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Combined treatment of metastatic melanoma with BRAF and MEK inhibitors 

has improved survival, but the emergence of resistance represents an important clinical 

challenge. Targeting ERK is a suitable strategy currently being investigated in 

melanoma and other cancers. To anticipate possible resistance to ERK inhibitors 

(ERKi), we used SCH772984 (SCH) as a model ERKi to characterize resistance 

mechanisms in two BRAF V600E melanoma cell lines. The ERKi-resistant cells were 

also resistant to vemurafenib (VMF), trametinib (TMT), and to combined treatment 

with either VMF and SCH or TMT and SCH. Resistance to SCH involved stimulation 

of the IGF-1R-MEK5-Erk5 signaling pathway, which counteracted inhibition of Erk1/2 

activation and cell growth. Inhibition of IGF-1R with linsitinib blocked Erk5 activation 

in SCH-resistant cells and decreased their growth in 3D spheroid growth assays as well 

as in NOD scid gamma (NSG) mice. Cells doubly resistant to VMF and TMT or to 

VMF and SCH also exhibited downregulated Erk1/2 activation linked to stimulation of 

the IGF-1R-MEK5-Erk5 pathway, which accounted for resistance. In addition, we 

found that the decreased Erk1/2 activation in SCH-resistant cells involved reduced 

expression and function of TGF-alpha. These data reveal an escape signaling route that 

melanoma cells use to bypass Erk1/2 blockade during targeted melanoma treatment and 

offer several possible targets whose disruption may circumvent resistance. 

 

Statement of significance: Activation of the IGF-1R-MEK5-Erk5 signaling pathway 

opposes pharmacologic inhibition of Erk1/2 in melanoma, leading to the reactivation of 

cell proliferation and acquired resistance. 
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INTRODUCTION 

Mutations acquired by melanocytes during malignization to melanoma are 

responsible for the hyperactivation of the mitogen-activated protein kinase (MAPK) and 

the PI3-K/Akt pathways (1,2). Genetic alterations in BRAF are the most frequent (50-

70%) activating mutations in melanoma, whereas NRAS mutations, especially at Q61, 

are also frequent (15-30%) (1,3). The BRAF V600E mutation is the most prevalent 

alteration in malignant melanoma, and combined with loss of PTEN causes tumor 

transformation and metastatic progression (4). The BRAF V600E alteration was the 

focus for the development of BRAF inhibitors (BRAFi), including vemurafenib (VMF) 

and dabrafenib (5-7), which have provided substantial benefits for patients with 

metastatic melanoma, especially when combined with the MEK1/2 inhibitor (MEKi) 

trametinib (TMT). However, a major challenge in melanoma treatment with MAPK 

inhibitors (MAPKi) is an almost universal resistance leading to disease relapse. 

Frequent mechanisms involved in MAPKi resistance of melanoma converge in the 

reactivation of the BRAF-MEK-ERK pathway usually following NRAS mutations (8), 

alterations in BRAF splicing (9) and BRAF amplification (10,11), as well as in the 

activation of the PI3K-Akt signaling (12). Therefore there is a need for alternative 

therapies to improve melanoma treatment.  

 Given the linearity of the Ras-MAPK pathway, targeting ERK itself represents 

a suitable strategy that is currently being investigated in several clinical trials in 

melanoma and other cancer types (13). An additional advantage for targeting ERK is 

based on the fact that resistance to BRAFi or MEKi frequently involves the relief of 

negative feedback mechanisms causing Erk1/2-dependent MAPK pathway re-

activation. These facts validate the use of ERK inhibitors (ERKi) to counterbalance the 

resistance to BRAFi and MEKi.  
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Inhibitors for Erk1/2, either as monotherapy, in combination with BRAFi, or 

administered after the onset of resistance, have been recently developed (13-16). A 

group of these ERKi were termed “dual mechanism” inhibitors, as they block both 

MEK-dependent Erk1/2 phosphorylation at the TEY motif, thus preventing the 

generation of active Erk1/2 conformations, and also inhibit the intrinsic Erk1/2 catalytic 

activity (13). For example, studies with SCH772984 (SCH), a dual-mechanism ERKi, 

indicate that the MAPK pathway could be blocked at three different levels, and 

remarkably, SCH inhibits the growth of cells resistant to BRAFi and MEKi (14). SCH 

displays nanomolar potency in tumor cells bearing mutations in BRAF, NRAS or 

KRAS (14,17). Moreover, it induces tumor regression in xenograft models in different 

cancer types, acts synergistically with VMF to inhibit melanoma cell growth, and delays 

the onset of acquired resistance (13,14). An oral SCH clinical analogue called MK-

8353, and the ATP-competitive ERKi ulixertinib were recently tested in pre-

clinical/phase I stage in patients with advanced solid tumors (18,19). Both agents were 

well tolerated and displayed reasonable anti-tumor activity, opening the way for future 

studies.  

