activated TGF-b signaling in

these ex vivo clones (Figure 6F), which has also been linked

to resistance to vemurafenib (Huang et al., 2012). These data

indicate that a range of different mechanisms can operate

in vivo to confer resistance to BRAF inhibition and that, like in

actual patients, in most cases drug resistance results from re-

activation of MAPK signaling. Most importantly, these data

also indicate that melanoma cells with reactivated MAPK

signaling are very responsive to HDACi, regardless of how

MAPK signaling was reactivated.

To test directly in an animal model whether BRAFi-resistant

melanomas are responsive to HDACi, we allowed the
Cell 173, 1413–1425, May 31, 2018 1417
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Figure 3. MAPK Inhibition Is Antagonistic with HDAC Inhibition

(A) BRAFi/MEKi-resistant A375DR and the parental A375 cells were treated with 2 mM vorinostat and/or the combination of 0.125 mM dabrafenib and 5 nM

trametinib. Protein lysates were harvested after 72 hr. Western blot analysis was carried out for p-MEK and p-P90RSK as indicators of activation of MAPK

pathway, ac-H3 as indicator for levels of acetylated histone H3 and a-tubulin as a loading control.

(legend continued on next page)
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Figure 4. HDACi Is Detrimental to MAPKi-

Resistant Melanoma

(A) Schematic of the in vitro competition assay to

study the effect of HDAC inhibition in a heteroge-

neous tumor containing both MAPKi-resistant and

MAPKi-sensitive cells. MAPKi-resistant cells were

labeled with red fluorescent protein (RFP) through

stable infection with a lentiviral vector pLKO-H2B-

RFP. MAPKi-sensitive cells were labeled with GFP

by infection with lentiviral vector pLKO-H2B-GFP.

After mixing theMAPKi-resistant and sensitive cell

populations, the cells were followed after different

treatments. MAPK inhibition served as a control.

MAPKi treatment resulted in enrichment of RFP+

cells.

(B and C) MAPKi-resistant A375DR cells (RFP+)

(B) or A375R cells (C) were mixed at a 9-to-1 ratio

with MAPKi-sensitive parental A375 cells (GFP+),

and then 2,000,000 cells were seeded cells into

10-cm dishes and followed after different treat-

ments. At each time point, the distribution of the cell populations was determined using flow cytometry. The ratio of the two cell population is indicated at the

starting of the experiment (day 0). The distribution changes in the two cell populations are plotted on the y axis against the time on the x axis.

Error bars represent SD of the biological triplicates.

See also Figure S4.
PLX4720-treated tumors in our mouse cohort to acquire drug

resistance (after tumors reached a volume of approximately

400 mm3 in the presence of drug), which took on average

110 days (Figure 6A). After this, mice were randomized into

four treatment cohorts: no drug, vorinostat only, PLX4720 only

or the combination of vorinostat and PLX4720. Figure 6B shows

the response of the PLX4720-resistant tumors to these four

treatment regimens. Continuous PLX4720 treatment resulted in

the most rapid tumor growth, consistent with the notion that

these cells are fully drug-resistant. PLX4720 withdrawal resulted

in a pausing of tumor growth followed by slow growth, analogous

to the drug holiday effect seen in drug-resistant patients. A slow-

growth phenotype was also seen for tumors treated with a com-

bination of vorinostat and PLX4720, consistent with the notion

that these two drugs are antagonistic. Most strikingly, a decline

in tumor volume was seen when PLX4720-resistant tumors were
(B) A375R and the parental cells were treated with 2 mM vorinostat and/or 0.5 mM

blot analysis was performed for p-MEK and p-P90RSK as activation of MAPK pat

served as the loading control.

(C) A375DR and parental cells were seeded 50,000 cells per well in 6-well plates an

(Pan), and/or combination of 5 nM trametinib and 0.125 mM dabrafenib.

(D) A375R and parental cells were seeded 50,000 cells per well in 6-well plates and

the cells were fixed, stained, and photographed.

(E and F) Relative ROS level meaurements of A375R treated with 2 mM vorinosta

combination of 0.125 mM dabrafenib and 5 nM trametinib (F).

(G–I) Incucyte proliferation assay of A375 cells (G), A375R cells (H), and A375DR (I)

absence of 1 mM vorinostat, 1 mM vemurafenib, and/or combination of 62.5 nM d

(J–L) At the end of the Incucyte assay, the cell viability of A375 cells (J), A375R cells

CellTiter-Blue.

(M) Long-term colony formation assays of A375 cells treated with 0.25 mM vemu

(N) A375 cells were treatedwith 50 mMparaquat and/or 0.25 mMvemurafenib, and

for p-MEK and total MEK. Vinculin (VINC) served as the loading control.

(O) RAS-GTP loading measurement by western blot in A375 cells treated for 30

treatments.

(P) RAS-GTP loading measurement by western blot in A375 cells treated with 2

Error bars represent the mean ± SD from the biological triplicates (*p % 0.05, **p

See also Figure S3.
switched to vorinostat alone, in agreement with the cytotoxic ef-

fects of HDACi on BRAFi-resistant melanoma cell lines seen

in vitro.

Clinical Validation of Sequential Drug Treatment
To investigate theMAPKi-HDACi sequential treatment efficacy in

patients, we initiated a clinical study (NCT02836548) to evaluate

the effects of vorinostat treatment in BRAFV600E mutated

advanced melanoma patients that had progressed on dabrafe-

nib+trametinib therapy. We synthesized vorinostat under GMP

conditions in our own pharmacy (see the STAR Methods). Since

the in vitro studies demonstrated that HDACi and MAPKi act

antagonistically, we used a 1-week MAPKi drug washout in pa-

tients before vorinostat administration. After this, patients

received vorinostat in a safe single daily oral dose of 360 mg,

slightly lower than the 400 mg dose approved for use in
vemurafenib for 72 hr, and after which protein lysates were harvested. Western

hway. ac-H3 indicated levels of acetylated histone H3 and PDGFRB. a-tubulin

d treated with 1 mMvorinostat (Vor), 0.5 mMbelinostat (Bel), 5 nM panobinostat

treated with 1 mMvorinostat and/or 1 mMvemurafenib. After 10 days culturing,

t and/or 2 mM vemurafenib (E), A375DR cells with 2 mM vorinostst, and/or the

cells seeded at 400 cells per well in a 384-well plate cultured in the presence or

abrafenib and 5 nM trametinib.

(K), and A375DR cells (L) cells were quantified. Cell viability wasmeasuredwith

rafenib and indicated concentrations of paraquat for 10 days.

protein lysates were harvested after 48 hr.Western blot analysis was performed

min with 125 mM tert-Butyl hydroperoxide (tBHP) or 48 hr of 50 mM paraquat

mM vorinostat and/or 5 mM NAC for 72 hr.

% 0.01, ***p % 0.001, Student’s t test).
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Figure 5. HDACi Suppresses SLC7A11, Re-

sulting in ROS Induction

(A) mRNA expression analysis of SLC7A11 by

qRT-PCR in parental and MAPKi-resistant A375

cells treated with 2 mM vorinostat for 48 hr.

