
Article
Anaplastic Lymphoma Kinase Confers Resistance
to BRAF Kinase Inhibitors in Melanoma
Radoslav

Janostiak,

Parmanand Malvi,

Narendra

Wajapeyee

nwajapey@uab.edu

HIGHLIGHTS
ALK confers resistance to

BRAF inhibitors in

melanoma via the PI3K/

AKT pathway

Pharmacological

inhibition of ALK inhibits

BRAF inhibitor-resistant

melanoma

An ALK ligand, FAM150A,

activates ALK in BRAF

inhibitor-resistant

melanoma

BRAF inhibitor and ALK

inhibitor dual resistant

melanoma are sensitive to

AT101
Janostiak et al., iScience 16,
453–467
June 28, 2019 ª 2019 The
Author(s).

https://doi.org/10.1016/

j.isci.2019.06.001

mailto:nwajapey@uab.edu
https://doi.org/10.1016/j.isci.2019.06.001
https://doi.org/10.1016/j.isci.2019.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.06.001&domain=pdf


Article
Anaplastic Lymphoma Kinase Confers
Resistance to BRAF Kinase
Inhibitors in Melanoma
Radoslav Janostiak,1 Parmanand Malvi,1,2 and Narendra Wajapeyee1,2,3,*
SUMMARY

Melanoma frequently harbors oncogenicmutations in the BRAF gene, which drivesmelanoma growth.

Therefore, BRAF kinase inhibitors (BRAFi) are developed and approved for treating BRAF-mutant

melanoma. However, the efficacy of BRAFi is limited due to acquired resistance, and in over 40% of

melanoma, the causes of BRAFi resistance remain unknown. Here, using a human phospho-receptor

tyrosine kinase array we identified Anaplastic Lymphoma Kinase (ALK) as a driver of acquired BRAFi

resistance in melanoma. We found that ALK ligand FAM150A was necessary for ALK activation and

ALK via the PI3K/AKT pathway was sufficient to confer resistance to BRAFi. ALK inhibitor (ALKi)

ceritinib inhibited BRAFi-resistant melanoma in cell culture and mice. Residual BRAFi and ALKi dual

resistant melanoma cells from ceritinib-treated mice were sensitive to a broad-spectrum anti-

apoptotic protein inhibitor, AT101. Collectively, our results provide a framework for treating

BRAF-mutant melanoma that sequentially uses different targeted therapies based on post-treatment

tumor evolution.
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INTRODUCTION

Melanoma is an aggressive cancer that frequently metastasizes to various vital organs (Miller and Mihm,

2006; Zbytek et al., 2008). Although treatment of melanoma at early stages is generally effective, the me-

dian survival of patients with metastatic melanoma is only 4.5–12.5 months (Miller and Mihm, 2006; Scha-

dendorf et al., 2015). Genomic sequencing of melanoma has identified oncogenic mutations in the BRAF

gene in over 50% of tumors (Cancer Genome Atlas Network, 2015; Davies et al., 2002). Acquiring oncogenic

mutations in the BRAF gene cause constitutive activation of the BRAF/MEK/ERK pathway and is neces-

sary for melanoma growth and progression (Davies et al., 2002; Wellbrock et al., 2004). These findings have

encouraged the development and approval of several BRAF andMEK kinase inhibitors by the US Food and

Drug Administration for treating unresectable metastatic melanoma (Chapman et al., 2011; Flaherty et al.,

2012). However, although patients with melanoma initially respond swiftly and robustly to BRAF kinase-tar-

geted therapy, they show acquired resistance within a fewmonths, resulting in disease progression. Owing

to the high impact of this problem, intensive efforts have focused on identifying the causes of resistance to

BRAF and MEK kinase inhibitors and several mechanisms have been identified (Nazarian et al., 2010; Wong

and Ribas, 2016). These mechanisms can be broadly categorized as either dependent or independent of

the mitogen-activated protein kinase (MAPK) pathway (Johnson et al., 2015; Rizos et al., 2014).

Anaplastic Lymphoma Kinase (ALK) was initially identified as a chimeric protein fused with nucleophosmin,

a protein driving the development and progression of anaplastic large cell lymphoma (Morris et al., 1994).

Since its identification, various genetic alterations in ALK gene have also been identified. The most

prevalent of these are ALK gene fusions (e.g., EML4-ALK) and amplifications or activating mutations

(e.g., F1174L/V, F1245C/L/V) found in multiple cancers, including lung cancer, neuroblastomas, lym-

phomas, or renal cell carcinoma (George et al., 2008; Lamant et al., 1999; Roskoski, 2013; Soda et al., 2007).

Here, using a human phospho-receptor tyrosine kinase (RTK) array, we found that ALK activation caused

resistance to BRAF kinase inhibitor (BRAFi). We show that activated ALK-stimulated the phosphatidylino-

sitol 3-kinase (PI3K)/AKT pathway in BRAFi-resistant melanoma cells and ALK inhibition inhibited the

growth of ALK-activated BRAFi-resistant melanoma. Furthermore, melanoma cells that were resistant to

both BRAFi and ALK inhibitor (ALKi) were still sensitive to AT-101, a broad-spectrum inhibitor of anti-

apoptotic proteins, providing an alternative targeted therapeutic approach for their treatment.
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Figure 1. Human Phospho-RTK Arrays Identified Changes in RTK Phosphorylation in BRAF Inhibitor Vemurafenib-Resistant Cells

(A) Schematic representation of the generation of vemurafenib-resistant A375 melanoma cells.

(B) A375 parental (A375-P) and A375 vemurafenib-resistant (A375-R) melanoma cells were treated with DMSOor the indicated concentrations of vemurafenib

for 72 h and analyzed for survival using the MTT assay. Relative survival (%) for A375-P and A375-R cells relative to DMSO treated cells (0) is shown.

(C) Indicated proteins were analyzed in A375-P and A375-R cells after 6 h treatment with DMSO or 1 mM vemurafenib. ACTINB was used as the loading

control.
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Figure 1. Continued

(D) Schematic representation of the steps for analyzing A375-P and A375-R protein lysates using Proteome Profiler Human Phospho-RTK Array.

(E) Proteome Profiler Human Phospho-RTK Array membranes showing relative RTK phosphorylation in A375-R cells and A375-P cells.

(F) Spot intensity fold changes are plotted for individual RTK phosphorylation changes normalized to control spot in A375-R cells relative to A375-P cells as

bar chart (left) or as numbers in the table on right.

