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Abstract

Overexpression and activation of c-Jun N-terminal kinases (JNKs) have been observed in multiple 

cancer cell lines and tumor samples. Various JNK isoforms have been reported to promote lung 

and liver cancer, as well as keratinocyte transformation, suggesting an important role of JNK 

signaling in promoting tumor development. However, there are three JNK isoforms, and it is 

unclear how each individual isoform, especially the ubiquitously expressed JNK1 and JNK2, 

functions in melanoma. Our previous study found that C116S mutations in both JNK1 and JNK2 

rendered them insensitive to the covalent pan-JNK inhibitor JNK-IN-8 while retaining kinase 

activity. To delineate the specific roles of JNK1 and JNK2 in melanoma cell proliferation and 

invasiveness, we expressed the wild type (WT) and C116S mutants in melanoma cell lines and 
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used JNK-IN-8 to enable chemical–genetic dissection of JNK1 and JNK2 activity. We found that 

the JNK2C116S allele consistently enhanced colony proliferation and cell invasiveness in the 

presence of JNK-IN-8. When cells individually expressing WT or C116S JNK1/2 were 

subcutaneously implanted into immunodeficient mice, we again found that bypass of JNK-IN-8-

mediated inhibition of JNK signaling by expression of JNK2C116S specifically resulted in 

enhanced tumor growth in vivo. In addition, we observed a high level of JNK pathway activation 

in some human BRAF inhibitor (BRAFi) resistant melanoma cell lines relative to their BRAFi 

sensitive isogenic counterparts. JNK-IN-8 significantly enhanced the response to dabrafenib in 

resistant cells overexpressing JNK1WT, JNK2WT, and JNK1C116S but had no effect on cells 

expressing JNK2C116S, suggesting that JNK2 signaling is also crucial for BRAFi resistance in a 

subset of melanomas. Collectively, our data show that JNK2 activity is specifically required for 

melanoma cell proliferation, invasiveness, and BRAFi resistance and that this activity is most 

important in the context of JNK1 suppression, thus providing a compelling rationale for the 

development of JNK2 selective inhibitors as a potential therapy for the treatment of melanoma.

Graphical Abstract

c-Jun N-terminal kinases (JNKs) collectively form one of the canonical mitogen-activated 

protein kinase (MAPK) families and are activated by stress, growth factors, and cytokines. 

In humans, JNK1, JNK2, and JNK3 are encoded by three separate genes, MAPK8–10, 

respectively, and are spliced alternatively to yield 10 isoforms with molecular weights 
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ranging from 46 to 54 kDa.1 JNK1 and JNK2 are expressed ubiquitously, while JNK3 

expression is believed to be more limited to neuronal tissue, testis, and cardiomyocytes. By 

activating c-Jun and other transcription factors, JNKs can regulate apoptosis, cellular 

proliferation, tumor cell migration and motility, and immune responses. Activation of JNK 

has been associated with both oncogenic and tumor-suppressive functions, suggesting that 

its signaling functions are likely to be context specific.2–4 For example, we have reported 

that suppression of JNK signaling is important for the induction of cutaneous squamous cell 

carcinoma (cuSCC) in the context of BRAFi treatment.5 Other evidence supports the 

suggestion that JNK1 and JNK2 might have opposing activities in tumorigenesis due to 

selective interactions with different transcription factors.6,7

Despite significant advances in immunotherapy and targeted therapy, metastatic melanoma 

continues to represent a major area of continuing medical need, particularly in the setting of 

resistance to therapy. As such, the search for additional vulnerabilities and co-dependencies 

in melanoma is necessary but made complex by the multifaceted mechanisms of resistance. 