(B) Parental and MAPKi-resistant A375 cells were

treated with 2 mM vorinostat for 72 hr. Total intra-

cellular glutathione (GSH) levels were measured

using a colorimetric-based glutathione detection

assay.

(C) Four independent shRNAs targeting SLC7A11

were individually introduced in A375 cells by len-

tiviral transduction. pLKO empty vector served as

the control. The level of SLC7A11 knockdown by

each shRNAs was measured by qRT-PCR and is

shown.

(D) Relative ROS induction upon SLC7A11

knockdown as measured by flow cytometry.

(E) Long-term colony formation of parental

and MAPKi-resistant A375 cells upon SLC7A11

knockdown. The cells were seeded 50,000 cells

per well in 6-well plate and cultured 10 days. Af-

terward, the cells were fixed, stained, and photo-

graphed.

(F) The levels of SLC7A11 knockdown in parental

and MAPKi-resistant A375 cells were measured

by qRT-PCR.

(G) Relative ROS levels in parental and MAPKi-

resistant A375 cells upon SLC7A11 knockdown

were measured by CellROX-Green flow cytometry

assay.

(H) Protein lysates were harvested from the

MAPKi-resistant and parental A375 cells with/

without SLC7A11 knockdown. Western blot anal-

ysis performed for gamma-H2AX (gH2AX) as a

DNA damage marker and cleaved-PARP (cl-

PARP) as an apoptosis marker. a-tubulin was

used as a loading control.

(I) SLC7A11 was expressed in parental and

MAPKi-resistant A375 cells by lentiviral trans-

duction. pLX304 empty vector was used as the

control (ctrl). The level of SLC7A11 overexpression

in parental and MAPKi-resistant cells was

measured by qRT-PCR of SLC7A11 mRNA.

(J and K) Incucyte proliferation assays indicate the

responsiveness to 1 mM vorinostat treatment in

A375R (J) and A375DR (K) cells with and without

SLC7A11 overexpression.

(L) Long-term colony formation of SLC7A11-

overexpressing parental and MAPKi-resistant

A375 cells in the treatment of vorinostat. The cells

were seeded 50,000 cells per well in 6-well plate and cultured 10 days with or without 1 mMvorinostat. Afterward, the cells were fixed, stained, and photographed.

(M) SLC7A11-overexpressing parental and MAPKi-resistant A375 cells were treated with 2 mM vorinostat for 72 hr. Afterward, ROS levels were measured using

CellROX-Green flow cytometry assay.

Error bars in represent the mean ± SD from the biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).

See also Figure S5 and Table S1.
cutaneous T cell lymphoma. Tumor measurements were

performed every 8 weeks and tumor tissue was collected for

exploratory analyses (Figure 7A). Pharmacokinetics of the drug

in patients (Table S3) showed very good concordance with

literature data (Iwamoto et al., 2013). Currently, six patients

have been treated and an additional 15 patients will be enrolled

in this ongoing study. A more detailed report of this trial will be

published elsewhere. Relevant to the potential therapeutic
1420 Cell 173, 1413–1425, May 31, 2018
application reported above, we present here molecular analyses

from three patients (see Table S2 for patient details) from whom

we were able to obtain pre-, during, and post-vorinostat treat-

ment biopsies.

Figures 7B–7D show radiological volume measurements of

multiple metastatic lesions for these three patients. The curves

stop at progression, which is the end of treatment of vorinostat.

The time points of biopsies are marked with a red triangle on the
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Figure 6. In Vivo Responses of BRAF

Mutant Melanoma to HDAC Inhibitors

(A) Tumor growth of A375 parental cells in the

flanks of BALB/c nude mice subcutaneously

injected with 1 3 106 A375 cells. When tumors

reached approximately 500 mm3 (black arrow),

mice were assigned to control chow (n = 8),

PLX4720-supplemented chow (40 mg/kg/day,

n = 30), or vorinostat (100 mg/kg/day, intraperito-

neal injection, n = 5).

(B) On day 112 post-injection, PLX4720-treated

mice were assigned to control chow (n = 7),

continuous PLX4720-supplemented chow (40 mg/

kg/day, n = 6), vorinostat (100 mg/kg/day, intraper-

itoneal injection, n = 11), or combination PLX4720-

supplemented chow (40 mg/kg/day) and vorinostat

(100 mg/kg/day, intraperitoneal injection, n = 6).

(C) FourBRAFi-resistantexvivoclones (exv.A1, exv.

A2, exv. A3, and exv. A4) were isolated from four

different A375 tumors receiving continued PLX4720

treatment from the cohort shown in (B). The protein

levels of phosphorylated PDGFRB, p-SHP2, SHP2,

p-MEK, MEK, and HSP90 were measured by

western blotting, and the A375 parental cell linewas

treated with 2 mM vemurafenib for 24 hr. HSP90

served as the loading control.

(D) BRAF levels in the four BRAFi-resistant ex vivo

clones and parental A375 line were determined by

qRT-PCR on genomic DNA (left panel) and mRNA

(right panel).

(E) Sanger sequencing analysis of NRAS exon 3 in

A375 BRAFi-resistant exv. 3 clone.

(F) Fold changes in mean expression levels

measured by qRT-PCR of TGFb target genes

EGFR, PDGFRB, TAGLN, CTGF, and CYR61 in

A375 BRAFi-resistant exv. 1 and exv. 2 and the

A375 parental line.

(G) A375 parental and BRAFi-resistant ex vivo

clones were treated with a panel of HDACi (1 mM

vorinostat, 0.5 mM belinostat, and 6 nM pan-

obinostat) in single treatment or in combination

with 1 mM vemurafenib in a long-term colony for-

mation assay.

Error bars represent the mean ± SD from the

biological triplicates (*p% 0.05, **p% 0.01, ***p%

0.001, Student’s t test).
curve of the lesion from which the biopsy was taken. The red

dotted vertical line marks the start of vorinostat therapy. We

used the biopsy transcriptome (RNA-seq) data to assess

SLC7A11 levels in these pre-, during, and post-vorinostat-

treated tumor biopsies to ask whether HDACi also suppress

this gene in patients. Consistent with our in vitro data, we

observed that vorinostat repressed SLC7A11 expression in the

patient lesions (Figure 7I).

We were particularly interested in whether vorinostat therapy

could eradicate tumor cells that had gained resistance to BRAF+

MEK inhibitor therapy. To assess this, we isolated DNA from

these biopsies and searched for changes in the prevalence of

drug resistance mutations in the tumors during vorinostat treat-

ment. Intriguingly, patient A harbored the known MAPKi resis-

tance mutation KRASG12C before vorinostat treatment at an allele

frequency of 44%, but this mutation was reduced to 0% after

3 weeks of vorinostat treatment (Figure 7E). Similarly, the analysis
of biopsies from patient B who acquired the NRASQ61H mutation

at 10%allele frequency during theMAPKi treatment was reduced

to 0%after vorinostat therapy (Figure 7F). Patient C developed an

NRAS amplification as judged by the increased read count for the

NRAS gene and mRNA expression as judged by RNA-seq (Fig-

ures 7G and 7H), but its level of amplification and expression

was reduced upon vorinostat treatment (Figures 7G and 7H).