Data are presented as mean G SD. ****p < 0.0001.
RESULTS

Human RTK Array Identifies Alterations in RTK Phosphorylation in Vemurafenib-Resistant

Melanoma Cells

Dysregulation of RTKs such as epidermal growth factor receptor (EGFR), insulin growth factor-1 recep-

tor (IGF-1R), or hepatocyte growth factor receptor (HGFR)/MET can cause BRAFi resistance (Cross

et al., 2014; Krepler et al., 2016; Villanueva et al., 2010), indicating that RTKs are important mediators

of resistance to BRAFi-based therapies. To identify other RTKs that regulate the response of BRAF-

mutant melanoma to BRAFi, we first generated and characterized BRAFi vemurafenib-resistant cells

by treating BRAF-mutant cell line A375 with vemurafenib for 6 weeks (Figures 1A–1C). We then

analyzed both parental A375 cells (A375-P) and vemurafenib-resistant A375 cells (A375-R) using a hu-

man phospho-RTK array that can detect changes in the phosphorylation of 49 different human RTKs

(Figure 1D). We found increased phosphorylation of several RTKs in A375-R cells compared with

A375-P cells (Figures 1E and 1F). Specifically, increased phosphorylation occurred for EGFR, HGFR/

MET, RYK, ROR2, and EPHA2, all of which were previously implicated in causing BRAFi resistance

(Anastas et al., 2014; Cross et al., 2014; Krepler et al., 2016; Miao et al., 2015; O’Connell et al.,

2013; Vergani et al., 2011; Wang et al., 2015). We also detected increased phosphorylation in

VEGFR2, ALK, and DDR1 (Figures 1E and 1F). Collectively, these results indicate that RTK activation

has an important role in acquired BRAFi resistance.
ALK Causes Acquired Resistance to Vemurafenib in BRAF-Mutant Melanoma Cells

To determine if increased phosphorylation of RTKs in the BRAF-mutant melanoma cell line was sufficient

to confer vemurafenib resistance, we individually expressed ALK, VEGFR2, or DDR1 in BRAF-mutant

A375 melanoma cell line and analyzed if their expression caused vemurafenib resistance. Stable ALK

expression in A375 cells led to vemurafenib resistance (Figure 2A). In contrast, stable expression of

VEGFR2 or DDR1 did not cause resistance (Figure S1). Similarly, ectopic expression of ALK in two

other BRAF-mutant melanoma cell lines, M229 and SKMEL-28, also resulted in vemurafenib resistance

(Figure 2A).

Next, we tested if the resistance due to ALK expression was specific to vemurafenib, or if it was a general

mechanism of BRAFi resistance. To this end, we tested if ectopic ALK expression in BRAF-mutant mela-

noma cells (A375, M229, SKMEL-28) caused resistance to another BRAFi, dabrafenib. Our results showed

that ALK-expressing melanoma cells were also resistant to dabrafenib compared with the empty vectors

alone (Figure 2B).

Finally, to determine the applicability of our results to a long-term treatment scenario, we performed clo-

nogenic assays using BRAF-mutant A375 cells. We treated A375 cells expressing an empty vector or ALK

with vemurafenib andmonitored the emergence of colonies over 4 weeks. Similar to our short-term survival

assays, we found that in clonogenic assays also ALK-expressing A375 cells had a significantly higher

number of drug-resistant colonies than empty vector-expressing A375 cells (Figure 2C). Collectively, these

results show that ectopic expression of ALK causes BRAFi resistance.
BRAF Kinase Inhibitor-Resistant Cells Have Increased ALK Phosphorylation and Activated

Downstream Signaling

Next, we asked if ALK was activated in vemurafenib-resistant melanoma cell lines. To this end, we analyzed

three pairs of parental and vemurafenib-resistant melanoma cell lines, including A375 parental (A375-P)

and resistant (A375-R), SKMEL-239 parental (SKMEL-239-P) and resistant (SKMEL-239-R), and M229

parental (M229-P) and resistant (M229-R) melanoma cell lines. We measured phosphorylation of tyrosine

1278 within the ALK activation loop (Tartari et al., 2008) and found increased ALK phosphorylation in

A375-R and M229-R cell lines compared with parental cell lines (A375-P and M229-P), but did not observe
iScience 16, 453–467, June 28, 2019 455



Figure 2. Ectopic Expression of Anaplastic Lymphoma Kinase (ALK) in Melanoma Conferred Resistance to BRAF

Inhibitor

(A) BRAF-mutant melanoma cells A375, M229, and SKMEL-28 ectopically expressing an empty vector (EV) or ALK

expression construct were treated with either DMSO or the indicated concentrations of vemurafenib. Relative cell survival

(%) for each cell line in reference to DMSO-treated cells is shown.

(B) BRAF-mutant melanoma cells A375, M229, and SKMEL-28 ectopically expressing an empty vector (EV) or ALK were

treated with either DMSO or the indicated concentrations of dabrafenib. Relative cell survival (%) for each cell line in

reference to DMSO-treated cells is shown.

(C) A375 cells ectopically expressing empty vector (EV) or ALK expression construct were treated with 2 mM vemurafenib

for 4 weeks. Images of representative plates with surviving colonies are shown. Scale bar, 200 mM.

Data are presented as mean G SD. **p < 0.01, ***p < 0.001. See also Figure S1.
more phosphorylation in SKMEL-239-R cells (Figure 3A). Consistent with ALK-stimulated downstream

signaling, increased ALK phosphorylation correlated with increased p-ERK1/2 and pAKT levels in these

cell lines (Figure 3A). However, vemurafenib-resistant SKMEL-239 cells did not have increased ALK phos-

phorylation and had lower pAKT levels (Figure 3A). However, interestingly ectopic expression of ALK in

SKMEL-239 cells also caused resistance to vemurafenib (Figures S2A and S2B). However, we believe for rea-

sons not fully clear to us that the SKMEL-239 cells acquire resistance to BRAFi via mechanisms independent

of activating ALK, as evidenced by lack of increased ALK phosphorylation in SKMEL-239-R cells (Figure 3A).

In particular, a previous study has identified that the SKMEL-239-R cells become resistance to BRAFi due to

dimerization of aberrantly spliced BRAF (V600E) (Poulikakos and Rosen, 2011). Similarly, ectopic ALK

expression in BRAF-mutant melanoma cells (A375, M229, SKMEL-28) activated the PI3K/AKT pathway, as

shown by increased pAKT levels (Figure 3B). The increased pAKT was dependent upon ALK activity in

BRAFi-resistant A375 cells, because treatment of these cells with ALK inhibitor (ALKi) ceritinib reduced
456 iScience 16, 453–467, June 28, 2019



Figure 3. Ectopic Expression of ALK Stimulated the PI3K/AKT Pathway and BRAFi-Resistant Melanoma Showed Genetic Signatures Consistent

with ALK Activation

(A) Parental and BRAF inhibitor (BRAFi)-resistant A375, SKMEL-239, andM229 cells were analyzed for the indicated protein by immunoblotting. ACTINB was

used as the loading control.

(B) A375, M229, and SKMEL-28 cells ectopically expressing an empty vector or ALK were analyzed by western blot for the indicated proteins. ACTINB was

used as the loading control.

(C) A375 parental (A375-P) cells, A375 BRAFi-resistant cells (A375-R), and A375-R cells treated with ceritinib (1 mM) for 24 h were analyzed by immunoblotting

for the indicated proteins. ACTINB was used as the loading control.

(D) mRNA expression for the indicated ALK-activated genes was measured in A375-P, A375-R, and A375-R cells treated with ceritinib (1 mM) for 24 h. mRNA

expression for indicated genes relative to A375-P cells is shown. ACTINB mRNA expression was used for normalization.

Data are presented as mean G SD. ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, respectively. See also Figures S2 and S3.
the pAKT level (Figure 3C). Similarly, treating ALK-expressing A375 cells with ceritinib inhibited the pAKT

level (Figure S3A).