In the possible expectation of clinical resistance to ERKi, we have used SCH as 

a model to develop melanoma cells resistant to ERKi, and characterized molecular 

mechanisms accounting for resistance. The results could anticipate likely resistance 

responses and might facilitate the search for improved inhibitors of the MAPK pathway. 
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MATERIALS AND METHODS 

Cells, reagents and antibodies. The human melanoma cell lines A375 and SK-Mel 28 

were cultured in DMEM medium supplemented with 10% fetal bovine serum (Gibco, 

Paisley, UK) (complete medium). The human melanoma cell line A375 was latest 

authenticated in August 2017 at Secugen (Madrid, Spain) by short tandem repeat 

analysis. The SK-Mel-28 cell line was a gift from Dr. Marisol Soengas (Centro 

Nacional de Investigaciones Oncológicas, Madrid; April 2014), and was not 

authenticated in our laboratory. All cell lines were used within 5-50 passages of thawing 

the original stocks, and were tested every 3 months for mycoplasma contamination. 

A375-ER and SK-Mel 28-ER cells were derived from their respective parental cells by 

sequential increases of SCH up to 200 nM, and were finally maintained as an uncloned 

resistant cell population in complete medium with 200 nM of the ERK inhibitor. We 

also obtained A375 and SK-Mel 28 cells double-resistant to VMF (1 µM) and TMT (50 

nM) (A375-VR/TR, SK-Mel 28-VR/TR), or to VMF (1 µM) and SCH (200 nM) (A375-

VR/ER, SK-Mel 28-VR/ER). To obtain SCH-resistant clones, parental A375 cells were 

cultured in the presence of SCH (200 nM), and upon 3 weeks resistant clones were 

picked up and kept in complete medium with 200 nM SCH. The inhibitors SCH772984, 

vemurafenib, trametinib, BIX02189, linsitinib, triciribine, and palbociclib were from 

Selleckchem (Houston, TX). Cycloheximide was from Sigma Aldrich (St Louis, MO). 

Anti-Erk1/2, phospho-Erk1/2, Akt, phospho-Akt (Ser473), phospho-p90RSK 

(Thr359/Ser363),  phospho-Erk5 (Thr218/Tyr220), phospho-IGF-I Receptor β 

(Tyr1131), Cdk4 and Cdk6 antibodies were purchased from Cell Signaling (Danvers, 

MA). The antibody against the C-terminal domain of Erk5 (anti-Erk5) has been 

previously characterized (20). Anti-MEK1 and IGF-1Rβ antibodies were obtained from 

Santa Cruz Biotech (Santa Cruz, CA), and phospho-MEK1/2 (S218/S222) and pan-Ras 
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antibodies were from Millipore (Billerica, MA). Antibodies to BRAF and Cdk2 were 

purchased from Abcam (Cambridge, UK), and p90RSK, Cyclin D1 and Rb from BD 

Biosciences (San Diego, CA). -actin and vinculin antibodies were obtained from 

Sigma Aldrich, anti-HA.11 Epitope Tag antibody was from Biolegend (San Diego, CA) 

and anti-c-myc from Novus Biologicals (Littleton, CO). TGF-was from StemCell 

Technologies (Vancouver, Canada), and VEGF from Peprotech (London, UK). 

Vectors, lentiviral-mediated gene transfer and siRNA transient transfections. 

Lentiviral pLKO.1 vectors carrying Erk5 shRNA or control shRNA were used for stable 

silencing of gene expression (21). For virus production, HEK-293FT cells were 

transfected with pLKO vectors, pRSV/Rev, pMDLg/pRRE and pMDG/vsv using 

lipofectamine 2000 (Invitrogen, Carlsbad, CA). Viruses were collected and filtered 48 h 

after transfection, and infection of A375-ER cells was performed for 72 h using 

polybrene (Millipore). Transductants were selected with puromycin (10 µg/ml) 

(Millipore). siRNAs were transfected using Interferin (Polyplus Transfection, Illkirch, 

France), following manufacter´s instructions. Cdk4 ON-TARGET plus SMART pool 

siRNA was purchased from Dharmacon (Lafayette, CO). Sequences for Cdk2, Cdk6 

and control siRNA (Sigma-Aldrich) are provided in Supplementary Table S1A. By site-

directed mutagenesis of the human MEK5 cDNA, the Ser
311

 and Thr
315

 residues were 

changed to Ala, and then the MEK5-AA cDNA was subcloned into the pcDNA3.1-HA 

vector, finally generating the pcDNA3.1-HA-MEK5-AA expression vector. Vectors 

were transfected using JetPrime (Polyplus Transfection) according to manufacter´s 

protocols.  

Cell proliferation and viability assays. For long-term proliferation assays, 200 cells 

were seeded in complete medium in quadruplicates into 96-well plates. After treatments 

with different inhibitors, 5 μl of CCK8 reagent (Sigma-Aldrich) were added for 2 h and 
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absorbance was subsequently measured at 450 nm with Multiskan Bichromatic 

microplate reader (Labsystems, Helsinki, Finland). For 48 h and 72 h viability assays, 

5000 and 2000 cells, respectively, were seeded in triplicates the day before treatment. 

Finally, 10 μl of MTT reagent (Sigma-Aldrich; 5 mg/ml) were added for 1.5 h, 

following by solubilization using DMSO and plate reading at 540 nm. 