These findings are in line with our in vitro and mouse data and

demonstrate that BRAF+MEK inhibitor-resistant melanoma cells

can be preferentially eliminated by treatment with vorinostat. No

significant effects of vorinostat were seen on infiltration of im-

mune cells in the metastatic lesions (Figure S6).

DISCUSSION

We identify here a vulnerability ofBRAFmutantmelanomas that is

specifically acquired upon development of resistance to inhibitors
Cell 173, 1413–1425, May 31, 2018 1421
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Figure 7. HDACi Responsiveness in MAPK

Inhibitor-Resistant Melanoma Patients

(A) Diagram of the design of clinical trial

NCT02836548 proof-of-concept study of vorino-

stat treatment in MAPKi-resistant melanoma pa-

tients.

(B) Tumor responsiveness to vorinostat in MAPKi-

resistant melanoma patient A evaluated by CT

scanmeasurements. The tumor volume ofmultiple

lesions was plotted on the y axes against time on

the x axes.

(C) Like in (B), except for patient B.

(D) Like in (B), except for patient C. Biopsies were

collected at indicated time points (inverted red

triangles) on the curves of the target lesions (solid

red lines).

(E and F) Genomic DNA isolated from the biopsied

target lesions of patient A was analyzed using the

NKI-178 gene panel using targeted NGS, as

described (Groenendijk et al., 2016). Representa-

tion of the allele frequency of drug-resistance

associatedKRASG12Cmutation in patient A (E) and

NRASQ61H in patient B (F) pre- and post-vorinostat

treatment. BRAFV600E mutation in each panel

served as an indication of tumor cell percentage in

the biopsy.

(G) DNA copy number level of NRAS gene, as

measured by the percentage of NGS reads for this

gene as percentage of total captured reads.

(H) Normalized transcript levels of NRAS analyzed

by RNA-seq in the patients’ biopsies pre- and

post-vorinostat treatment. b-actin served as a

housekeeping gene for normalization.

(I) Fold change in expression levels of SLC7A11 in

patients’ biopsies pre- and post-vorinostat treat-

ment deduced from RNA-seq data.

(J) Model for the sequential treatment of mela-

nomas. BRAFV600E (BRAF*) melanoma cells with

normal MAPK signaling and normal ROS levels are

sensitive to MAPKi (left). Drug resistance develops

through upregulation of RTKs, RAS mutations

(RAS*), BRAF amplification, or MEK mutations

(MEK*), all of which result in enhanced signaling

through the MAPK pathway and increased ROS

levels (center). Switching therapy from a MAPKi

to an HDACi in MAPKi-resistant cells induces

ROS through downregulation of SLC7A11. The

increased ROS also act on RAS to maintain high

levels of MAPK signaling. Cellular ROS levels are

already increased in MAPKi-resistant tumors, and

the further increase of ROS by HDACi leads to a

massive DNA damage response that has a lethal

effect on the cells (right).

See also Figure S6 and Tables S2 and S3.
of the MAPK pathway. When patients progress on first line ther-

apy, subsequent therapies have a tendency to become increas-

ingly less effective. However, theoretically this does not have to

be the case. It is a well-established principle that drug resistance

comes at a ‘‘fitness cost’’ for the cancer cell that in turn can lead to

novel vulnerabilities of the drug-resistant cells (Hutchison, 1963).

Such acquired vulnerabilities have in the past been searched for

through compound screens in pairs of sensitive and chemo-
1422 Cell 173, 1413–1425, May 31, 2018
therapy-resistant cancer cells (Jensen et al., 1997; Rickardson

et al., 2006). These efforts have been relatively unproductive

from a clinical perspective, most likely because cancer cells

havemanyavenues tobecomechemotherapy insensitive,making

the collateral sensitivities of drug-resistant cells equally heteroge-

neous and unpredictable. This issue is less relevant for BRAF

mutant melanoma, as resistance to MAPK pathway inhibition

more often than not leads to secondary mutations that reactivate



theMAPKpathway in thepresenceof drug. This predictable resis-

tance mechanism may also lead to more foreseeable collateral

sensitivities as compared to the chemotherapy resistance

models. Indeed, our data show that melanoma cells that have ac-

quired resistance to MAPK inhibitors through different MAPK

pathway reactivationmechanisms all become sensitive toHDACi,

including PDGFRB overexpression (A375R cells) (Figure 1C),

NRASQ61H mutation (A375DR cells) (Figure 1D), KRASG12C

(Mel888DR cells) (Figure S1E), BRAF splice site mutations

(Mel888R cells) (Figure 1D), and BRAF amplification (A375 Exv

A4) (Figures 6C and 6D). The common vulnerability we identified

in these MAPK-resistant cells results from the induction of ROS

by hyperactive MAPK pathway signaling. Consequently, further

activationof these increasedROS levelsbyvorinostat leads tosig-

nificant DNA damage and apoptotic cell death only in the MAPK-

resistant cells, but not in the drug-sensitive cells that have lower

ROS levels. Consistent with this, we see no effect of vorinostat

in MAPK inhibitor-sensitive melanoma cells.

Vorinostat has proven anticancer activity and was approved in

2006 for use in cutaneous T cell lymphoma. Our data indicate

that ROS induction plays a major part in the killing of BRAF inhibi-

tor-resistantmelanomacells by vorinostat, as theROSscavengers

NAC and GEE counteracted the vorinostat effects. The vorinostat

effect on ROS induction is primarily caused by suppression of

SLC7A11, asectopicSLC7A11expression rescuedROS induction

by vorinostat (Figures 5K and S5G). This gene encodes the

importer of cystine, which serves as a precursor to the ROS scav-

enger glutathione.SLC7A11 expression did not completely rescue

the anti-proliferative effect of vorinostat in BRAF inhibitor-resistant

melanoma, consistent with the notion that vorinostat also has

ROS-independent effects on cancer cells (Figures 5J and S5F).

Together, these data support a model in which the increased

ROS level in BRAF-resistant melanoma becomes a liability when

ROS levels are increased further by HDACi treatment, leading to

DNA damage and apoptotic cell death (Figure 7J).

We find that vorinostat treatment in mouse xenograft tumors

that have developed resistance to BRAF inhibitor in vivo leads

to tumor regression. This was not seen when BRAFi-resistant tu-

mor cells were treated with a combination of BRAFi+HDACi, in

agreement with our in vitro findings showing that the two drugs

are antagonistic. The molecular basis for the notion that BRAFi

and HDACi must not be used simultaneously is provided by our

finding that increased MAPK signaling resulting from BRAF

inhibitor resistance leads to an increase in ROS levels that are

increased to toxic levels by subsequent treatment with vorinostat.