Next, we analyzed the expression of ALK-activated genes (Piva et al., 2006) in parental and BRAFi-resistant

A375 cells. We found that expression of several ALK-activated genes was higher in BRAFi-resistant A375

and M229 cells than in parental cells (Figures 3D and S3B and Table S1). We also found that this expression

was dependent on ALK activity, because treatment of BRAFi-resistant A375 and M229 cells with ceritinib

inhibited the expression of ALK-activated genes (Figures 3D and S3B). Similarly, ectopic expression of

ALK in A375 cells resulted in increased expression of ALK-stimulated genes compared with A375 cells

expressing an empty vector (Figure S3C). Collectively, these results demonstrate that the ALK-driven

transcriptional program is upregulated in BRAFi-resistant melanoma.
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Figure 4. ALK-Mediated BRAFi-Resistance by Activating the PI3K/AKT Pathway

(A) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were analyzed for the indicated proteins by

immunoblotting. ACTINB was used as a loading control.
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Figure 4. Continued

(B) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were treated with DMSO or with the indicated

concentrations of vemurafenib and analyzed for survival using the MTT assay and for anchorage-independent growth using the soft-agar assay. Relative cell

survival (%) in reference to DMSO-treated cells is shown.

(C) A375 cells ectopically expressing either an empty vector (EV) or constitutively active PI3K (PI3KCA) were treated with DMSO or vemurafenib (1 mM).

Representative images for soft-agar colonies under the indicated conditions are shown. Scale bar, 500 mm.

(D) Relative soft-agar colony size (%) for experiments is presented in panel (C).

(E) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were analyzed for indicated proteins using

immunoblotting. ACTINB was used as a loading control.

(F) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were treated with DMSO or with the indicated

concentrations of ceritinib and analyzed for survival using the MTT assay and for anchorage-independent growth using the soft-agar assay. Relative cell

survival (%) in reference to DMSO-treated cells is shown.

(G) A375 cells ectopically expressing either an empty vector (EV) or constitutively active PI3K (PI3KCA) were treated with DMSO or ceritinib (1 mM).

Representative images for soft-agar colonies under the indicated conditions are shown. Scale bar, 500 mm.

(H) Relative soft-agar colony size in experiments is presented in panel (G).

(I) mRNA expression for the indicated ALK-activated genes was measured in A375 parental (A375-P), A375 vemurafenib-resistant (A375-R), and A375-R cells

treated PI3K inhibitor pictilisib (1 mM) for 24 h. mRNA expression is shown relative to A375-P cells. ACTINB mRNA expression was used for normalization.

(J) A375-P, A375-R, and A375-R cells treated with pictilisib (1 mM) for 24 h were analyzed by immunoblotting for the indicated proteins. ACTINB was used as

the loading control.

(K) A375-P cells were treated with the indicated concentrations of vemurafenib, pictilisib, or both for 3 days and analyzed for survival using the MTT assay.

Relative cell survival (%) relative to DMSO-treated cells is shown.

(L) A375-R cells were treated with the indicated concentrations of vemurafenib, pictilisib, or both for 3 days and analyzed for survival using the MTT assay.

Relative cell survival (%) relative to DMSO (0)-treated cells is shown.

Data are presented as mean G SD. ns, not significant p value; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, respectively. See also Figure S3.
PI3K/AKT Pathway Activation Downstream of ALK Is Necessary to Cause BRAFi Resistance

Based on our finding that pAKT levels were higher in cells ectopically expressing ALK in some BRAFi-resis-

tant cell lines, we asked if the PI3K pathway downstream of ALK-mediated the ALK-associated drug resis-

tance. To test this, we expressed constitutively active PI3K (PI3KCA) in parental A375 cells and measured

their sensitivity to vemurafenib with two assays. Our results showed that ectopic PI3KCA expression in

parental A375 cells resulted in vemurafenib resistance in the Methylthiazolyldiphenyl-tetrazolium bromide

(MTT) cell survival assay (Figures 4A and 4B) and the soft-agar assay (Figures 4C and 4D). In addition, we

tested if ectopic PI3KCA expression in BRAFi-resistant A375 cells reduced sensitivity to ALK inhibition

by ceritinib.We found that ectopic PI3KCA expression conferred ceritinib resistance in theMTT cell survival

assay (Figures 4E and 4F) and the soft-agar assay (Figures 4G and 4H). In addition, we analyzed how

PI3K inhibition affected the expression of ALK-activated genes (Piva et al., 2006). We found that treating

BRAFi-resistant A375 or M229 cells with a PI3K inhibitor (PI3Ki) pictilisib downregulated expression of

several ALK-activated genes (Figures 4I, 4J, and S3D). Collectively, these results show that the PI3K/AKT

pathway downstream of ALK activates the majority of ALK-activated genes.

Finally, we treated BRAFi-sensitive parental or resistant A375 cells with vemurafenib, pictilisib, or both. We

found that although parental cells were not sensitive to pictisilib, BRAFi-resistant A375 cells were (Figures

4K, 4L, and S3E). Similarly, ALK-expressing A375 cells although resistant to vemurafenib were sensitive to

pictilisib (Figure S3F). These results further strengthen the idea that the PI3K pathway downstream of ALK

mediates BRAFi resistance. Moreover, this result is consistent with other findings for the role of PI3K in

causing resistance to BRAF inhibitors (Deuker et al., 2015; Lassen et al., 2014; Villanueva et al., 2010).
ALK Ligand FAM150A Expression Activates ALK Phosphorylation and Confers Vemurafenib

Resistance

As ALK is an RTK, we hypothesized that increased phosphorylation in BRAFi-resistant cells could be due to

increased ligand expression. To test this possibility, we collected conditionedmedium from either parental

or BRAFi-resistant A375 cells and determined if this conditioned medium conferred resistance to vemura-

fenib. Our results showed that that conditioned medium from BRAFi-resistant cells conferred vemurafenib

resistance in A375 parental cells (Figure 5A). Based on these results, we next analyzed the expression of two

known ALK-activating ligands, FAM150A and FAM150B, in parental and BRAFi-resistant melanoma cells

(Guan et al., 2015; Reshetnyak et al., 2015). Therefore, we asked if the mRNA expression of either

FAM150A or FAM150B was higher in BRAFi-resistant melanoma cells than in parental cells (A375-P/R,
iScience 16, 453–467, June 28, 2019 459



Figure 5. FAM150A-Activated ALK Phosphorylation in Melanoma Cells and Stimulated BRAFi Resistance

(A) A375 parental cells were cultured with conditioned medium harvested from A375 parental (A375-P CM) or

vemurafenib-resistant A375 cells (A375-R CM), then treated with DMSO or the indicated concentrations of vemurafenib

for 3 days, and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.

(B) mRNA expression for FAM150A was measured for the indicated pairs of parental and BRAFi-resistant cells (A375,

SKMEL-239, M229). mRNA expression is shown relative to respective parental melanoma cells. ACTINBmRNA expression

was used for normalization.