Although distinct drivers such as mutant BRAF and NRAS have now been established for 

melanoma, one unifying theme is that melanomas typically exhibit high ERK activity. In this 

context, ERK and JNK pathway crosstalk has long been the subject of investigation.8 

Although initial work linked the two signaling modules tightly,8 more recent studies suggest 

that JNK activity is required for both optimal proliferation and inducing apoptosis.9,10 

Furthermore, JNK activation has been implicated in BRAF inhibitor resistance.11,12 Exome 

sequencing has recently identified hypomorphic alleles of kinases upstream of JNK with 

some data suggesting these alleles render melanoma cells resistant to apoptosis.13

However, there has been little exploration of whether specific JNK isoforms contribute to 

these phenotypes. JNKs often compensate for each other, especially in genetic deletion 

models, due to the high degree of similarity among the isoforms.2,14–16 Indeed, there may 

also be conflation of data obtained in some experiments especially with the assumed 

equivalence of siRNA-based knockdown of protein and chemical inhibition of kinase 

activity.17

To clarify this issue, we developed a chemical genetic method to dissect the functions of 

JNK1 and JNK2 and used a combination of in vitro and in vivo approaches to investigate the 

roles of individual JNK isoforms in melanoma tumori-genesis and acquired BRAFi 

resistance. We found that JNK2, but not JNK1, is required for the invasiveness and long-

term proliferation of melanomas. Furthermore, activation of JNK2 signaling is specifically 

involved in acquired resistance to BRAF inhibitors in a subset of melanoma cells for which 

c-Jun is activated. Our finding supports the development of JNK2 selective inhibitors to 

achieve more effective combination therapy to protect late stage melanoma patients from 

BRAFi resistance. The results of this study also help to establish new guidance for the 

selection and stratification of late stage melanoma patients in clinical trials.

We further hypothesized that JNK1 and JNK2 exhibit potentially opposing activities in 

melanoma tumorigenesis and adaptive BRAF inhibitor resistance and that these distinct 

activities could be exploited for therapeutic gain.
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RESULTS

JNK2 Is Significantly More Highly Expressed Than JNK1 in Melanoma.

RNA sequencing data derived from cutaneous melanoma clinical data sets (PanCancer 

Atlas; n = 448) and deposited in cBioPortal demonstrate that both JNK1 (MAPK8) and 

JNK2 (MAPK9) are expressed in melanomas. JNK2 is significantly more highly expressed 

by almost 4.5-fold (Figure 1A). Furthermore, JNK1 appears to be more frequently deleted 

and JNK2 more frequently amplified in multiple data sets, although these are rare events 

overall (Figure 1B).

JNK2 Activity, but Not JNK1 Activity, Is Required for Cell Proliferation in Melanoma Cells.

To delineate the specific roles of JNK1 and JNK2 on melanoma cell proliferation and 

invasiveness, we employed a chemical–genetic approach. The basis of our approach is the 

potent, selective, and irreversible pan-JNK inhibitor, JNK-IN-8, which covalently binds the 

cysteine 116 (C116) residue that is conserved in JNK1, JNK2, and JNK3.18 We used C116S 

mutant alleles of JNK1 (JNK1C116S) and JNK2 (JNK2C116S), which confer resistance to 

JNK-IN-8 without affecting the kinase activity of JNKs, to dissect the individual 

contribution of each kinase. For our experiments, we expressed WT and mutant JNK1C116S 

and JNK2C116S alleles using lentiviral transduction in 501MEL, WM239A, and HMEL-T1 

cell lines and used JNK-IN-8 to enable chemical–genetic dissection of JNK1 and JNK2 

activity (Figure 2A,B). Importantly, we confirmed that these mutant alleles retain signaling 

to c-Jun by exposing the lines to an established activator of JNKs, ultraviolet radiation 

(Newport, SOL-UV), and showing that c-JUN is still phosphorylated in cells expressing the 

C116S mutant alleles even in the presence of JNK-IN-8 (Supplementary Figure 1).