Conversely, MAPK inhibition with selective drugs diminishesROS

levels.While vorinostat can increase these lower ROS levels in the

presence of MAPK inhibitors also, they do not reach toxic con-

centrations that result in DNA damage and cell death (Figures

3D–3F). The finding that BRAF and HDAC inhibitors must be

used sequentially was unexpected as a recent publication

demonstrated that combination of BRAF and HDAC inhibitors

upfront can prevent emergence of resistant melanoma cells in a

short-term assay (Johannessen et al., 2013). This difference

most likely has its origin in the notion that the effects of epigenetic

drugs like vorinostat take considerable time to develop. That le-

thal ROS levels can be used to kill cancer cells was recently

also shown by others using a combination of mTOR and HDAC
inhibitors in NF1 and RAS mutant cancers (Malone et al., 2017).

The fundamental difference between this observation and ours

is that Malone et al. (2017) used simultaneous treatment with

two drugs to increase ROS levels to lethal levels, whereas in

our melanoma model, it is mandatory to use the drugs sequen-

tially to reach toxic ROS levels. Indeed, most other recent publi-

cations that identify combinations of drugs to prevent resistance

development use upfront combinations to accomplish this

(Hangauer et al., 2017; Sharma et al., 2010). The sequential treat-

ment we identify here has the advantage that it avoids toxicity

arising from simultaneous use of drugs. Therefore, sequential

drug therapy enables the clinical use of a much larger drug reper-

toire than simultaneous use. In a pilot study in patients with

advanced BRAF mutant melanoma that progressed on BRAF+

MEK inhibitor therapy we see that tumor cells harboring a drug-

resistance mutation are quickly depleted by vorinostat, consis-

tent with the sensitivity of these cells to vorinostat seen in vitro

and in mouse models. In patients, tumors initially stabilize upon

switch to vorinostat therapy, but then progression occurs. This

is not unexpected, given that parental, MAPK inhibitor sensitive,

tumor cells fail to respond to vorinostat. After initial depletion of

the drug-resistant clones in the tumor by vorinostat therapy, the

BRAF+MEK inhibitor sensitive clones continue to proliferate,

leading to progression. To avoid this problem, we will adapt the

protocol for the ongoing trial NCT02836548 to include monitoring

of patients on BRAF+MEK inhibitor therapy for early signs of drug

resistance through analysis of cell free tumor DNA in blood (Mur-

taza et al., 2013). Such mutations are often detectable before

radiological progression is evident (Misale et al., 2012). By pulsa-

tile treatment with vorinostat to eradicate emergent drug-resis-

tant cells, followed by a switch back to BRAF+MEK inhibition,

we expect to get longer progression free survival benefit for pa-

tients as compared to an intermittent BRAF inhibitor only regimen

(Das Thakur et al., 2013). Indeed, our in vitro data indicate that

switching fromMAPK inhibitor therapy to vorinostat ismore effec-

tive in eradicating drug-resistant cells than a drug holiday (Figures

4 and S4). We cannot exclude that drug-resistance mechanisms

occur in patients that are not associated with reactivation of the

MAPK pathway. If they occur, such drug-resistant variants may

not respond to vorinostat therapy. We note that all melanoma

cells that acquired resistance in vitro or in vivo, including the three

patients analyzed here, upregulated the MAPK pathway to gain

resistance and thereby gained susceptibility to HDAC inhibition.

More generally, our data highlight that studying how cancer cells

acquire resistance to targeted cancer drugs may be fruitful to

identify novel vulnerabilities that can be exploited therapeutically.
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Experimental Models: Organisms/Strains
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Patient information This paper Table S2

Recombinant DNA

pLKO 0.1 (TRC) Sigma-Aldrich TRC shRNA

collection

N/A

pLKO-shSLC7A11 shRNAs K. Lint (NKI, Amsterdam, the

Netherlands)

N/A

pLKO-H2A-GFP K. Lint (NKI, Amsterdam, the

Netherlands)

N/A

pLKO-H2A-RFP Addgene Cat#: #25890

pLX304-empty SSCB Broad ORF lentiviral

expression collection

N/A

pLX304-SLC7A11 N/A N/A

Sequence-Based Reagents

shRNA target sequences Sigma-Aldrich TRC shRNA

collection

TRCN0000043123

shSLC7A11#1:

CCGGCCTGTCACTATTTGGAGCTTTCTCGA

GAAAGCTCCAAATAGTGACAGGTTTTTG

Sigma-Aldrich TRC shRNA

collection

TRCN0000043127
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

shSLC7A11#2:

CCGGGCTGATTTATCTTCGATACAACTCGAG

TTGTATCGAAGATAAATCAGCTTTTTG

Sigma-Aldrich TRC shRNA

collection

TRCN0000288865

shSLC7A11#3:

CCGGCCTGCGTATTATCTCTTTATTCTCGAG

AATAAAGAGATAATACGCAGGTTTTTG

Sigma-Aldrich TRC shRNA

collection

TRCN0000380471

shSLC7A11#4:

GTACCGGCCCTCTATTCGGACCCATTTACTCGAGTAAATGGGT

CCGAATAGAGGGTTTTTTG

N/A N/A

gGAPDH Forward: 50-CCACCCAGAAGACTGTGGAT-30 Invitrogen N/A

gGAPDH Reverse: 50-TTCAGCTCAGGGATGACCTT-30 Invitrogen N/A

gNRAS exon3 Forward: 50-TGGCAAATACACAGAGGAAGC-30 Invitrogen N/A

gNRAS exon3 Reverse: 50-CACACCCCCAGGATTCTTAC-30 Invitrogen N/A

gKRAS exon2 Forward: 50-AGAATGGTCCTGCACCAGTAA-30 Invitrogen N/A

gKRAS exon2 Reverse: 50-TTAACCTTATGTGTGACATGT

TCTAA-30
Invitrogen N/A

gBRAF Forward: 50- CAAGTCACCACAAAAACCTATCGT-30 Invitrogen N/A

gBRAFReverse: 50- AACTGACTCACCACTGTCCTCTGTT-30 Invitrogen N/A

GAPDH Forward: 50-AAGGTGAAGGTCGGAGTCAA-30 Invitrogen N/A

GAPDH Reverse: 50-AATGAAGGGGTCATTGATGG-30 Invitrogen N/A

PDGFRB Forward: 50- CAGGAGAGACAGCAACAGCA-30 Invitrogen N/A

PDGFRB Reverse: 50- TGTCCAGAGCCTGGAACTGT-30 Invitrogen N/A

EGFR Forward: 50-TCCTCTGGAGGCTGAGAAAA-30 Invitrogen N/A

EGFR Reverse: 50-GGGCTCTGGAGGAAAAGAAA-30 Invitrogen N/A

TAGLN Forward: 50-GTCCGAACCCAGACACAAGT-30 Invitrogen N/A

TAGLN Reverse: 50- CTCATGCCATAGGAAGGACC-30 Invitrogen N/A

CYR61 Reverse: 50- GCTGGAATGCAACTTCGG-30 Invitrogen N/A

CYR61 Forward: 50-CCCGTTTTGGTAGATTCTGG-30 Invitrogen N/A

CTGF Reverse: 50-TACCAATGACAACGCCTCCT-30 Invitrogen N/A

CTGF Reverse: 50- TGGAGATTTTGGGAGTACGG-30 Invitrogen N/A

BRAF Forward: 50-GTGGATTATGCTCCCCACC-30 Invitrogen NA

BRAF Reverse: 50-CTGCCATTCCGGAGGAG-30 Invitrogen N/A

SLC7A11 Forward: 50-AGCACATAGCCAATGGTGAC-30 Invitrogen N/A

SLC7A11 Reverse: 50- GCTGGCTGGTTTTACCTCAA-30 Invitrogen N/A

Software and Algorithms

Prism version 7.0 GraphPad Software N/A

FlowJo version 7.6.5 FlowJo, LLC N/A

qPrimerDepot N/A

IncuCyte ZOOM system ESSEN Bioscience N/A

4 Peaks version 1.7.2 Nucleobytes N/A

IGV verison 2.3.61 (88) Broad Institute N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rene