Western blotting and GTPase assays. Following cell lysis (22), proteins were 

resolved by SDS/PAGE, transferred to PVDF membranes and detected by 

chemiluminescence. Densitometry of the resulting bands was performed using ImageJ 

software. GTPase assays to detect the active forms of Ras were performed as described 

(22), using GST-RAF-RBD and immunoblotting with anti-Ras antibodies. 

Receptor tyrosine kinase and growth factor arrays. To assess relative levels of 

phosphorylation of a set of receptor tyrosine kinases in A375 and A375-ER, we used a 

human phospho-RTK array kit (R&D Systems, Minneapolis, MN), according to 

manufacturer instructions. To determine differences in secreted growth factors in A375 

and A375-ER, Human Growth Factor Antibody Array-Membrane (Abcam) was used.  

Dots from blots were quantified using the ImageJ software. 

 Real-time quantitative PCR. Total RNA was extracted using TriReagent (Sigma 

Aldrich) following standard methods. For mRNA expression analyses, reverse 

transcription was performed using M-MLV-RT (Promega, Madison, WI), and 

quantitative PCR was performed using FastStart Essential DNA Green Master (Roche). 

Assays were performed in triplicate and results normalized for the expression levels of 

GAPDH. Quantitative PCR was analyzed using the LightCycler 480 (Roche). 

Oligonucleotide sequences are provided in Supplementary Table S1B.  

3D spheroid growth assay. For melanosphere formation, Cultrex® 3-D Spheroid 

Colorimetric Proliferation/Viability Assay kit (R&D Systems) was used, following 
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manufacturer`s instructions. Briefly, 2000 cells were plated in 3D culture-qualified 96-

well spheroid formation plate in the presence of ECM proteins. Spheroids were formed 

by 48h, and then treatments started (day 0) and continued for 4-5 days. Melanospheres 

were photographed every 24 h with a Leica MZ16 F stereomicroscope, and sphere areas 

determined using ImageJ software. At the end of the experiments cell viability was 

determined using the provided MTT reagent. 

Animal studies. For xenografting studies we followed the described method (23). The 

Consejo Superior de Investigaciones Científicas Ethics Committee approved the 

protocols used for experiments with mice. Briefly, NOD/SCID/IL2gR
-/-

 (NSG) mice 

were subcutaneously inoculated with 3x10
6
 control shRNA or shErk5 A375-ER cells in 

0.2 ml PBS. Subcutaneous tumor growth was inspected and tumor volumes measured 

every 2-3 days until day 30, when all mice were sacrificed. For experiments involving 

linsitinib administration, 3x10
6
 A375 or A375-ER cells were subcutaneously injected. 

When tumor volumes reached between 50-100 mm
3
, NSG mice were randomly divided 

in two groups and daily treated with linsitinib (LC Laboratories, Woburn, MA)  (40 

mg/kg) or vehicle (25 mM tartaric acid), by oral gavage for two weeks. Linsitinib was 

formulated every day at 4 mg/ml in 25 mM tartaric acid. Tumor volume was measured 

three times per week.  

Statistical analyses. Data were analyzed by Student’s T test. In all analyses the 

minimum acceptable level of significance was p<0.05. 
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RESULTS 

Characterization of SCH772984-resistant melanoma cells. As previously reported 

(14), parental A375 (BRAF V600E) cells were sensitive to SCH772984 (SCH) (Fig. 

1A). For generation of SCH-resistant cells, cultures were subjected to sequential 

increases of SCH from initial 5 nM, reaching full resistance at 200 nM (A375-ER, Erk 

inhibitor Resistant), and showing partial resistance at 1 M SCH (Fig. 1A). A375-ER 

cells growing at 1-2 M SCH displayed a subpopulation of detached apoptotic cells (25-

35%), and therefore we characterized them from cultures kept at 200 nM of SCH. 

A375-ER cells maintained for 2 weeks without SCH and then re-plated in the presence 

of the ERKi retained resistance (Fig. 1B), indicating that they were not addicted to the 

continuous presence of SCH to remain resistant. In addition to SCH, A375-ER cells 

displayed resistance to the Erk2 inhibitor Vx-11e (13) (Supplementary Fig. S1A). 

A375-ER cells were also predominantly resistant to VMF, TMT and to the 

combinations of SCH with VMF or TMT (Fig. 1C). We also generated resistant cultures 

of the BRAF V600E melanoma cell line SK-Mel 28 displaying higher than 85% cell 

growth between 200-500 nM of SCH compared to untreated cells (SK-Mel 28-ER; Fig. 

1D), and they were also resistant to Vx-11e (Supplementary Fig. S1B). We previously 

reported that VMF-resistant (VR) A375 cells exhibit partial resistance to SCH (23), and 

we show here that cells double-resistant to VMF and TMT (A375-VR/TR) or to VMF 

and SCH (A375-VR/ER and SK-Mel 28-VR/ER) display resistance to the ERKi 

(Supplementary Fig. S1C, D).  

 Phosphorylation of Erk1/2 and its downstream effector RSK was inhibited in 

parental A375 and SK-Mel 28 cells treated with SCH (Fig. 2A-C). Basal Erk1/2 and 

RSK phosphorylation in SCH-resistant cells was strongly reduced compared with 

parental cells, and treatment with SCH further decreased their pErk1/2 levels (Fig. 2A-
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C). In addition, pMEK1/2 was diminished in the resistant cells, even if total MEK1 

levels were enhanced, especially in A375-ER cells (Fig. 2B, C; Supplementary Fig. 