To test the effect on long-term proliferation on melanoma cells, colony formation was 

assessed following JNK-IN-8 treatment in 501MEL, WM239A, and HMEL-T1 BRAF 
mutant/NRAS wild-type melanoma cell lines. The transduction of the individual JNK1/2WT 

and JNK1/2C116S mutants had a small effect on total colony numbers without much effect of 

JNK-IN-8 (Supplementary Figure 2). However, we found that JNK-IN-8 dramatically 

inhibited long-term cell proliferation in terms of the average colony area. In comparing the 

individual transduced cells with and without an inhibitor (Supplementary Figure 2), we 

sought to assess whether any of the JNK1/2C116S mutant-expressing lines would exhibit a 

unique response to the inhibitor suggestive of a selective requirement for the activity of one 

of the isoforms specifically. Indeed, by then using the ratio of responses of inhibitor-treated 

cells over control-treated cells, we found that JNK-IN-8 inhibited individual colony 

expansion by approximately 40% in 501MEL cells over-expressing GFP, JNK1WT, 

JNK2WT, or JNK1C116S compared to vehicle control but did so by only 19% in cells 

overexpressing JNK2C116S. Similarly, we observed 35% and 99% increased levels of colony 

formation in WM239A and HMEL-T1 cells, respectively, that overexpressed JNK2C116S and 

12–28% growth inhibition in JNK-IN-8-treated cells overexpressing JNK1WT, JNK2WT, or 

JNK1C116S. Cumulatively, these results indicate JNK2 activity is more important for cell 

proliferation than JNK1 activity [n = 7 (Figure 2C–F)].
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JNK2 Activity, but Not JNK1 Activity, Is Required for Invasion in Melanoma Cells.

We next asked whether JNK2 might also be required for other cancer-related properties of 

cells. JNKs have been reported to promote epithelial–mesenchymal transition (EMT) and 

invasiveness in carcinoma cells.19–21 To investigate the role of JNK1 and JNK2 in promoting 

the invasiveness and motility of melanoma cells, we also conducted invasion assays in 

501MEL and HMEL-T1 melanoma cells. Here, as described above, we first assessed the 

effect of transduction of the individual JNK1/2WT and JNK1/2C116S mutants showing 

somewhat varied responses (Supplementary Figure 3). Again, we sought to assess whether 

any of the JNK1/2C116S mutant-expressing lines would exhibit a unique response to the 

inhibitor suggestive of a selective requirement for the activity of one of the isoforms 

specifically. Indeed, by then using the ratio of responses of inhibitor-treated cells to control-

treated cells, we found that 501MEL and HMEL-T1 cells expressing JNK2C116S were alone 

able to significantly augment cell invasion by 84% and 416%, respectively, as compared to 

GFP control cells [n = 10 (Figure 3A,B)]. We also observed a 67 ± 3.1% reduction in 

501MEL cells overexpressing the C116S JNK1 mutant but not in HMEL-T1 cells. However, 

there was no significant difference in cell migration among cells overexpressing JNK1/2WT 

or JNK1/2C116S. Taken together, these findings indicated that JNK2 is required for 

melanoma invasiveness but JNK1 is not.

Activation of JNK2 Significantly Promotes Tumori-genesis in a Xenograft Mouse Model.

Given the role of JNK2 in cell proliferation and invasiveness in vitro, we next focused on 

addressing whether specific activation of JNK2 is tumorigenic in vivo. When cells stably 

expressing JNK1/2WT or JNK1/2C116S were subcutaneously implanted into opposite flanks 

of immunodeficient NCr nude mice, we again found that only JNK2C116S-mediated bypass 

of JNK inhibition by JNK-IN-8 resulted in the most robust tumor growth (Figure 4A–E). 

Interestingly JNK1C116S-expressing tumors exhibited a slight decrement in tumor growth 

following treatment with JNK-IN-8 (Figure 4C), also consistent with the notion that JNK2 is 

the more important driver of tumorigenesis relative to JNK1. Nevertheless, it is clear here, as 

in the in vitro experiments, that the retention of JNK2 activity in the context of simultaneous 

inhibition of JNK1 results in the most tumorigenic phenotypes. No apparent toxicity was 

observed in JNK-IN-8-treated mice.