Bernards (r.bernards@nki.nl).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The A375, SK-MEL-2 and SK-MEL-147 melanoma cell line was obtained from ATCC. Mel888 cells were gifts from D. Peeper (Am-

sterdam, the Netherlands). Colo741 cell lines were provided by R. Marais (Manchester, UK). All the cell lines were cultured in a

DMEM-based medium supplemented with 10% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine. Vemurafenib-resistant

A375R, Mel888R were generated by long term (at least 3 months) culturing with 2 mM vemurafenib. Dabrafenib-trametinib dou-

ble-resistant A375DR and Mel888DR were generated by long term (at least 3 months) culturing with 0.25 mM dabrafenib and

10nM trametinib. Vemurafenib-resistant ex vivo clones were isolated from immunodeficient BalbC mice, which were engrafted

with A375 and long-term treated with PLX4720-supplemented chow (40mg/kg). All the in vitro cell lines have been validated by

STR profiling and regularly tested for Mycoplasma spp with PCR-based assay.

Mouse xenografts and in vivo drug studies
All animal experiments were approved by the Animal Ethics Committee of the Netherlands Cancer Institute and performed in accor-

dance with institutional, national and European guidelines for Animal Care and Use. Two million A375 BRAF(V600E) melanoma cells

were resuspended in PBS were mixed 1:1 with matrigel and injected subcutaneously into the posterior flanks of 7-week-old immu-

nodeficient BalbC nude femalemice (6mice per group; Janvier Laboratories, theNetherlands). Tumor formationwasmonitored twice

a week, and tumor volume based on calliper measurements was calculated by the modified ellipsoidal formula (tumor volume =

1/2(length 3 width2)). When tumors reached a volume of approximately 0.5 cm3, mice were randomized into two treatment arms

(Phase I): BRAF inhibitor PLX4720 (Plexxikon) formulated in the chow dosed at 40 mg/kg (Research Diets Inc) or normal chow.

Upon BRAFi resistance emergence in the group treated with PLX4720, mice bearing tumors of approximately 0.3 cm3 were once

again randomized into the following treatment arms (Phase II): no drug, vorinostat only, PLX4720 only or the combination of vorinostat

and PLX4720. Vorinostat was formulated in DMSO: Kolliphor EL (#27963, Sigma-Aldrich): Saline solution, with the ratio of (1:1:8), and

it was dosed at 100 mg/kg daily by intraperitoneal injection.

Patient studies
Each patient being considered for the study received detailed information on the study procedures, the experimental treatment, the

potential risks and benefits of the treatment, possible standard treatment alternatives, and the fundamental rights of a patient

included in an experimental study/clinical trial, fully compliant with the Helsinki declaration (https://www.wma.net/en/

30publications/10policies/b3/). Patient Information Sheets (PIS, also called Informed Consent) were provided to all participants in

the study. The information was provided by a physician in charge of the trial, and an informed consent document approved by the

Ethics Committee, were given to the patient. Patients were provided with sufficient time to consider all aspects of the trial and asso-

ciated translational studies. Written informed consent was obtained of every participating subject prior to their registration into the

trial. The study was approved by Medical Ethics Committee (METC) of the Antoni van Leeuwenhoek Hospital. Patient A: 58-year-

old female, melanoma stage IV. Patient B: 48-year-old male, melanoma stage IV, Patient C: 54-year-old male, melanoma stage IV.

Long-term colony formation assay and IncuCyte cell proliferation assays
Cells were seeded into 6-well plates (50,000 cells per well) or 12-well plates (30,000 cells per well) and cultured both in the absence

and presence of drugs as indicated for 10-15 days. At the end of the assay, cells were fixed with 4% of formaldehyde (#1.04002,

Millipore) diluted in PBS, stained with 2%of crystal violet (#HT90132 Sigma-Aldrich) diluted in water and photographed. For IncuCyte

proliferation assays, cells were seeded in 384-well plate (400 cells per well) and cultured in absence or presence of drugs as indi-

cated. Cell confluence was measured and quantified by the IncuCyte imaging system (Essen Bioscience).

Cell viability measurement
Cell viability was detected using CellTiter-Blue Cell Viability Assay Kit (G8081, Promega) according to the manufacturer’s instruc-

tions. The assay measurement was performed using EnVision multi-label plate reader (PerkinElmer).

Protein lysate preparation and immunoblotting
Cells were seeded in DMEM-based medium containing 10% fetal bovine serum (FBS) in the absence or presence of drug for 48 or

72 hr. The drugs were daily refreshed. Afterward, the cells were washed with PBS and lysed with RIPA buffer supplemented with

protease inhibitors (cOmplete, Roche) and phosphatase inhibitor cocktails II and III (Sigma). All lysates were freshly prepared and

processed with Novex NuPAGE Gel Electrophoresis Systems (Invitrogen). The detection was performed after 48 or 72 hr drug

treatment.

ROS detection
The cells were treated in the absence or presence of drugs for 72 hr, daily refreshed. ROS level in cells was detected using CellROX

Green Flow Cytometry Assay Kit (C10492, Life Technologies) according to the manufacturer’s instructions. Drugs remained present

during the assay.
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Glutathione detection
The cells were treated in the absence or presence of drugs for 72 hr, daily refreshed. Total GSH level in cells was detected using

Glutathione detection kit (ADI-900-160, Enzo) according to the manufacturer’s instructions.