(C) mRNA expression for FAM150A was measured in A375 cells treated with DMSO or vemurafenib (1 mM) for 24 h

FAM150A mRNA expression relative to DMSO-treated A375 cells is shown. ACTINB mRNA expression was used for

normalization.

(D) A375 cells overexpressing empty vector (�) or FAM150A (+) were analyzed for indicated proteins by immunoblotting.

ACTINB was used as a loading control.

(E) A375 cells ectopically expressing an empty vector (EV) or FAM150A were treated with DMSO or the indicated

concentrations of vemurafenib for 3 days and analyzed for survival by the MTT assay. Relative cell survival (%) relative to

DMSO-treated cells is shown.

Data are presented as mean G SD. *p < 0.05, ***p < 0.001, ****p < 0.0001. See also Figure S4.
SKMEL-239P/R, M229-P/R). We found upregulated FAM150A expression in BRAFi-resistant A375 andM229

cells, but not in SKMEL-239 cells (Figure 5B), which was consistent with higher p-ALK levels in A375-R and

M229-R cells. In contrast, FAM150B expression did not correlate with ALK phosphorylation in parental and

vemurafenib-resistant cell lines (Figure S4). Treating BRAF-mutant melanoma cells with BRAFi causes them

to secrete a number of proteins, which are collectively referred to as the therapy-induced secretome (TIS);

the TIS stimulates the growth and survival of surrounding cells and confers drug resistance (Obenauf et al.,

2015). Therefore, we analyzed FAM150A expression in A375 cells after vemurafenib treatment, finding that

vemurafenib treatment in parental A375 increased FAM150A expression (Figure 5C). To confirm that

FAM150A was responsible for increased ALK phosphorylation in vemurafenib-resistant A375 cells, we over-

expressed FAM150A in A375-P cells and analyzed their sensitivity to vemurafenib and ALK-mediated

signaling. Consistent with FAM150A being an ALK ligand, FAM150A overexpression increased ALK

phosphorylation and stimulated downstream signaling, as measured by increased pAKT (Figure 5D).

Furthermore, similar to ALK expression, ectopic FAM150A expression conferred vemurafenib resistance

(Figure 5E). Collectively, these results show that FAM150A plays an important role in increasing ALK-medi-

ating signaling in melanoma.
Pharmacological Inhibition of ALK Blocks Melanoma Growth in Cell Culture and in Mice

Because we found upregulated ALK-mediated signaling in BRAFi-resistant melanoma cells, we asked

whether ALK inhibition would inhibit cell proliferation and soft-agar growth of melanoma cells. Therefore,
460 iScience 16, 453–467, June 28, 2019



Figure 6. Inhibition of ALK Impaired BRAFi-Resistant Melanoma in Cell Culture and in Mice

(A) Parental A375 (A375-P) and BRAFi-resistant A375 cells (A375-R) were treated with DMSO or the indicated concentrations of vemurafenib or ceritinib for

3 days and analyzed for survival using the MTT assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.

(B) A375-P and BRAFi-resistant A375-R cells were treated with vemurafenib (1 mM) or ceritinib (1 mM) and analyzed for anchorage-independent growth by the

soft-agar assay. Representative images for soft-agar colonies for the indicated melanoma cell lines under the indicated treatment conditions are shown.

Scale bar, 500 mm.

(C) Relative colony size for the indicated melanoma cell lines at the indicated treatment conditions is shown.

(D) Vemurafenib-resistant A375 cells (A375-R) were subcutaneously injected into the flanks of athymic nudemice (n = 5) and treated with vehicle, vemurafenib

(30 mg/kg), or ceritinib (25 mg/kg). Average tumor volumes (n = 5) at the indicated weeks are plotted.

(E) Representative tumor images for the indicated conditions for the experiment in panel (D).

Data are presented as mean G SD. ns, not significant p value. *p < 0.05, ***p < 0.001, and ****p < 0.0001. See also Figures S5 and S6.
we treated the parental and BRAFi-resistant melanoma cell lines (A375-P/R, M229-P/R, SKMEL-239-P/R)

with vemurafenib or ceritinib. As expected, BRAFi-sensitive melanoma cells showed reduced growth

with vemurafenib treatment, whereas BRAFi-resistant cells were not inhibited (Figures 6A and S5). Consis-

tent with the level of ALK phosphorylation, ceritinib treatment inhibited the growth of BRAFi-resistant A375

and M229 cells (Figure 6A). Furthermore, ceritinib treatment inhibited the growth of BRAFi-resistant A375

cells in soft agar (Figures 6B and 6C). Similar results were obtained using short hairpin RNA targeting ALK

(Figures S6A and S6B). Notably, ceritinib treatment of BRAFi-resistant SKMEL-239 cells, in which the level of

ALK phosphorylation was not higher than that in the parental cells, only partially inhibited proliferation (Fig-

ure S5). Finally, we performed animal experiments to test if ALK inhibition would sensitize BRAFi-resistant

melanoma cells to the ALK inhibitor ceritinib. To this end, we injected BRAFi-resistant A375 cells into the
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Figure 7. Residual Tumor-Derived BRAF and ALK Inhibitor Dual Resistant Melanoma Cells Were Sensitive to a Broad-Spectrum Anti-apoptotic

Protein inhibitor, AT101

(A) Schematic showing steps for generating cell lines from melanoma tumors isolated from mice treated with either vehicle or ceritinib.

(B) Tumor-derived BRAFi-resistant and ceritinib-sensitive cells (A357-R-Cer-S) and BRAFi and ceritinib dual resistant A375 cells (A375-R-Cer-R) cells were

treated with indicated concentrations of ceritinib for 3 days and analyzed byMTT assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.

(C) Tumor-derived A375-R-Cer-S and A375-R-Cer R cells were treated with DMSO or ceritinib (1 mM) and analyzed for anchorage-independent growth by

soft-agar assay. Representative images for soft-agar colonies are shown. Scale bar, 500 mm.

(D) Relative colony size for indicated melanoma cell lines at the indicated treatment conditions is shown.

(E) Tumor-derived A375-R-Cer-S and A375-R-Cer-R cells were treated with the indicated concentrations of broad anti-apoptotic protein inhibitor AT101

(10 mM) for 72 h and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.

(F) Mice tumor-derived A375-R-Cer-S and A375-R-Cer-R cells were treated with AT101 (10 mM) and analyzed for anchorage-independent growth by the soft-

agar assay. Representative images for soft-agar colonies for the indicated conditions are shown. Scale bar, 500 mm.

(G) Relative colony size for the indicated melanoma cell lines at indicated treatment conditions is shown.

(H) Model summarizing the findings of our study.