Proteomics Analysis Identified Downstream Target Pathways of JNK2 Signaling.

To investigate the potential downstream targets of JNK2 signaling in tumorigenesis in vivo, 

we collected five tumors from each of the four cell lines implanted for each drug condition 

(in Figure 4, n = 40) and performed reverse-phase protein arrays (RPPA) to interrogate the 

status of 243 proteins across multiple cancer-related pathways. We generated two types of 

comparisons.

First, we wanted to assess whether a specific set of proteins was significantly more or less 

expressed in samples with intact JNK2 signaling in the presence of JNK-IN-8. Notably, in 

the tumors expressing JNK2C116S, COX-2 levels were higher following JNK-IN-8 treatment 

than those of tumor samples overexpressing JNK1WT, JNK2WT, and JNK1C116S. On the 

other hand, NOTCH1, E-Cadherin, and phosphorylated MDM2 (S166) levels were 

dramatically decreased in these cells in the presence of JNK-IN-8 (in Figure 4F, n = 5).
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Second, we wanted to see whether intact JNK1 and JNK2 activity was individually 

associated with expression of distinct sets of proteins and phosphoproteins within tumors. 

For this analysis, we identified proteins that were up- or downregulated in both WT and 

C116S mutants of JNK1/2 in the absence of JNK-IN-8. Proteins that changed in common 

between JNK1 and JNK2 were then removed from further consideration. We then focused 

on proteins for which levels changed in control-treated tumors in a manner that could be 

suppressed by JNK-IN-8 administration but retained in JNK1/2C116S-expressing tumors in 

the context of JNK-IN-8. This is a significantly smaller set of proteins; however, JNK1-

specific changes were observed in 22 proteins, and JNK2-specific changes in 29 proteins 

(Supplementary Table 1).

Interestingly, multiple JNK2-specific proteins in the tumors, as judged by this assay, are 

known to be involved in cellular motility and invasiveness. These include ARAF, ATM, 

BIRC3, MMP2, NOTCH3, and TSC1.22–27 Determining whether these are direct kinase 

targets of JNK2 will require further investigation.

The JNK2 Signaling Pathway Contributes to BRAFi Resistance in a Subset of Melanoma 
Cells.

Given the ability of JNK2 to drive tumorigenic properties of melanoma cells, including the 

apparent activation of RAS signaling in the proteomic pathway analysis described above, we 

then asked whether JNK2 could impact resistance to targeted therapies. Using phospho-c-

Jun as a reporter of JNK pathway activity, we observed a high level of expression of 

phosphorylated JNK, phosphorylated c-Jun, and total c-Jun in m229R and SK-MEL28R 

human melanoma cells resistant to the BRAF inhibitor (BRAFi) compared to paired 

isogenic m229S and SK-MEL28S sensitive cells (Figure 5A).

To further investigate the potential roles of an individual JNK in BRAFi resistance, we 

examined whether JNK1, JNK2, or both contribute to the high activity of the JNK signaling 

pathway. Our results demonstrated that only JNK2 protein was detectable in 

immunoprecipitated complexes following pull-down with phospho-JNK in both SK-

MEL28R and m229R resistant cells (Figure 5B). This finding indicated that mainly JNK2 is 

activated in the BRAFi resistant cells. Here again, we individually transduced these cell lines 

with JNK1/2WT and JNK1/2C116S. In the absence of JNK-IN-8, the responses are not 

substantially altered in the lines overexpressing the wild-type and mutant JNKs (black 

curves, Figure 5C–G,I–M). In addition, to confirm the effect of JNK2 in the adaptive BRAFi 

resistance, we compared the dose–response curve upon administration of the pan-JNK 

inhibitor among cells over-expressing WT and mutated JNK1 and JNK2. We found that 

JNK-IN-8 significantly enhanced the effect of dabrafenib on resistant cells expressing 

JNK1WT, JNK1C116S, and JNK2WT but had no such effect on cells expressing JNK2C116S 

(Figure 5C–G). Similar results were observed in SK-MEL28R cells (Figure 5I–M). 