Competition assay
The MAPKi-resistant cells were stably transfected with pLKO-H2B-RFP. The MAPKi-sensitive parental cells were stably transfected

with pLKO-H2B-GFP. Afterward, two cell populations were mixed and then seeded 2,000,000 cells into 10-cm dishes for biological

replicates and different 6 treatment arms. At each time point, the distribution of the cell populations was determined using flow cy-

tometry (The BD LSRFortessa cell analyzer, BD Biosciences). The ratio of two cell populations was indicated. Day 0 is the starting of

the assay; this also indicates the ratio of the seeded GFP and RFP cells. The medium containing drugs were refreshed during each

time point. During the experiment, when cells reach 80%confluency in the plates, the cells were re-seeded 2,000,000 cells into a new

10-cm dish.

qRT-PCR
Total RNA was extracted from cells using TRIzol reagent from Invitrogen or Quick-RNA MiniPrep (# R1055) from Zymo Research.

cDNA synthesis was performed using Maxima Universal First Strand cDNA Synthesis Kit (#K1661) from Thermo scientific. qPCR re-

actions were performed with FastStart Universal SYBRGreenMaster (Rox) from Roche. The experiments were performed according

to the manufacturer’s instructions. The sequences of the primers used for qRT–PCR analyses are described in the Key Resources

Table. All reactions were run in triplicate. The CT values were calculated using the Standard Curve Method.

Detection of genomic DNA alterations
Genomic DNA was isolated using DNeasy Blood&Tissue kit (#6950, QIAGEN) according to the manufacturer’s instructions. 40ng

gDNA was inputted for 40 cycles of PCR. Next, the PCR products were cleaned with ExoSAP-IT (#78200, Affymetrix) and capillary

sequenced using the BigDye terminator V3.1 sequencing Kit (Applied Biosystems). The sequences of the primers used to detect the

genomic alternations in NRAS, KRAS and BRAF are described in Table S1. All the sequencing was verified with Forward and Reverse

primers.

Lentiviral transduction
A third-generation lentivirus packaging system consisting of pCMV-VSV-G (addgene#8454), pRSV-Rev (Addgene#12253) and

pMDLg/pRRE (Addgene#12251) was used to create virus particles of the modified reporter plasmids. A transient transfection was

performed in 293T cells and lentiviral supernatants were produced. Destination cells were infected with lentiviral supernatants, using

8 mg/ml Polybrene and low virus titer. After 48h of incubation, the supernatant was replaced by medium containing 10 mg/ml Blas-

ticidin or 2 mg/ml Puromycin. After 48h, selection of viral transduced cell lines was completed. All the lentiviral vectors in the study are

described in supplemental experiment procedure.

Relative growth rate calculation
The growth rate of each replicate was calculated as the slope a curve fitted through the linear range of the log-transformed conflu-

ence measurements (the first 84 hr for A375R and 76 hr for A375DR) of the Incucyte proliferation experiment. For each cell line, the

growth rates were normalized to the mean of the untreated controls. The growth rate of untreated control was considered as a basal

line and normalized to 1. The relative growth rates of all growth rates of the drug-treated and genetic manipulated arms were

compared with the untreated control arm. Error bars indicate standard deviation of 4 replicates.

Active RAS Pull-Down detection
Melanoma cells were treated in the absence or presence of drugs for 72 hr, daily refreshed. RAS-GTP levels were detected using RAS

Assay Reagent (RAF-1 RBD, agarose, Merck Millipore according to the manufacturer’s instructions.

Vorinostat synthesis
Vorinostat (N-hydroxy-N’-phenyloctanediamide) has been synthesizedwith suberic acid as startingmaterial. Themethod is based on

the procedure described byMai et al. (2001). Suberic acid was treated with acetic anhydride to form its cyclic anhydride. By stirring in

tert- butylmethylether rather pure cyclized anhydride is obtained. The second step is the reaction of the cyclized anhydride with an-

iline. This yields three products: suberic acid, mono-anilide (desired product) and bis-anilide. Themono-anilide is isolated in relatively

high purity from the mixture. A final trituration in tert-butylmethylether will give 93%–96% pure mono-anilide. Last step is the forma-

tion of the hydroxylamide to form vorinostat. After multiple crystalizations the desired purity of 99% is obtained. All conversions, after

each step, are followed by1H NMR spectroscopy and liquid chromatography with mass spectrometric (LC-MS) detection. Vorinostat

capsules have beenmanufactured under GMP conditions bymixing vorinostat drug substance with microcrystalline cellulose PH102

followed by semi-automatic filling into red, hard gelatin capsules (size 0). Each capsule contains an amount of 90 mg vorinostat.

Vorinostat capsules are packed per 28 capsules in HD-PE containers and labeled according to GMP EU Annex 13. Vorinostat cap-

sules are stable for at least 1 year at room temperature. Quality control of vorinostat capsules encompasses determination of identity,
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content, purity, and uniformity of dosage units, using a validated reversed phase high performance liquid chromatography method

with UV detection at 241 nm. Column: Symmetry Shield RP8 1503 2.1 mm ID and particle size 3.5 mm.Mobile phase: A, 0.5% acetic

acid in water; B, 0.5% acetic acid in acetonitrile (90/10). Flow: 300 mL/min. Temperature: 30�C.

NKI 178 gene panel exosome next generation DNA sequencing
DNA were isolated from the fresh frozen tumor biopsies. Target enrichment DNA next-generation sequencing was performed with a

custom SureSelect XT2 bait library (Agilent Technologies) covering a selected panel of 178 genes, consisting of (indirect or direct)

clinically relevant genes. The experimental details are described (Groenendijk et al., 2016).

Immunohistochemistry
Immunohistochemistry of the FFPE tumor samples was performed on a BenchMark Ultra (CD3, CD4, CD8, CD20, CD56 and CD68)

automated stainer (Ventana Medical Systems). Briefly, paraffin sections were cut at 3 um, heated at 75�C for 28 min and deparaffi-

nized in the instrument with EZ prep solution (Ventana Medical Systems). Heat-induced antigen retrieval was carried out using Cell

Conditioning 1 (CC1, Ventana Medical Systems) for 32 min at 95�C (CD3, CD4, CD8, CD20, CD56 and CD68). CD3 was detected

using clone SP7 (1/100 dilution, 32min at 37�C, Spring / ITK), CD4 clone SP35 (1/50 dilution, 32min at 37�C, Cell Marque), CD8 clone

C8/144B (Dako / Agilent) using 1/200 dilution 32 min at 37�C, CD20 using clone L26 (1/800 dilution, 32 min at 37�C, Dako / Agilent),

CD56 clone MRQ-75 (1/2000 dilution, 32 min at 37�C, Cell Marque), CD68 clone KP1 (Dako / Agilent) using 1/20000 dilution 32min at

37�C. detection for CDmarkers were visualized using the OptiView DAB Detection Kit (Ventana Medical Systems). Slides were coun-

terstained with Hematoxylin and Bluing Reagent (Ventana Medical Systems).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was calculated by Student’s t test with two tails. Prism andMicrosoft Excel were used to generate graphs and

statistical analyses. *p value < 0.05, **p value < 0.01, ***p value < 0.001. For animal experiments, no statistics methods were used to

predetermine sample size; we used the generally accepted number of tumors per treatment group.

DATA AND SOFTWARE AVAILABILITY

Raw and processed data from the next generation RNA sequencing of patient biopsies before and after therapy with HDAC inhibitors

have been deposited to NCBI Gene Expression Omnibus (GEO) under accession number GSE110948. DNA sequencing of the pa-

tient samples is deposited under accession number GSE111140.