S1E). Downregulated pErk1/2 was also detected in A375 cells that were partially 

resistant to 2 M of SCH (Supplementary Fig. S1F). Together, these data indicate that, 

contrary to parental cells, SCH-resistant cells can survive and grow with minimal 

Erk1/2 activation. 

A375-ER and SK-Mel 28-ER cells exhibited higher Ras activation than their 

parental counterparts, and treatment of A375 cells with SCH already caused Ras 

activation (Fig. 2D). The expression levels of SPRED1, a suppressor of Ras-MAPK 

activation, were similar in A375 and A375-ER cells, whereas higher SPRED1 amounts 

were detected in SK-Mel 28-ER than in SK-Mel 28 cells (Supplementary Fig. S1G). 

These data suggest that upregulated Ras activation in SCH-resistant cells is mostly 

independent of a potential decreased SPRED1 activity. Higher BRAF amounts were 

also found in A375-ER and SK-Mel 28-ER cells than in their parental counterparts, as 

well as in A375-VR/TR and A375-VR/ER cells (Fig. 2E). A possible mechanism for 

increased BRAF expression in SCH-resistant cells could be based on the observed 

BRAF amplification detected in patient-derived tumor xenografts treated with SCH 

(24). Sequence analyses on the SCH-resistant cells showed no mutations at Erk1 G186 

or Erk2 G169 and Q105, which were shown to confer ERKi resistance (25,26). 

Moreover, no mutations at N-Ras G12 and Q61 were found.   

Analysis of Akt phosphorylation to determine the activation status of the 

PI3K/Akt pathway revealed higher pAkt in SCH-resistant than in parental cells (Fig. 

2F). Increased Akt phosphorylation was linked to decreased PTEN amounts in A375-

ER but not in SK-Mel 28-ER cells (Supplementary Fig. S1H). While the Akt inhibitor 

triciribine (TCB) decreased by 85% the pAkt levels in A375-ER cells (Fig. 2G, left), it 
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only caused a small decrease in their growth rate (Fig. 2G, middle). When TCB and 

SCH were combined, there was a modest reduction in A375-ER cell growth at high 

SCH concentrations compared with SCH alone (Fig. 2G, right), but cells remained 

mostly resistant, revealing minor roles for the activated PI3K-Akt pathway in the 

resistance to SCH.  

Cdk4, Cdk6 and Cdk2 expression was higher in A375-ER than in A375 cells, 

both with and without SCH (Fig. 3A). Furthermore, Cyclin D1 expression was 

preserved in SCH-treated A375-ER cells compared to the reduction seen in A375 cells 

(Fig. 3A), and higher Cyclin E1 levels were found in A375-ER cells (Supplementary 

Fig. S1I). Given the overexpression of Cdk4 and Cdk6 in A375-ER cells, we tested their 

potential involvement in resistance to SCH by using palbociclib, a Cdk4 and Cdk6 

inhibitor. Palbociclib reduced the growth of A375 cells and decreased their Rb 

phosphorylation consistent with Cdk4 and Cdk6 inhibition (Fig. 3B, top and bottom). 

Significant A375-ER cell growth inhibition was only observed from concentrations of 

palbociclib of 5 M, but the degree of inhibition was similar to that displayed by A375 

cells. Basal pRb levels in A375-ER cells were lower than in A375 cells, but 

phosphorylation remained unaltered in the resistant cells with increasing palbociclib  

concentrations (Fig. 3B, bottom), suggesting that their palbociclib-triggered growth 

inhibition was independent of changes in Rb phosphorylation.  

SCH alone blocked pRb in A375, but not in A375-ER cells even in combination 

with palbociclib (Fig. 3C, top). Consistently, palbociclib did not influence A375-ER cell 

resistance to SCH (Fig. 3C, bottom). Moreover, Cdk4 silencing or combined Cdk4-

Cdk6 knockdown did not reduce the growth rates of A375-ER transfectants in the 

presence of SCH, as compared with control transfectants (Fig. 3D, E). We also silenced 

Cdk2 in combination with Cdk4 in A375-ER cells and found no alterations in the 
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transfectant growth relative to control siRNA counterparts exposed to SCH (Fig. 3E). 

These results suggest that increased Cdk4, Cdk6 and Cdk2 expression likely facilitates 

the cell cycle progression of A375-ER cells, but these kinases are not responsible for 

resistance to the ERKi. 