Interestingly, the inhibition of JNK2 effects in the cell lines appears to be somewhat 

different in that the maximum effect of dabrafenib is augmented in m229R cells and the IC50 

is decreased in SK-MEL28R cells (Supplementary Table 2). These data suggest that 

activation of JNK2 is sufficient for inducing the BRAFi resistance in this subset of 

melanoma cell lines.
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DISCUSSION

The individual contributions of JNK isoforms to tumorigenesis and specific tumorigenic 

phenotypes have been difficult to discern because of a lack of appropriate approaches. 

Through a chemical genetics approach using a covalent, irreversible inhibitor of JNK, JNK-

IN-8, we have implicated JNK2 as an important driver of invasiveness, proliferation, and 

BRAFi resistance in melanoma, and our results additionally suggest that JNK1 exhibits 

opposing tumor-suppressive activity. To further confirm the role of JNK2 in tumor growth, 

we evaluated the effect of individual JNKs on tumor growth in a xenograft mouse model.

Although resistance to BRAFi is now well-documented, the impact of other pathways in 

dictating the response to therapy is not entirely clear because there has been a primary focus 

on how to better target ERK signaling. c-Jun has emerged recently as a mediator of 

phenotype switching and BRAFi resistance in melanoma.11 Besides supporting the 

contributions of the stress-activated JNK kinase signaling pathway to adaptive BRAFi 

resistance in melanoma cells, we further uncovered that this central role of JNK signaling 

pathway is due to activation of JNK2 and not JNK1.

Importantly, our data strongly suggest that concomitant inhibition of JNK1 by JNK-IN-8 in 

the context of JNK2C116S expression (and intact JNK2 signaling) contributes to tumor 

progression. If this were the case, one would expect that JNK1C116S-expressing cells and 

tumors might suffer a decrement in invasiveness or progression. This is observed in the 

invasiveness of 501MEL (Figure 3A) and to a less significant degree in JNK1C116S-

expressing HMEL-T1 tumors (Figure 4C).

Inhibitors of JNK2, by preventing both its activation and cellular activity, could potentially 

be effective inhibitors of BRAF mutant melanoma. Due to the high degree of structural and 

regulatory similarity between JNK1 and JNK2, there are challenges in developing specific 

inhibitors for individual JNKs. JNK-interacting peptide (JIP)-based peptides with selectivity 

against JNK2 have been shown to inhibit breast cancer cell migration.,28 suggesting a 

potential structural basis for isoform-specific inhibitors. Other JNK inhibitors based upon 

simultaneous targeting of ATP- and substrate-binding sites suggest an additional strategy by 

which JNK2 selective inhibitors may potentially be made.29

In conclusion, our novel chemical genetic approach allows the discernment of the roles of 

individual JNKs in melanoma. We have shown that JNK2 signaling plays a critical role in 

tumor maintenance and adaptive BRAFi drug resistance in melanoma, supporting the idea 

that developing compounds that specifically inhibit JNK2 may be therapeutically useful, 

particularly in a context in which JNK1 activity is augmented.

METHODS

Animals and Cell Lines.

Eight-week-old female athymic nude mice were used for all in vivo experiments. For in vitro 
experiments, cells were cultured in RPMI 1640 (Sigma) supplemented with 10% fetal 

bovine serum (FBS) (Sigma), glutamine, and penicillin/streptomycin (Invivogen). Cells were 
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treated with PLX4720, vemurafenib (Selleck Chemicals), or DMSO (1:2000). Cells were 

maintained at 37 °C in atmospheric oxygen and 5% CO2.