Data are presented as mean G SD. ns, not significant p value. *p < 0.05, **p < 0.01, and ****p < 0.0001. See also Figure S7.
flank of athymic nude mice and then treated them with vehicle, vemurafenib, or ceritinib. We found that

ceritinib treatment of BRAFi-resistant melanoma cells inhibited tumor growth in mice (Figures 6D and

6E). Collectively, these results demonstrate that ALK inhibition is a potential strategy to treat

BRAFi-resistant melanoma with increased ALK pathway activity.
Ceritinib-Resistant Residual Tumor Cells Are Sensitive to a Broad-Spectrum Inhibitor of

Anti-apoptotic Proteins

Owing to genetic and epigenetic alterations, cancer cells become resistant to a wide variety of anti-cancer

therapies (Gottesman et al., 2016; Salgia and Kulkarni, 2018; Shaffer et al., 2017). Thus, almost all therapies

leave behind residual drug-resistant cells, which are an active focus of research (Rambow et al., 2018; van

Dongen et al., 2015). Targeting these cells is important to prevent recurrence and necessary to fully erad-

icate the disease. Therefore, we isolated melanoma tumors from control and ceritinib-treated mice and

analyzed the residual cells (Figure 7A). For each condition, we generated two replicate cell lines from tu-

mors isolated frommice that were treated with either vehicle (control group) or ceritinib (treatment group).

First, we tested if residual tumor cells from the ceritinib-treated group were resistant to ceritinib. To this

end, we performed an MTT-based survival assay and measured their growth in soft agar after treatment

with DMSO or ceritinib. We found that tumor cells from ceritinib-treated mice were significantly more cer-

itinib resistant than melanoma cells from vehicle-treated mice (Figure 7B). We obtained similar results in

the soft-agar assay, in which residual tumor cells from ceritinib-treated mice grew better in soft-agar

than the tumor cells from vehicle control mice (Figures 7C and 7D). Previous studies found that failure

to undergo apoptosis after drug treatment can drive acquired drug resistance in cancer cells (Gottes-

man, 2002; Housman et al., 2014; Mohammad et al., 2015). Consistent with this, ceritinib-resistant mela-

noma cells were substantially more resistant to apoptosis induction after ceritinib treatment (Figure S7A).

Furthermore, analysis of a series of anti and pro-apoptotic proteins in ceritinib-sensitive versus ceritinib-

resistant cells resulted in the identification of Bcl-2, cIAP2, cIAP1, and survivin as potential mediators of

resistance to ceritinib in these cells (Figure S7B). These findings indicated the possibility of targeting cer-

itinib-resistant cells with pharmacological inhibitors of anti-apoptotic proteins.

Several anti-apoptotic proteins are important for cancer cell survival and mediate acquired resistance to

targeted therapeutic agents (Adams and Cory, 2018; Dai et al., 2013; Srivastava et al., 1999). This knowl-

edge has been used to develop high-quality inhibitors of anti-apoptotic proteins, which are clinically

used for cancer therapy (Cory et al., 2016; Montero and Letai, 2018). With this in mind, we tested four

small-molecule inhibitors: IAP inhibitor, AT406 (Cai et al., 2011); MCL1 inhibitor, S63845 (Kotschy et al.,

2016); BCL2 inhibitor, venetoclax (Souers et al., 2013); and a broad-spectrum anti-apoptotic protein inhib-

itor, AT101 (Wang et al., 2006). AT101 inhibits multiple anti-apoptotic proteins, such as BCL2, BCL-XL, and

MCL1. After treatment, we analyzed cell survival by MTT assay and found that AT406, S63845, and veneto-

clax did not significantly inhibit the survival of BRAFi and ALKi dual resistant melanoma cells (Figure S7C).

However, AT101 treatment strongly inhibited the growth and survival of these dual resistant cells (Figures

7E–7G). Collectively, these results demonstrate that residual cells that escape ceritinib treatment become

resistant to apoptosis. These findings provide targets for treating BRAFi and ALKi dual resistant melanoma

cells.
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DISCUSSION

Acquired resistance to targeted therapeutic agents such as BRAFi makes it challenging to use personalized

therapies to treat melanoma and other cancers. One way to overcome this limitation is to understand the

mechanism that causes resistance and use this information to revise the therapeutic regimen. Here, we

found that activation of ALK RTK is a mechanism for causing acquired resistance to BRAFi and show that

ALK targeting can be used to treat BRAFi-resistant melanoma. We also show that BRAFi-resistant ALK-sen-

sitive cells can evolve to become resistant to apoptosis, but are sensitive to broad-spectrum anti-apoptotic

protein inhibitors. A summary of our results is presented in Figure 7H and is also described below.

ALK in Acquired Resistance to BRAF Kinase Inhibitors

BRAFi resistance can be due to a wide variety of mechanisms. For example, a multi-center trial analyzed

clinical and genomic data using 132 tissue samples obtained from 100 patients who progressed on BRAFi

therapy, from three large, previously published studies of BRAFi resistance (Haq et al., 2013; Johnson et al.,

2015; Long et al., 2014; Villanueva et al., 2013). This study only identified resistance mechanisms in 58% pa-

tients; mechanisms included NRAS or KRAS mutations (20%), BRAF splice variants (16%), BRAF (V600E/K)

amplifications (13%), MEK1/2 mutations (7%), and non-mitogen-activated protein kinase pathway alter-

ations (11%). This study demonstrated that the mechanism of resistance remains unknown in over 40% of

BRAFi-resistant melanomas.

ALK is an oncogenic driver in non-small cell lung cancer (NSCLC) and anaplastic large cell lymphomas. In

these cancers, ALK alterations are chromosomal rearrangements that result in fusion oncogenes (Bolger

and Sherman, 1991; Lamant et al., 1999; Morris et al., 1995). In addition, ALK gene amplification and acti-

vating ALK mutations have also been observed in other cancer types. ALK was initially considered to be an

orphan receptor; however, FAM150A and FAM150B were recently identified as ALK-activating ligands that

were capable of activating ALK-mediated signaling (Guan et al., 2015; Reshetnyak et al., 2015).

A previous study showed that ALK inhibitor can potentiate the effectiveness of theMEK inhibitor trametinib

(Verduzco et al., 2018). Here, we found that ALK is activated in BRAFi-resistant melanoma via the action of

FAM150A, and that ectopic expression of ALK conferred BRAFi resistance. We also showed that the ALK

inhibitor ceritinib inhibited the growth of BRAFi-resistant melanoma both in cell culture and in mice. These

results identify a non-genetic mechanism for ALK RTK activation and demonstrate that ALK targeting in

BRAFi-resistant melanoma may be a viable therapeutic option for BRAFi-resistant melanoma therapy.

However, our studies largely focused on BRAFi (vemurafenib and dabrafenib) and our results are also

expected to be relevant in the context of BRAFi and MEKi combination therapies (e.g., dabrafenib and

trametinib). This prediction is based on our results that ALK-mediated BRAFi resistance occurs due to

the activation PI3K/AKT pathway rather than by activation of MAPK pathway downstream of BRAF and is

supported by a previous study that has shown PI3K/AKT pathway activation causes resistance to BRAFi

and MEKi combination therapy (Atefi et al., 2011). In this regard, previous studies have shown that

SKMEL-239-R cells are resistant to BRAFi (Poulikakos and Rosen, 2011), whereas M229-R cells are resistant

to both BRAFi and MEKi (Nazarian et al., 2010). Finally, our vemurafenib resistant A375 were significantly

more resistant to MEK inhibition than parental A375 cells (Figure S7D).

Role of PI3K/AKT Downstream of ALK in Conferring Resistance in Melanoma

As mentioned above, a large majority of BRAFi resistance mechanisms rely on reactivating the MAPK

pathway to confer BRAFi resistance. However, MAPK-independent mechanisms have also been identified.