BRAF V600E melanoma cell resistance to SCH772984 involves MEK5-Erk5 

activation. We next tested whether activation of alternative MAPK pathway in SCH-

resistant cells could compensate for blockade of Erk1/2 activation and provide 

resistance to SCH. Recent data showed that human melanoma tissues express Erk5 

(MAPK7/BMK1), and revealed a close association between oncogenic BRAF 

expression and Erk5 activation (27). As MEK5 phosphorylates the T
218

EY
220 

motif of 

Erk5, we used an anti-phospho-Erk5 (T
218

/Y
220

) antibody to examine MEK5-dependent 

Erk5 phosphorylation. This antibody mainly recognized in SCH-resistant cells a product 

migrating at 110-115 kD and to a lesser extent a form of 140 kD, whose levels were not 

significantly affected by SCH (Fig. 4A). An antibody against the C-terminal domain of 

Erk5 (anti-Erk5) (20) reacted with the 110-115 kD product in parental and resistant 

cells, as well as to a lesser degree with the 140 kD form in the resistant cells. Notably, 

the MEK5 inhibitor BIX02189 (BIX) decreased the 110-115 kD and 140 kD 

phosphorylation levels in A375-ER and SK-Mel 28-ER cells (Fig. 4B). A BIX-

insensitive 130 kD specie was also detected with the anti-phospho-Erk5 antibody in 

A375 cells (Fig. 4A, B), but it was not recognized by the anti-Erk5 antibody, suggesting 

that it might represent a non-specific band. Therefore, these results indicate that the 

110-115 kD product is the MEK5-phosphorylated Erk5, while the 140 kD form 

represents the fully-phosphorylated Erk5 specie. In support of upregulation of MEK5-

dependent Erk5 phosphorylation in A375-ER cells, increased expression of the 

downstream Erk5 effector c-myc (28) was found, which was sensitive to BIX (Fig. 4C). 
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Furthermore, the levels of c-JUN, an additional effector of activated Erk5 (28) were 

enhanced in A375-ER cells, whereas we detected reduced amounts of p21, whose 

expression is also Erk5-regulated (29) (Fig. 4D). As shown above (Fig. 3A), the 

expression of cyclin D1, another Erk5-downstream effector (30), is also higher in SCH-

exposed A375-ER than in A375 cells. 

 While A375-VR cells (23) maintained high pErk1/2 and very low pErk5 levels, 

A375-VR/TR and A375-VR/ER cells showed pErk1/2 inhibition associated with 

upregulated pErk5 (Fig. 4E). Similarly, SK-Mel 28-VR/TR and SK-Mel 28-VR/ER 

cells exhibited a remarkable induction of pErk5 relative to parental cells, as well as 

reduced pErk1/2 amounts (Fig. 4F). Examination of 24 different SCH-resistant A375 

clones revealed that all have lower pErk1/2 than parental cells, whereas 22 out of 24 

displayed higher pErk5 than parental counterparts (Fig. 4G). These data strongly 

suggest that inhibition of Erk1/2 activation associated with enhanced Erk5 activation by 

SCH treatment is a wide A375 cellular response which does not arise from the 

outgrowth of few clones. 

Next, we used BIX to determine whether it could counteract cell resistance 

against SCH. A375 cells were sensitive to BIX alone, supporting recent data (27), 

although they were more susceptible to growth inhibition by SCH (Fig. 5A-C). 

Correlating with their activated MEK5-Erk5 signalling, A375-ER cells were more 

sensitive to BIX alone than parental cells (Fig. 5A, C). In addition, A375-ER and SK-

Mel 28-ER cells displayed clear sensitivity to combined SCH and BIX treatment (Fig. 

5B). Supporting the involvement of the MEK5-Erk5 pathway in resistance to SCH, 

decreased pErk5 levels following expression of a HA-tagged MEK5 dominant negative 

form (HA-MEK5-AA) in SCH-resistant cells correlated with a significant reduction in 

the transfectant proliferation, both with and without SCH, as compared to control 
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transfectants (Fig. 5D). Moreover, lentivirally-mediated Erk5 silencing in A375-ER 

cells significantly lowered the transductant proliferation relative to control shRNA cells, 

or compared to shErk5 transductants displaying reduced Erk5 knockdown (Fig. 5E, F). 

Furthermore, Erk5-silenced A375-ER cells exhibited a remarkable growth reduction in 

subcutaneously-inoculated NSG mice relative to control shRNA cells (Fig. 5G). In 

addition, A375-VR/TR and A375-VR/ER cells displayed high sensitivity to BIX alone, 

which further increased when BIX was combined with either VMF and TMT or VMF 

and SCH (Fig. 5H). These results indicate that enhanced MEK5-Erk5 activation in 

single and double resistant cells correlates with high sensitivity to inhibition of this 

pathway, revealing that its activation is responsible for cell resistance.  

Upregulated IGF-1R tyrosine kinase activity in resistant cells accounts for Erk5 

activation and for resistance to MAPKi. Receptor tyrosine kinases (RTKs) represent 

upstream regulators of the MEK5-Erk5 pathway (28,31). We performed phospho-RTK 

arrays looking for possible differences between A375 and A375-ER cells which could 

mediate the enhanced MEK5-Erk5 activation in the resistant cells. The results revealed 

that the activity of several RTKs including ErbB2, IGF-1R, insulin receptor, ALK and 

Dtk were higher in A375-ER cells than parental cells, whereas EGFR and Axl activity 

was reduced (Fig. 6A; Supplementary Fig. S2A, left). The activity of other RTKs was 

also altered in A375-ER cells, such as ErbB4, FGFR3 and c-Ret, but their activities 

remained low (Supplementary Fig. S2A, right). Given the strong upregulation of ErbB2 

in A375-ER cells, we used the ErbB2 inhibitors lapatinib (LPT) and trastuzumab (TZM) 

to study a potential ErbB2 involvement in resistance to SCH. The cell growth rate of 

parental and SCH-resistant cells was not significantly affected by LPT alone at 

concentrations up to 1 M (Supplementary Fig. S2B). In addition, no remarkable cell 

growth differences between parental and resistant cells were detected in LPT and SCH 
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combined treatments (Supplementary Fig. S2C). Similarly, non-significant minor 

reductions in the growth of A375 and A375-ER cells in response to TZM alone were 

observed, and no cell growth differences were found in TZM and SCH combinations 

(Supplementary Fig. S2D). These results suggest that SCH resistance was mostly 

independent of augmented ErbB2 kinase activity.  