ADDITIONAL RESOURCES

The clinical study described in this manuscript was registered under number NCT02836548 and can be accessed at https://

clinicaltrials.gov/show/NCT02836548.
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Supplemental Figures

Figure S1. ROS Levels and ROS Sensitivity of Additional Melanoma Cells, Related to Figure 1

(A) Long-term colony formation assay of parental (Mel888) and BRAFi-resistant (Mel888R) melanoma cells were seeded 50,000 cells per well in a 6-well plate and

cultured in the presence or absence of 2 mM vemurafenib for 10 days.

(B) Long-term colony formation assay of parental (Mel888) and BRAFi/MEKi-double drug resistant (Mel888DR) melanoma cells were seeded 50,000 cells per well

in a 6-well plate and cultured in the presence or absence of 0.5 mM dabrafenib and 10 nM trametinib.

(C) Cell viability assay of parental and drug-resistant cells were seeded 3,000 cells per well in a 96-well plate and cultured in the presence or absence of MAPK

inhibitors for 96 hr, and then measured with CellTiter-Blue.

(D) Protein western blot analysis for BRAF indicating that Mel888R cells harbor a 61 kDa BRAF variant.

(E) Sanger sequencing of the KRAS gene in Mel888DR cells showing a KRASG12C mutation.

(F) ROS levels ofMel888R,Mel888DR and their parental cells weremeasured after 72 hr culturingwithout drugs. ROS levels weremeasured using CellROX-Green

flow cytometry assay. Relative ROS inductions are plotted.

(G andH) Long-term colony formation assay ofMel888R (G), Mel888DR (H) and their parental cells in the treatment of paraquat and/orMAPK inhibitors. Cells were

seeded 50,000 cells per well in 6-well plates and treated with 20 mM paraquat, 2 mM vemurafenib or combination of 10nM trametinib and 0.5 mM dabrafenib for

10 days. Afterward, the cells were fixed, stained, and photographed.

(I) Long-termcolony formation assays of parental andMAPKi-resistantMel888 cells in the treatment of paraquat and/or NAC.Cellswere seeded50,000 cells perwell

in 6-well plates and treated with 20 mM paraquat and/or 2.5 mM N-acetylcysteine (NAC) for 10 days. Afterward, the cells were fixed, stained, and photographed.

(J) Protein lysates were harvest from theMAPKi-resistant (R and DR) and parental Mel888 cells treatedwith 25 mMparaquat and/or 2.5mMNAC for 72 hr.Western

blot analysis showing gH2AX as a DNA damage marker and cleaved-PARP (cl-PARP) as an apoptosis marker; a-tubulin served as the loading control.

(K) Parental and MAPKi-resistant Mel888 cells were treated with 20mM paraquat and/or 2.5 mM NAC for 72 hr. ROS levels were measured using CellROX-Green

flow cytometry assay. Relative ROS inductions are plotted.

Error bars in this figure represent as mean ± standard deviations from biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).



Figure S2. HDACi Is Detrimental to MAPKi-Resistant BRAF and NRAS Mutant Melanoma Cells, Related to Figure 2

(A) Parental and MAPKi-resistant Mel888 cells were treated with 2 mM vorinostat and/or 2.5 mM NAC for 72 hr. ROS levels were measured using CellROX-Green

flow cytometry assay. Relative ROS inductions are plotted.

(B) Long-term colony formation assays of parental andMAPKi-resistant Mel888 cells treated with vorinostat and/or NAC. Cells were seeded 50,000 cells per well

in 6-well plates and treated with 1 mM vorinostat and/or 2.5 mM NAC for 8 days. Afterward, the cells were fixed, stained, and photographed.

(C) Incucyte proliferation assay of parental and MAPKi-resistant Mel888 cells, seeded 2,000 cells per well in a 96-well plate and cultured in the presence or

absence of 1 mM vorinostat.

(D) Protein lysates were harvest from the MAPKi-resistant and parental Mel888 cells treated with 1 mM vorinostat and/or 2.5 mM NAC for 72 hr. Western blot

analysis shows gH2AX as a DNA damage marker and cleaved-PARP (cl-PARP) as an apoptosis marker; a-tubulin served as the loading control.

(E) Parental and MAPKi-resistant Mel888 cells were treated with 2 mM vorinostat and/or 2.5 mM reduced glutathione ethyl ester (GEE) for 72 hr. ROS levels were

measured using CellROX-Green flow cytometry assay. Relative ROS levels are indicated.

(F) Long-term colony formation assays of parental and MAPKi-resistant Mel888 cells treated with vorinostat and/or GEE. Cells were seeded 50,000 cells per well

in 6-well plates and treated with 1 mM vorinostat and/or 2.5 mM GEE for 8 days. Afterward, the cells were fixed, stained, and photographed.

(legend continued on next page)



(G)NRASmutant melanoma cells SK-MEL-147 and its MEKi-resistant variant SK-MEL-147R cells were treated with 2 mMvorinostat and/or 2.5mMNAC for 72 hr.

ROS levels were measured using CellROX-Green flow cytometry assay. Relative ROS inductions are plotted.

(H) Long-term colony formation assays of parental and MEKi-resistant SK-MEL-147 cells treated with vorinostat and/or NAC. Cells were seeded 50,000 cells per

well in 6-well plates and treated with 1 mM or 1.5 mM vorinostat, 2.5 mM NAC and/or 100 nM trametinib for 8 days. Afterward, the cells were fixed, stained, and

photographed.

Error bars in this figure represent as mean ± standard deviations from biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).



Figure S3. MAPK Inhibition Is Antagonistic with HDAC Inhibition in Additional BRAF and NRAS Mutant Melanomas, Related to Figure 3

(A) Mel888DR and parental Mel888 cells were treated with 2 mM vorinostat and/or the combination of 0.125 mM dabrafenib and 5 nM trametinib. Protein lysates

were harvested after 72 hr.Western blot analysis was performed for p-MEK and p-P90RSK as indicators of activation of MAPK pathway, ac-H3 indicated levels of

acetylated histone H3; a-tubulin served as the loading control.

(B) Mel888R and the parental cells were treated with 2 mMvorinostat and/or 0.5 mMvemurafenib for 72 hr. Protein lysates were harvested after 72 hr. Western blot

analysis was performed for p-MEK and p-P90RSK as activation of MAPK pathway, ac-H3 indicated levels of acetylated histone H3, Alternative splice variant

61kDa BRAF as the BRAFi-resistance mechanism; a-tubulin served as the loading control.

(C and D) Long-term colony formation assays of parental and MAPKi-resistant Mel888 cells treated with vorinostat and/or MAPKi. (C) Mel888DR and parental

cells were seeded 50,000 cells per well in 6-well plates and treatedwith 1 mMvorinostat (Vor), 0.5 mMbelinostat (Bel), 5 nMpanobinostat (Pan) and/or combination

of 5 nM trametinib and 0.125 mM dabrafenib. (D) Mel888R and parental cells were seeded 50,000 cells per well in 6-well plates and treated with 1 mM vorinostat

and/or 1 mM vemurafenib. After 10 days culturing, the cells were fixed, stained, and photographed.