Among these, the secondmost predominant mechanism is activation of the PI3K pathway by various mech-

anisms, including activating mutations in PI3KCA, AKT1, AKT3, and inactivating mutation or deletion of

PTEN.

Oncogenic forms of ALK are known to enhance cancer growth and development by stimulating signaling

pathways, such as ERK or PI3K/AKT (Hallberg and Palmer, 2016). We found that melanoma cells with

increased phosphorylation of ALK had heightened PI3K signaling, as observed by increased pAKT levels.

We also showed that this activation was crucial for ALK to confer BRAFi resistance because constitutive acti-

vation of PI3K was sufficient to confer resistance to ALK inhibitor, similar to the effect of constitutive ALK

activation. Furthermore, treatment of ALK-expressing cells and BRAFi-resistant cells showed that they

were sensitive to PI3K inhibitor, and cells ectopically expressing ALK could be sensitized via treatment
464 iScience 16, 453–467, June 28, 2019



with PI3K inhibitor. These results show that PI3K downstream of ALK is necessary for conferring resistance

to BRAFi in melanoma.

Sequential Targeted Therapy-Based Therapeutic Approach for Extending the Therapeutic

Responses in Patients with BRAF-Mutant Melanoma

The overarching goal for studies of the mechanisms of resistance to targeted therapeutic agents is to

develop new therapeutic approaches to treat drug-resistant tumors and extend the survival of pa-

tients with cancer. For example, the development of dual BRAF + MEK or BRAF + ERK targeting ap-

proaches, which have benefited patients with metastatic melanoma with BRAFi-resistant tumors, were

based on the finding that the MAPK pathway via MEK activation or ERK activation causes most BRAFi

resistance (Flaherty et al., 2012). Similar approaches, such as those based on the identification of sec-

ondary mutations in EGFR in NSCLC, BCR-ABL in chronic myelogenous leukemia, and EZH2 in non-

Hodgkin lymphoma, have identified new therapeutic approaches to address treatment resistance and

improve outcomes for patients with cancer (Bisserier and Wajapeyee, 2018; Cross et al., 2014; Gibaja

et al., 2016; Pao et al., 2005; Shah et al., 2004). In our study, we present an approach that is based on

tracking the evolution of drug resistance in cancer cells in real time. We show that BRAFi-resistant

and potentially BRAFi/MEKi-dual resistant tumors with higher p-ALK levels can be treated with the

ALK inhibitor ceritinib. Also, we show that residual tumor cells that become resistant to ceritinib-

based therapy and are dual resistant to BRAFi + ALKi can be treated using a broadly acting anti-

apoptotic protein inhibitor. Collectively, these results underpin the need to progressively identify

and adjust therapeutic regimens for patients undergoing cancer treatment, with the ultimate effect

of more effective cancer treatment and extended patient survival.

Limitations of the Study

This study relied upon in vitro-generated BRAFi-resistant cell lines, patient-derived BRAFi-resistant mel-

anoma cell lines, and in vivo xenograft-based mouse models. However, we could not optimize any

phospho-ALK antibody to reliably detect changes in paraffin-fixed patient-derived BRAFi-resistant mel-

anoma samples that were available to us. Thus the clinical relevance of our findings remains to be

determined.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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SUPPLEMENTARY FIGURES AND LEGENDS 

 

 

Figure S1. Ectopic expression of VEGFR2 or DDR1 did not cause BRAFi resistance, related 
to Figure 2. (A) (Upper panel) A375 cells ectopically expressing empty vector (EV) or VEGFR2 
were treated with either DMSO or the indicated concentrations of vemurafenib for 3 days and 
analyzed for survival using the MTT assay. Relative survival (%) for each cell line in reference to 
DMSO treated cells is shown. (Lower panel) Immunoblot showing ectopic expression of V5-agged 
VEGFR2 and ACTINB. (B) (Upper panel) A375 cells ectopically expressing empty vector (EV) 
or DDR1 were treated with either DMSO or the indicated concentrations of vemurafenib for 3 
days and analyzed for survival using the MTT assay. Relative cell survival (%) for each cell line 
in reference to DMSO treated cells is shown. (Lower panel) Immunoblot showing ectopic 
expression of V5-tagged DDR1 and ACTINB. Data is presented as mean ± SD. ns= not significant 
p-value. 
  



 

Figure S2. Ectopic expression of ALK causes BRAFi resistance in SKMEL-239 cells, related 
to Figure 3. (A) ALK-V5 was overexpressed in SKMEL-239 parental cells and expression was 
confirmed by immunoblot with V5 antibody. ACTINB is used as a loading control. (B) SKMEL-
239 cells ectopically expressing empty vector (EV) or ALK were treated with either DMSO or the 
indicated concentrations of vemurafenib for 3 days and analyzed for survival using the MTT assay. 
Relative cell survival (%) for each cell line in reference to DMSO treated cells is shown. Data is 
presented as mean ± SD. p-value. *** represents p<0.001. 
  



 

Figure S3. ALK-activated PI3K/AKT in melanoma cells, related to Figure 3 and 4. (A) A375 
cells expressing an empty vector (A375+EV), ALK (A375+ALK), or ceritinib-treated A375+ALK 



(1 µM) for 24 h were analyzed for the indicated proteins by immunoblotting. ACTINB was used 
as the loading control. (B) mRNA expression for the indicated ALK-activated genes was measured 
in M229-P, M229-R, and M229-R treated with ceritinib (1 µM) for 24 h. mRNA expression for 
indicated genes relative to M229-P cells is shown. ACTINB mRNA expression was used for 
normalization. (C) mRNA expression for the indicated ALK-activated genes was measured in 
A375 cells overexpressing ALK (A375+ALK) or empty vector (A375+EV). mRNA expression 
for indicated genes relative to A375+EV cells is shown. ACTINB mRNA expression was used for 
normalization. (D) mRNA expression for the indicated ALK-activated genes was measured in 
M229-P, M229-R, and M229-R treated with pictilisib (1 µM) for 24 h. mRNA expression for 
indicated genes relative to M229-P cells is shown. ACTINB mRNA expression was used for 
normalization. (E) A375-R cells were treated with indicated concentration of vemurafenib, 
pictilisib or combination and analyzed for ERK and AKT phosphorylation by immunoblotting. 
ACTINB was used as a loading control. (F) A375 cells expressing ALK (A375+ALK) were treated 
with indicated concentrations of vemurafenib or pictilisib for 3 days and analyzed for survival 
using the MTT assay. Relative cell survival (%) in reference to DMSO treated cells is shown. Data 
is presented as mean ± SD. ns= not significant p-value, *, **, *** and **** represent p<0.05, 
p<0.01, p<0.001 and p<0.0001, respectively. 
  



 

Figure S4. Analysis of FAM150B expression, related to Figure 5. mRNA expression for 
FAM150A was measured for the indicated pairs of parental and BRAFi-resistant cells (A375, 
SKMEL-239, M229). mRNA expression is shown relative to respective parental melanoma cells. 
ACTINB mRNA expression was used for normalization Data is presented as mean ± SD. ns= not 
significant p-value. ** represents p<0.01. 
  