 IGF-1 contributes to proliferation and survival of melanoma cells (32,33). 

Immunoblotting analyses revealed that the increased IGF-1R kinase activity detected in 

the RTK arrays was associated with higher IGF-1R expression and IGF-1R tyrosine 

phosphorylation at Tyr
1131

 in SCH-resistant cells than in their parental counterparts (Fig. 

6B, top). Furthermore, upregulated IGF-1R expression and IGF-1R pTyr
1131 

was also 

found in VMF/TMT- and VMF/SCH-resistant cells. Increased IGF-1R protein 

expression in A375-ER cells correlated with enhanced IGF-1R mRNA, but no 

significant changes in IGF-1R mRNA levels were observed between parental and SCH-

resistant SK-Mel 28 cells (Supplementary Fig. S3A). Examination of protein stability 

revealed higher IGF-1R protein amounts upon treatment with cycloheximide in A375-

ER and SK-Mel 28-ER cells than in the parental cells (Fig. 6B, middle and bottom), 

strongly suggestting that upregulated IGF-1R expression in SCH-resistant cells is 

contributed by its higher stability. As expression of IGF-1R protein was reported to be 

regulated by BRAF (34), and we have detected higher BRAF amounts in SCH-resistant 

cells, we silenced BRAF in A375-ER cells and subsequently tested IGF-1R expression. 

Western blotting revealed that IGF-1R levels remained mainly unchanged 48-72h post-

transfection (Supplementary Fig. S3B), suggesting that enhanced IGF-1R expression is 

independent of their increased BRAF expression.    

Linsitinib (LST), an IGF-1R inhibitor, blocked pTyr
1131

 of IGF-1R and also 

reduced (35-45%; n=4) Ras activation in A375-ER cells (Fig. 6C). Interestingly, MTT 
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assays revealed that A375-ER and SK-Mel 28-ER cells have higher sensitivity to LST 

alone than parental cells (Fig. 6D). Moreover, A375-ER, as well as A375-VR/TR and 

A375-VR/ER cells displayed lower growth in 3D spheroid assays in the presence of 

LST than parental cells, both in terms of sphere size and associated viability (Fig. 6E; 

Supplementary Fig. S3C, D). Notably, combined LST and SCH treatment further 

reduced resistance relative to single SCH exposure (Fig. 6F; Supplementary Fig. S4A). 

In addition, double-resistant A375 cells displayed strong growth inhibition when 

exposed to LST alone or combined with VMF and TMT, or with VMF and SCH (Fig. 

6G). Confirming the sensitivity of SCH-resistant cells to LST, A375-ER cells grew 

significantly less in NSG mice treated with LST relative to control mice, whereas LST 

did not grossly affect the in vivo A375 cell growth (Fig. 6H). It is worth noting the 

consistent higher growth rate of control A375-ER than A375 tumors, which correlates 

with the increased 3D spheroid growth of the resistant cells. 

Inhibition of SCH-resistant cell growth by LST correlated with blockade of 

pErk5, whereas no LST-promoted alterations in pErk1/2 levels were detected in parental 

cells (Fig. 6I, J), suggesting that IGF-1R preferentially signals to MEK5-Erk5 rather 

than to Erk1/2. Similar to BRAFi-resistant cells (35), IGF-1R inhibition reduced Akt 

phosphorylation in SCH-resistant cells (Supplementary Fig. S4B). In addition, LST 

decreased pErk5 and pAkt in double-resistant A375 cells, as well as in SK-Mel 28-ER, 

SK-Mel 28-VR/TR and SK-Mel 28-VR/ER cells (Fig. 6J; Supplementary Fig. S4C). 

Parental cell supernatants rescue Erk1/2 activation in SCH-resistant cells. SCH-

resistant cells are not addicted to SCH for growth (Fig. 1B), and maintain low pErk1/2 

levels even after culture for 3 weeks without SCH (Fig. 7A), revealing that their 

sustained growth and low pErk1/2 levels were SCH independent. A possible mechanism 

behind the low pErk1/2 in the resistant cells is that their supernatants might lack or have 
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reduced amounts of factors contributing to Erk1/2 activation. Of note, pErk1/2 levels in 

A375-ER and to a lesser extent in SK-Mel 28-ER cells exposed for 8 h to their 

respective parental cell supernatants were remarkably rescued, although they did not 

reach the parental cell degrees (Fig. 7B). Moreover, pErk1/2 was decreased in A375 

cells incubated with A375-ER supernatants, albeit this was not consistently seen in SK-

Mel 28 cells exposed to SK-Mel 28-ER supernatants. Correlating with pErk1/2 rescue, 

MEK5-dependent Erk5 phosphorylation and pIGF-1R levels diminished in A375-ER 

cells treated with parental cell supernatants, even though pErk5 and pIGF-1R were still 

higher than in parental cells (Fig. 7B, C). Reduced pErk5 was not detected in SK-Mel 

28-ER cells exposed to their parental supernatants (Fig. 7B, right), suggesting that a 

minimal Erk1/2 activation threshold is needed for inhibition of Erk5 activation.  