(E and F) Relative ROS level measurements of Mel888R treated with 2 mMvorinostat and/or 2 mMvemurafenib (E), Mel888DR cells with 2 mMvorinostst and/or the

combination of 0.125 mM dabrafenib and 5 nM trametinib (F).

(G) Long-term colony formation assays of BRAFmutant melanoma cells (Colo741). The cells were seeded 50,000 cells per well in 6-well plates and treated with

vorinostat, 5 nM trametinib, 0.125 mM dabrafenib and/or the combinations for 10 days. Afterward the cells were fixed, stained, and photographed.

(H) Long-term colony formation assays of parental and MEKi-resistant SK-MEL-147 cells treated with vorinostat and/or MAPKi. The cells were seeded 50,000

cells per well in 6-well plates and treated with 1 mM vorinostat and/or 50nM trametinib.

(I) Long-term colony formation assays of A375 cells treated with 0.25 mM vemurafenib and indicated concentrations of 2,3-dimethoxy-1,4-napthoquinone

(DMNQ) for 10 days.

Error bars in this figure represent as mean ± standard deviations from biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).



Figure S4. HDACi Is Detrimental to MAPKi-Resistant Mel888 Melanoma, Related to Figure 4

(A and B) MAPKi-resistant cells (RFP+) and their MAPKi-sensitive parental cells (GFP+) were mixed in a 9 to 1 ratio. 2,000,000 cells were seeded in a 10-cm dish

and subjected to different treatments. At each time point, the distribution of the cell population was determined using flow cytometry. The ratio of two cell

populations at the starting of the experiment (day 0) is indicated. The distribution changes of mixed two cell populations are plotted on the Y-axes against the time

on the X-axes. Error bars in this figure panel denoted standard deviations of biological triplicates. The mixture of Mel888DR and Mel888 (A). The mixture of

Mel888R and Mel888 (B).

Error bars in this figure denoted standard deviations of biological triplicates.



Figure S5. HDACi Suppresses SLC7A11, Resulting in ROS Induction in Additional BRAF and NRAS Mutant Melanoma, Related to Figure 5

(A) mRNA expression analysis of SLC7A11 measured by qRT-PCR in parental and MAPKi-resistant Mel888 cells treated with 2 mM vorinostat for 48 hr.

(B) Parental and MAPKi-resistant Mel888 cells were treated with 2 mM vorinostat for 72 hr. Total intracellular glutathione (GSH) levels were measured using

colorimetric based glutathione detection assay.

(legend continued on next page)



(C–E) Three independent shRNAs targeting SLC7A11 were individually introduced in parental and MAPKi-resistant Mel888 cells by lentiviral transduction. pLKO

empty vector served as the control. (C) The level of SLC7A11 knockdown by each shRNAs was measured by qRT-PCR. (D) Long-term colony formation of

parental and MAPKi-resistant Mel888 cells upon SLC7A11 knockdown. The cells were seeded 50,000 cells per well in 6-well plate and cultured 10 days. Af-

terward, the cells were fixed, stained, and photographed. (E) Relative ROS levels in parental and MAPKi-resistant A375 cells upon SLC7A11 knockdown were

measured by CellROX-Green flow cytometry assay.

(F–H) SLC7A11 was expressed in parental and MAPKi-resistant Mel888 cells by lentiviral transduction. pLX304 empty vector was used as the control (Ctrl.). (F)

The levels of SLC7A11 overexpression in parental andMAPKi-resistant Mel888 cells wasmeasured by qRT-PCR ofSLC7A11mRNA levels. (G) Long-term colony

formation of SLC7A11 overexpressing parental and MAPKi-resistant Mel888 cells treated with vorinostat. The cells were seeded 50,000 cells per well in 6-well

plate and cultured 10 days with or without 1mMvorinostat. Afterward, the cells were fixed, stained, and photographed. (H) SLC7A11 overexpressing parental and

MAPKi-resistant Mel888 cells were treated with 2 mM vorinostat for 72 hr. Afterward, ROS levels were measured using CellROX-Green flow cytometry assay.

Relative ROS inductions was plotted.

(I) mRNA expression analysis of SLC7A11 by qRT-PCR in parental and MEKi-resistant SK-MEL-147 cells treated with 2 mM vorinostat for 48 hr.

(J–L) SLC7A11 cDNA was expressed in parental and MEKi-resistant SK-MEL-147 cells by lentiviral transduction. pLX304 empty vector was used as the control

(Ctrl.). (J) The levels of SLC7A11 overexpression in parental and MEKi-resistant SK-MEL-147 cells were measured by examining the SLC7A11 mRNA levels by

qRT-PCR. (K) Long-term colony formation of SLC7A11 overexpressed parental and MEKi-resistant SK-MEL-147 cells treated with vorinostat. The cells were

seeded 50,000 cells per well in 6-well plate and cultured 10 days with or without 1mM vorinostat. Afterward, the cells were fixed, stained, and photographed. (L)

SLC7A11 overexpressing parental andMEKi-resistant SK-MEL-147 cells were treated with 2 mMvorinostat for 72 hr. Afterward, ROS levels weremeasured using

CellROX-Green flow cytometry assay. Relative ROS inductions are plotted.

(M) Parental and MAPKi-resistant A375 cells were treated with 2 mM vorinostat and/or 0.25 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-Carboxylic Acid

(Trolox) for 72 hr. ROS levels were measured using CellROX-Green flow cytometry assay. Relative ROS levels are indicated.

(N) Long-term colony formation assays of parental and MAPKi-resistant A375 cells treated with vorinostat and/or Trolox. Cells were seeded 50,000 cells per well

in 6-well plates and treated with 1 mM vorinostat and/or 0.25 mM Trolox for 8 days.

(O) The relative growth rate of the responsiveness to 1 mM vorinostat treatment in MAPKi-resistant A375 cells with and without SLC7A11 overexpression. The

growth rates were calculated based on the slope a curve fitted through the linear range of the log-transformed confluence measurements from Incucyte date of

Figures 5J and 5K. For each cell line, the growth rates were normalized to themean of the untreated controls. The growth rate of untreated control was considered

as a basal line and normalized to 1. The relative growth rates of all growth rates of the drug-treated and genetic manipulated arms were compared with the

untreated control arm.

Error bars in this figure represent as mean ± standard deviations from biological triplicates (*p % 0.05, **p % 0.01, ***p % 0.001, Student’s t test).



Figure S6. Immune Cells Staining on the Biopsies from Vorinostat-Treated MAPKi-Resistant Melanoma Patients, Related to Figure 7

(A–C) Immunohistochemical staining of immune cells in melanoma tissue section from MAPKi-resistant melanoma patients (A–C) pre- and post-treated with

vorinostat as indicated. CD3 served as a pan-T cell marker. CD4 served as a T helper cell marker. CD8 served as killer T cells. CD20 served as a B cell marker.

CD68 served as a macrophage marker. The black bar in the lower left corner represents 50 mm.
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