 

Figure S5. Measuring the sensitivity of BRAF inhibitor-resistant SKMEL-239 cells to ALK 
inhibitor, related to Figure 6. Parental and BRAFi-resistant SKMEL-239 melanoma cell lines 
were treated with DMSO or with the indicated concentrations of vemurafenib or ceritinib, and 
analyzed for survival using the MTT assay. Relative cell survival (%) in reference to DMSO 
treated cells is shown. Data is presented as mean ± SD. ns= not significant p-value, **** represents 
p<0.0001. 
  



 
Figure S6. shRNA-mediated downregulation of ALK expression increased the sensitivity of 
A375-R cells to vemurafenib, related to Figure 6. (A) A375-R cells expressing ALK-specific 
shRNA were analyzed for (left) ALK mRNA expression using RT-qPCR or (right) protein 
expression by immunoblotting. ACTINB was used as a loading control. (B) A375-R cells 
expressing ALK-specific shRNA were treated with either DMSO or the indicated concentrations 
of vemurafenib for 3 days and analyzed for survival using the MTT assay. Relative cell survival 
(%) for each cell line in reference to DMSO treated cells is shown. Data is presented as mean ± 
SD. ns= not significant p-value, *** and **** represent p<0.001and p<0.0001 respectively. 
  



 

Figure S7. Measuring the sensitivity of A375 cells resistant to BRAF and ALK inhibitors 
(A375-R-Cer-R) to AT406, S63845, and Venetoclax, related to Figure 7. (A) Tumor-derived 
ceritinib-sensitive (A375-R-Cer-S) and ceritinib-resistant (A375-R-Cer R) cells were treated with 
DMSO or ceritinib and analyzed for Annexin V positive cells by flow cytometry. % of Annexin-



V positive cells is plotted under indicated conditions. (B) Tumor-derived ceritinib-sensitive 
(A375-R-Cer-S) and ceritinib-resistant (A375-R-Cer R) cells were treated with ceritinib and 
analyzed for expression of several anti-apoptotic proteins by immunoblotting. ACTINB was used 
as a loading control. (C) Tumor-derived ceritinib-sensitive (A375-R-Cer-S) and ceritinib-resistant 
(A375-R-Cer R) cells were treated with the indicated concentration of AT406 (IAP inhibitor), 
S63845 (MCL1 inhibitor), or Venetoclax (BCL2 inhibitor) for 3 days and analyzed for survival 
using the MTT assay. Relative cell survival (%) in reference to DMSO treated cells is shown. (D) 
Parental and BRAFi-resistant pairs of A375 (A375-P and A375-R) were treated with DMSO or 
indicated concentrations of trametinib for 3 days and analyzed for survival using the MTT assay. 
Relative cell survival (%) in reference to DMSO treated cells is shown. Data is presented as mean 
± SD. *** and **** represent p<0.001 and p<0.0001, respectively. 
  



Table S1: Primer sequences for RT-qPCR analysis; antibodies used; source and concentration of 

chemical inhibitors used, related to figures 1-7 and figures S1-S7. 

 
Application Gene symbol Forward primer (5¢-3¢) Reverse primer (5¢-3¢) 
RT-qPCR ACTINB GCATGGAGTCCTGTGGCATC TTCTGCATCCTGTCGGCAAT 

 AHNAK GTGGGCTGGAAGGAAAGATG GACCCAAGGCTCAGATCCAC 
 BCL2A1 TGGATCAGGTCCAAGCAAAA TGATGCCGTCTTCAAACTCC 
 CCL20 GAGTTTGCTCCTGGCTGCTT CCGTGTGAAGCCCACAATAA 
 GAS1 GCCGCTACCTGACCTACTGC CGCTGCTCGTCATCGTAGTC 
 OSM CCCAGTGAGGAGACCCTGAG GCTGCTCTAAGTCGGCCAGT 
 RGS16 TGAGGCCCCTAAAGAGGTCA CTTCAGGAAGCGTGGGTAGG 
 SGK1 AGGAGGATGGGTCTGAACGA AGGAGAAGGGTTGGCATTCA 
 MAP3K12 TGAGGTGATCCGCAATGAAC ACGGGCAGATGGAGACTGTT 
 SPTAN1 TCTGCTGGAACTGGGTGAGA CTTGTCAGAGCGGCTTCCTT 
 TNFRSF8 CAGCAGAGACGGTCACCAAG GGAGTCCACCAGCAAGCTCT 
 FAM150A CCGGTCACATTTTCACCAGA TAGGTCTGGGAGCACAGTGG 
 FAM150B CCGGAGCAGCGAGTGGAAAT CTGACAGCCAGCCGGGTAAG 
 ALK GAGAGCAAGGACGCTGCAAA GCCTTTTGCGTTCCTTTTGG 

 
Antibodies Protein name Catalogue number Source 

 ACTINB #4970 Cell Signaling 
 ALK #3633 Cell Signaling 
 pALK Y1278 #6941 Cell Signaling 
 ERK #9102 Cell Signaling 

 pERK 
T202/Y204 #9101 Cell Signaling 

 AKT #9272 Cell Signaling 
 pAKT S473 #9271 Cell Signaling 
 V5 #13202 Cell Signaling 
 PARP #9542 Cell Signaling 
 Bcl-2 #4223 Cell Signaling 
 Bcl-xL #2764 Cell Signaling 
 Mcl-1 #5453 Cell Signaling 
 c-IAP1 #7065 Cell Signaling 
 c-IAP2 #3130 Cell Signaling 
 Surviving #2802 Cell Signaling 
 XIAP #2045 Cell Signaling 

 
Pharmacological 

Inhibitors  Inhibitors Concentration Source 
 Vemurafenib Indicated concentrations Selleckchem 
 Dabrafenib Indicated concentrations Selleckchem 
 Pictilisib Indicated concentrations Selleckchem 
 Ceritinib Indicated concentrations Selleckchem 
 AT406 Indicated concentrations Selleckchem 
 AT101 Indicated concentrations Selleckchem 
 S63845 Indicated concentrations Selleckchem 
 Venetoclax Indicated concentrations Selleckchem 
 Trametinib Indicated concentrartions Selleckchem 

 
Expression 
Constructs Gene symbol Catalogue number Source 

 ALK OHS6271-213586819 Dharmacon 
 FAM150A OHS6085-213578147 Dharmacon 



 DDR1 OHS6085-213578460 Dharmacon 
 VEGFR2 OHS6271-213586949 Dharmacon 
 PI3KCA 13339 Addgene 

 
shRNAs Gene symbol shRNA#1 ID shRNA#2 ID 

 ALK RHS3979-9569182 RHS3979-9569183 
 

  



TRANSPARENT METHODS 

 

Cell culture 

A375, and SKMEL-28 cell lines were obtained from American Type Culture Collection (ATCC). 

The SKMEL-239 and M229 cell lines (parental and vemurafenib-resistant), which were a kind gift 

from Drs. David Solit, Neal Rosen and Roger Lo and have been described previously (Nazarian et 

al., 2010; Poulikakos et al., 2011). A375 and M229 cells were grown in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin. SKMEL-28 and SKMEL-239 cells were grown in RPMI-1640 medium 

supplemented with 10% FBS and 1% penicillin/streptomycin. 