 Growth factor arrays comparing A375 and A375-ER cell supernatants revealed 

upregulated PDGF-AA and decreased VEGF amounts in A375-ER cells (Fig. 7D) (see 

also Supplementary Fig. S5A). As no significant alterations in the phospho-RTK arrays 

were observed for PDGF-Rand VEGF-R between A375 and A375-ER cells (Fig. 6A), 

it seemed unlikely that variations in PDGF-AA and VEGF expression could influence 

the differential Erk1/2 activation of the resistant cells. Indeed, VEGF did not rescue 

pErk1/2 in SCH-resistant cells (Fig. 7E). The expression of TGF-was also reduced in 

the A375-ER cell supernatants (Fig. 7D), correlating with the diminished EGFR activity 

observed in the phospho-RTK arrays. Remarkably, TGF-partially recovered Erk1/2 

activation in A375-ER and to a lesser extent in SK-Mel 28-ER cells, without 

significantly altering pErk5 levels (Fig. 7E). TGF-alone provided growth advantage to 

A375-ER relative to A375 cells, and further enhanced resistant cell growth with 1 

SCH compared with cells incubated without TGF-(Supplementary Fig. 
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S5B)hese results suggest that TGF-might constitute a factor whose decreased 

expression in SCH-resistant cells could reduce pErk1/2 levels. 

Characterization of SCH-resistant, N-Ras mutant melanoma cells. We generated 

SCH-resistant cells of SK-Mel 103 (SK-Mel 103-ER; Supplementary Fig. S6A), a 

BRAF wt/N-Ras Q61R cell line. Unlike the BRAF V600E cell lines, parental and SCH-

resistant SK-Mel 103 cells exhibited high pErk1/2 basal levels, which were sustained in 

the resistant cells incubated with SCH (Supplementary Fig. S6B, left). Moreover, SK-

Mel 103-ER cells displayed higher pMEK1/2 than their parental counterparts. In 

addition, Ras activation was not significantly altered in SK-Mel 103-ER relative to 

parental cells (Supplementary Fig. S6B, right). Sequencing on the SCH-resistant cells 

showed no mutations at Erk1 G186 or Erk2 G169 and Q105. Contrary to A375, similar 

low degree of Erk5 activation was detected in SK-Mel 103 and SK-Mel 103-ER cells 

(Supplementary Fig. S6C), while resistant cells displayed stronger pAkt than parental 

counterparts when exposed to SCH (Supplementary Fig. S6D).  
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DISCUSSION 

Resistance to combined BRAF and MEK inhibition is an important clinical 

challenge in the treatment of metastatic melanoma. ERK inhibitors represent valuable 

agents currently tested in several clinical trials in melanoma, colorectal, lung and 

pancreatic cancers (18,19). The focus of our study was to characterize potential 

resistance mechanisms to ERKi in melanoma cells using the SCH772984 inhibitor as a 

model. Using two BRAF V600E melanoma cell lines, our results indicate that 

stimulation of the IGF-1R-MEK5-Erk5 pathway opposes SCH inhibitory actions on 

Erk1/2 activation and cell growth, leading to rescue of cell proliferation and acquired 

resistance. The involvement of the IGF-1R-MEK5-Erk5 pathway is supported by data 

obtained with IGF-1R and MEK5 inhibitors, by expression of a dominant negative 

MEK5 form, and by Erk5 silencing. Upregulated IGF-1R tyrosine kinase and MEK5-

Erk5 activities in the resistant cells increased their sensitivity to LST and BIX 

inhibitors, revealing that blockade of IGF-1R-MEK5-Erk5 could represent a suitable 

therapy to treat melanoma resistance to ERKi. Notably, LST blocked Erk5 activation in 

A375-ER cells, and decreased their growth in 3D spheroid assays as well as in NSG 

mice. Together with previous observations of augmented IGF-1R expression and 

activity in BRAFi resistant melanoma cells (35), our data suggest that upregulated IGF-

1R expression could represent a common cell response to MAPKi. We provide here 

evidence that increased IGF-1R expression in SCH-resistant cells involves enhanced 

IGF-1R protein stability. As linsitinib inhibited IGF-1R-mediated Ras and Erk5 

stimulation, these data suggest that Ras constitutes an IGF-1R-dependent upstream 

activator of MEK5-Erk5 in SCH-resistant cells. This is consistent with previous reports 

of Ras-mediated MEK5-Erk5 stimulation (36,37), although Ras-independent activation 

was also documented (38).  
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Even if SCH-resistant cells have higher Ras activation than parental cells, they 

display inhibition of Erk1/2-RSK activation, and full resistance to combined VMF and 

TMT or VMF and SCH treatments. This is likely facilitated by the mitogenic signals 

provided by the activated IGF-1R-MEK5-Erk5 signalling. Furthermore, single MEKi or 

combined BRAFi and MEKi treatments activate Erk5 in melanoma (39), which could 

further contribute to the growth of SCH-resistant cells.  