Data Analysis Using cBioPortal.

We conducted an integrative analysis of complex cancer genomics and clinical profiles using 

cBioPortal data, an open access resource (http://www.cbioportal.org/). This web-based tool 

was used to query the specific gene expression of JNK1 (MAPK8) and JNK2 (MAPK9) in 

four cohorts of melanoma patient samples: skin cutaneous melanoma (Broad, Cell 2012, 121 

samples), melanoma (Broad/Dana Farber, Nature 2012, 25 samples), skin cutaneous 

melanoma (TCGA, Provisional, 479 samples), and skin cutaneous melanoma (Yale, Nature 
Genetics 2012, 91 samples).

Lentivirus Production and Transduction.

Standard protocols for lentivirus packaging and transduction were used as described 

previously.5 In brief, 10 μg of lentiviral plasmids (pLenti6/GFP, pLenti6/V5-JNK1WT, 

pLenti6/V5-JNK1C116S, pLenti6/V5-JNK2WT, and pLenti6/V5-JNK2C116S) and 0.3 μg 

of VSVG/2.7 μg of Δ8.9 Packaging Mix were mixed in 1.5 mL of Opti-MEM medium. The 

diluted Lipofectamine 3000 reagent was combined with the plasmid mixture and incubated 

for 30 min at room temperature. HEK293T cells were then transfected with the plasmids and 

Lipofectamine 3000 mixture and incubated for 72 h at 37 °C and 5% CO2 following the 

manufacturer’s instructions. Lentiviral supernatants were collected after transfection for 48 

and 72 h and centrifuged at 3000 rpm and 4 °C for 10 min. For lentiviral transduction, 

melanoma cells were transduced using lentiviral supernatants for 48 h. GFP expression was 

observed under an inverted fluorescence microscope.

Colony Formation Assay.

A total of 250 cells per well were inoculated in a six-well plate in 3 mL of RPMI 1640 

medium supplemented with 10% FBS. Two weeks after being plated, the cells were fixed 

with 100% cold methanol and stained with 1% crystal violet (Sigma) in PBS to visualize the 

colonies. The number of colonies that were larger than 50 mm (approximately 100 cells) in 

diameter in each well was counted.

Matrigel Invasion Assay.

A BD BioCoat Matrigel Invasion Chamber was used to measure cell invasion according to 

the manufacturer’s instructions. Cells (1 × 105 cells/well) suspended in 0.3 mL of RPMI 

1640 medium were added to the upper compartment of a 24-well Matrigel-coated or 

noncoated 8 mm membrane, and RPMI 1640 medium supplemented with 30% FBS was 

added to the lower compartment. After being incubated for 22 h at 37 °C and 5% CO2, the 

cells were fixed with 100% methanol and stained with 1% crystal violet in PBS. The number 

of cells that migrated across the control membrane or penetrated the Matrigel-coated 

membrane was determined in 10 fields across the center and the periphery of the membrane.
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Western Blotting.

Standard protocols for Western blotting were used as described previously.5 Briefly, cells 

were lysed in standard buffers with protease inhibitors (Roche) and phosphatase inhibitors 

(Santa Cruz) with extracts run on sodium dodecyl sulfate (SDS)– polyacrylamide gels and 

transferred to an Immobilon-P transfer membrane (Millipore). Blots were blocked in 

Odyssey blocking buffer. Proteins were detected using the following commercially available 

primary antibodies. The primary antibodies against JNK1 2C6 (catalog no. 3708), JNK2 

(catalog no. 4672), V5-Tag (catalog no. 13202), SAPK/JNK (catalog no. 9252), phospho-

SAPK/JNK Thr183/Tyr185 (catalog no. 4668), c-Jun 60A8 (catalog no. 9165), and phospho-

c-Jun Ser63 (catalog no. 9261) were purchased from Cell Signal (Beverly, MA) and used at 

the indicated concentrations as described by the manufacturer. Fluorescently labeled 

DyLight800 and DyLight680 secondary antibodies (catalog nos. 5257, 5366, 5470, and 

5151; 1:5000; Cell Signaling Technology) were used, and signals were detected using the 

Li-COR Odyssey Fc imager (LI-COR Biosciences).