 

Human phospho-RTK array analysis 

Human Phospho-RTK Array Kit (R&D Systems) was used determine the relative levels of tyrosine 

phosphorylation for 49 distinct RTKs, according to the manufacturer’s protocol. Briefly, cell 

lysates were prepared from parental and BRAF inhibitor-resistant A375 cells using RIPA lysis 

buffer (Invitrogen) containing Protease Inhibitor Cocktail (Roche) and Phosphatase Inhibitor 

Cocktail (Sigma-Aldrich). After blocking for 1 h with Array Buffer 1 (R & D Systems, 

Minneapolis, MN), the arrays were incubated with 200 µg of protein lysate overnight at 4°C. 

Arrays were washed in Wash Buffer (R & D Systems, Minneapolis, MN), and incubated with a 

horseradish peroxidase–conjugated phospho-tyrosine detection antibody (1:5000) for 1 h. Finally, 

arrays were developed using the SuperSignal West Pico Reagent to detect changes in 

phosphorylation of spotted RTKs (Pierce). 

 



Lentivirus and retrovirus preparation 

ALK, FAM150A, DDR1, and VEGRF2 expressing vectors and ALK shRNAs were obtained from 

Open Biosystems. The vector for expression of constitutively active PI3K were purchased from 

Addgene (Plasmid #13339) (McFall et al., 2001). Virus particles carrying cDNA were generated 

by co-transfecting the shRNA plasmids and lentiviral packaging plasmids, pSPAX2, and pMD2.G, 

or the retroviral packaging plasmids, pCMV-Gag-Pol and pCMV-VSV-G, into 293T cells using 

Effectene (Qiagen), according to the supplier’s instructions. Information regarding all the plasmids 

is provided in Table S1. 

 

Generation of BRAFi vemurafenib-resistant A375 cells  

BRAFi vemurafenib-resistant A375 cells were generated from A375 cells by continuously 

culturing them with 2 µM vemurafenib. The medium was replaced every 3 days and supplemented 

with fresh vemurafenib until colonies formed. To isolate the resistant cells, individual colonies 

were trypsinized, expanded, and subjected to the proliferation assay in the presence of vemurafenib 

to confirm the resistant phenotype. 

 

RNA Isolation, Reverse Transcription Quantitative PCR (RT-qPCR) 

Total RNA was extracted using TRIzol (Invitrogen) and purified using RNeasy Mini Columns 

(Qiagen), according to the manufacturer’s instructions. We generated cDNA using ProtoScript 

first strand cDNA synthesis kit (New England Biolabs). Then, we performed qPCR using the 

Power SYBR Green (Master Mix) (Life Technologies). 

 

 



Immunoblot analysis  

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

extracts were prepared in the Pierce lysis buffer (Cat.No.#87788) supplemented with protease 

inhibitors (Roche) and phosphatase inhibitors (Sigma-Aldrich). Protein concentrations were 

estimated using Pierce BCA Protein Assay according to the manufacturer’s instructions. Protein 

extracts were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were 

incubated with the primary antibodies listed in Table S1 and appropriate secondary antibodies. 

SuperSignal West Pico or Femto Reagent was used for detecting the proteins (Pierce). 

 

MTT assay 

We determined the relative survival of melanoma cells under various conditions using thiazolyl 

blue tetrazolium bromide-based assay (MTT assay, Sigma-Aldrich, USA). MTT solution in PBS 

(5 mg/ml) was added to each sample and incubated for 1 h to allow the formation of MTT 

formazan. After aspirating the medium, we reduced the resulting formazan with DMSO and 

measured the absorbance of each sample at a wavelength of 590 nm with a reference wavelength 

of 630 nm using a microplate reader (Synergyä Mx, BioTec). 

 

Clonogenic assay 

To analyze the colony formation ability of ALK-overexpressing cells, 5 × 106 cells were plated in 

10 cm cell culture dishes and cultured in the presence of 2 µM vemurafenib. The medium was 

replaced every 3 days and supplemented with fresh 2 µM vemurafenib. After 6 weeks, the 

vemurafenib-resistant colonies were visualized by staining the cell culture dishes with Coomassie 



brilliant blue staining solution (50% H2O, 40% Methanol, 10% Acetic Acid, and 0.1% 

Coomassieâ brilliant blue R-250). 

 

Annexin V staining  

Apoptotic rate was analyzed using Annexin V staining kit (BD PharmingenTM #556547) as per 

manufacturers protocol. In brief, 500,000 cells were plated in a 6 well plate format and treated 

with DMSO or Ceritinib. After 48hrs, cells were trypsinized, washed 2 times with 1XPBS and 

resuspended in 1x Binding buffer. 100,000 cells were transferred into FACS tube, 5 µl FITC 

Annexin V and 5 µl PI was added and incubated for 15 min. in the dark. After incubation, 400 µl 

of 1x binding buffer were added and analyzed using flow cytometry. 

 

Soft-agar assay  

We used soft-agar assays to analyze anchorage-independent growth. Briefly, we seeded 5 × 103 

cells from each parental or resistant melanoma cell line or melanoma cell lines stably expressing 

the indicated expression vectors into a single well in a 6-well plate. Cells were embedded into 

0.4% low-melting agarose (Sigma-Aldrich) and layered on top of a 0.8% agarose base. After 2 

weeks of growth, the cells were fixed, stained with crystal-violet, and analyzed. Colony size was 

analyzed automatically using the ImageJ program. The number of analyzed colonies was 

dependent on the treatment conditions. For untreated parallels, more than 800 colonies were scored 

for each cell line in each replicate. For inhibitors (vemurafenib, ceritinib and AT101) at least 100 

colonies per replicate were analyzed. 

 
 
 
 



Mouse tumorigenesis experiments 

All animal experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Yale University and performed in accordance with the IACUC guidelines. Athymic 

nude (NU/J) mice (Stock No. 002019, Jackson Laboratory) were injected subcutaneously with 5 

× 106 A375-R melanoma cells. Vehicle, vemurafenib (30 mg/kg) or ceritinib (25 mg/kg) was 

administered by oral gavage every second day starting on day 7 after the injection of cells, until 

the end of the experiment. We measured tumor volume every 7 days and calculated volume using 

the formula: length × width2 × 0.5. 

 

Chemical inhibitors 

BRAFV600E inhibitor vemurafenib, dabrafenib and MEK inhibitor trametinib were obtained from 

Selleckchem. Ceritinib and Pictilisib were obtained from Selleckchem. AT101, AT406, S63845, 

and Venetoclax were purchased from Selleckchem. The treatment concentrations and time points 

details are described in Table S1 and relevant figure legends. 

 

Statistical analysis 

All of the experiments were conducted in triplicate. The results of experiments are expressed as 

mean ± SD. An area under the curve (AUC) was calculated to allow for the comparison between 

two curves and used for p-value calculations when applicable. The p-values were calculated by t-

tests using GraphPad Prism version 6.0h for Macintosh, GraphPad Software, San Diego California 

USA (www.graphpad.com). Differences were considered when the p-value was equals to lower 

than 0.05. 
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