Immunoprecipitation.

Dynabeads protein A (50 μL) was coated with 10 μg of targeted antibody p-JNK (Cell 

Signaling) overnight at 4 °C according to the manufacturer’s instructions (Life Technology). 

Before being washed and incubated with the cell extract, the antibody was covalently 

coupled to the beads using BS3 (Thermo Fisher Scientific) as cross-linkers. Dynabeads with 

the antibody were incubated with 50 μg of the cell extract under gentle rotation at 4 °C 

overnight. Beads were then washed three times with washing buffer [PBS (pH 7.4) with 

0.02% Tween 20] and eluted with 20 μL of elution buffer and 10 μL of 6× SDS loading 

buffer. Subsequently, beads were heated for 10 min at 70 °C, and the eluates were subjected 

to Western blotting to detect the amount of activated JNK1 or JNK2 bound to the beads.

Cell Viability.

Cells were plated in a 96-well clear bottom black microplate (Corning) with complete 

culture medium for 18 h. Cells were treated with increasing concentrations of dabrafenib in 

the presence or absence of JNK-IN-8 for 72 h. Cell viability was assessed with Cell Titer 

Glo (Promega) according to the manufacturer’s instructions. Sigmoid curve fitting was 

performed with a four-parameter logistic equation implemented with Prism (GraphPad Inc.).

In Vivo Tumorigenicity Assay.

Animal studies were conducted according to protocols approved by the M. D. Anderson 

Cancer Center Institutional Animal Care and Use Committee. A total of 5 × 106 HMEL-t1 

cells in PBS (pH 7.3) per mouse were injected subcutaneously into the flank of 8-week-old 

female nude (NCr, Taconic) athymic mice. Each mouse was implanted with two different 

tumors (JNKWT and matching JNKC116S) and treated with either the drug or the vehicle. 

Eight mice were used per condition: JNK1WT/JNK1C116S vehicle, JNK1WT/JNK1C116S 

JNK-IN-8, JNK2WT/JNK2C116S vehicle, and JNK2WT/JNK2C116S JNK-IN-8 (for a total of 

32 mice). Tumors were allowed to grow for 3–4 weeks to a diameter of 150 mm, at which 

point drug treatment commenced. Mice were treated with either vehicle or JNK-IN-8 (20 

mg/kg orally, once daily) beginning on the same day as inoculation. Tumors were 
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completely excised, weighed, and measured with calipers. The width and length of the 

tumor were measured, and the tumor volume (cubic millimeters) was calculated using the 

formula tumor volume (mm3) = length (mm) × width (mm2) × 0.52. Mice were weighed 

biweekly. Final weights increased by an average of 11.2% across all control mice and 11.0% 

in JNK-IN-8-treated mice.

Reverse-Phase Protein Array (RPPA).

RPPA analysis was performed in the University of Texas M. D. Anderson Cancer Center 

RPPA/Functional Proteomics core facility. In general, cell lysates generated from the in vivo 
tumorigenicity assay were serially diluted 2-fold for five dilutions (from undiluted to a 1:16 

dilution) and arrayed on nitrocellulose-coated slides in an 11 × 11 format. Samples were 

probed with 243 antibodies by a tyramide-based signal amplification approach and 

visualized by the DAB colorimetric reaction. Slides were scanned on a flatbed scanner to 

produce 16-bit tiff images. The density of each spot from tiff images was identified and 

quantified by Array-Pro Analyzer. Relative protein levels for each sample were determined 

and analyzed using bioinformatics methods.

Statistical Analysis.

The results are presented as means ± the standard error of the mean from at least three 

independent experiments, unless noted otherwise. Asterisks indicate a statistical comparison 

between the control and experimental group by a Student’s t test, by two-way analysis of 

variance (ANOVA) with secondary Bonferroni multiple-comparison test, or by one-way or 

repeated-measures ANOVA with a Dunnett multiple-comparison test as indicated in the 

figure legends. p values of <0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
cBioportal data analysis of MAPK8 and MAPK9 genes. (A) Aggregate RNA expression 

levels of MAPK8 and MAPK9 genes in multiple cutaneous melanoma clinical cohorts show 

that MAPK9 is significantly more highly expressed (4.5-fold; p < 2.2 × 10−16). (B) Somatic 

variants in MAPK8 and MAPK9 are rare, with MAPK8 exhibiting deep deletion more 

frequently and MAPK9 exhibiting amplification more frequently.
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Figure 2. 
JNK2 activity promotes long-term cell proliferation. (A) Schematic of chemical genetic 

methods for delineating the specific roles of JNK1 and JNK2 signaling. GFP, JNK1WT, 

JNK1C116S, JNK2WT, and JNK2C116S were overexpressed in 501MEL, WM239A, and 

HMEL-T1 cell lines. Administration of JNK-IN-8 can distinguish the signaling of JNK1 and 

JNK2. (B) Representative Western blots of 501MEL cell lines indicated overexpression of 

JNK1WT, JNK1C116S, JNK2WT, and JNK2C116S. (C) Representative colony formation assay 

after continual treatment with JNK-IN-8 in a 501MEL cell line for 14 days, quantified by 

total colony area (ImageJ), showing a strong growth advantage for the cells overexpressing 

JNK2C116S vs cells overexpressing JNK1WT, JNK1C116S, and JNK2WT. The scale bar on the 

representative images is 5 cm. (D–F) Comparison of the colony area treated with JNK-IN-8 

normalized to control among 501MEL, WM239A, and HMEL-T1 cell lines, respectively, 

overexpressing GFP, JNK1WT, JNK1C116S, JNK2WT, and JNK2C116S (*p < 0.05; **p < 

0.001; ***p < 0.0001; n = 7).
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Figure 3. 
JNK2 significantly promotes melanoma cell invasion in vitro. Dramatic increase in the level 

of cell invasion in (A) 501MEL and (B) HMEL-T1 cell lines overexpressing JNK2C116S 

compared to cells overexpressing GFP, JNK1WT, JNK1C116S, JNK2WT, and JNK2C116S (*p 
< 0.05; ****p < 0.0001; n = 10).

Du et al. Page 15

ACS Chem Biol. Author manuscript; available in PMC 2020 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Activation of JNK2 significantly promotes tumorigenesis in vivo. (A) Experimental design 

of a xenograft mouse model. (B and C) Role of JNK1 signaling in tumor formation (n = 8 

for each group). (D and E) Role of JNK2 signaling in tumor formation (n = 8 for each 

group). (F) RPPA heat map of significant changes of potential downstream target genes of 

activation of the JNK2 signaling pathway. Red indicates upregulated genes. Green indicates 

downregulated genes. Yellow indicates no significant changes.
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Figure 5. 
Roles of JNK1 and JNK2 in adaptive BRAFi resistance in a subset of melanoma cell lines. 

(A and B) Comparison of activation of JNKs and c-Jun between melanoma paired resistant 

and sensitive cells. (H and N) Western blots of m229R and SK-MEL28R resistant cells, 

respectively, indicated overexpression of JNK1WT, JNK1C116S, JNK2WT, and JNK2C116S. 

(C–G and I–M) Sensitivity to BRAFi was measured by the dose–response curve of cell 

survival to dabrafenib. JNK-IN-8 significantly increased the inhibition effect of dabrafenib 

in cells overexpressing GFP, JNK1WT, JNK1C116S, and JNK2WT but had no effect on cells 

overexpressing JNK2C116S.
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