Melanoma cells double-resistant to VMF and TMT, or to VMF and SCH 

displayed enhanced IGF-1R expression and tyrosine kinase activity, as well as IGF-1R-

dependent stimulation of the MEK5-Erk5 pathway, which accounted for the resistance. 

Correlating with increased Erk5 activation, these cells also displayed abrogation of 

Erk1/2 activation. Of note, reduced pErk1/2 levels were recently reported in melanoma 

cell lines and clinical samples displaying combined resistance to BRAFi and MEKi 

(40), and it was revealed the involvement of the PAK kinase in the combined resistance 

which bypassed the ERK inhibition. As PAK is an upstream Erk5 activator (41), it will 

be interesting to determine a possible PAK role in the IGF-1R-MEK5-Erk5 pathway in 

melanoma resistance. Reduced pErk1/2 is not, however, a general mechanism 

associated to the combined resistance, as other studies have shown frequent Erk1/2 re-

activation in double-resistant cells (42,43). Nevertheless, it is clear that important 

signaling interconnections exist between Erk1/2 and Erk5. Thus, Erk5 signalling 

rescues tumor cell proliferation upon Erk1/2 abrogation (44), and opposite activation 

states of these kinases were observed in melanoma cells exposed to combined VMF and 

TMT (39). Moreover, Erk1/2 signalling induces negative feedback on Erk5 activation, 

potentially involving dual specificity phosphatases (DUSPs) (45). Together, these data 

strongly suggest that the MEK5-Erk5 route might become activated and have a 

compensatory protective function following loss of Erk1/2-controlled negative signals, 
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thus contributing to transducing mitogenic signals, as proposed (44). As recent data 

revealed Erk5 expression in melanoma tissues from patients treated with BRAFi and 

MEKi (27,46) (Gene Expression Omnibus public database; accession code GSE99898), 

and the MEK5-Erk5 pathway is activated in several cancer types (31), future studies 

should determine the Erk5 activation status in ERKi-resistant and in double-resistant 

melanoma patients.  

Colorectal cancer cells exposed to SCH developed resistance based on an Erk1 

Gly
186

 to Asp
186

 mutation, causing defective SCH binding to the kinase and retention of 

high pErk1/2 levels (25). Additional mutations on Erk1/2 were mapped that could 

confer resistance to ERKi, BRAFi and MEKi, by also interfering with the inhibitor 

binding, resulting in preservation of Erk1/2 activation (47). Furthermore, treatment of 

K-Ras-mutant pancreatic cancer with SCH caused only transient Erk1/2 inhibition in 

resistant cells, which displayed enhanced basal PI3K-Akt-mTOR signaling conferring 

resistance (48). Our sequencing data on Erk1 and Erk2 in SCH-resistant melanoma cells 

tentatively suggest that SCH could bind to the kinases and exert its inhibitory actions on 

Erk1/2 activation. The decreased Erk1/2 activation could also be contributed by the 

reduced pMEK1/2 levels of the resistant cells. Reduced MEK activation might involve 

decreased function of kinase suppressor of Ras (Ksr) scaffold proteins, or enhanced 

DUSP activity (49,50). Yet, even if the SCH-resistant cells express BRAF V600E, 

abrogated Erk1/2 activation was also observed in cells maintained without SCH, raising 

the possibility that decreased pErk1/2 could arise from the actions of soluble mediators. 

Remarkably, the partial rescue of pErk1/2 in SCH-resistant cells upon incubation with 

SCH-free supernatants from parental cells, strongly suggests that decreased pErk1/2 

levels could involve reduced expression and function of soluble stimulators of Erk1/2 

activation. We found that a potential activator of Erk1/2 phosphorylation is TGF-, 
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whose expression is lower in SCH-resistant than parental cells, and whose addition to 

the resistant cells partially recovers pErk1/2. These findings suggest that the low 

pErk1/2 in ERKi-resistant melanoma cells involves intracellular alterations as well as 

actions of soluble mediators, and that the stable inhibition of Erk1/2 activation in these 

cells cultured without SCH is based on decreased expression of positive Erk1/2 

regulators, including TGF-.  

Contrary to BRAF V600E melanoma cells, BRAF wild type/N-Ras mutant SK-

Mel 103 cells resistant to SCH displayed high pErk1/2 linked to low pErk5 amounts, 

again supporting a default role for Erk5 whose RTK-dependent stimulation is favored 

under repression of Erk1/2 activation.  

Collectively, the present results highlight a novel route for resistance to ERKi as 

well as for double resistance to BRAFi and MEKi, which together with the reported 

Erk5 expression in melanoma tissues makes appealing following up therapeutic studies 

targeting the IGF-1R-MEK5-Erk5 pathway.  
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FIGURE LEGENDS 

Figure 1. Characterization of SCH772984-resistant, BRAF V600E melanoma cells. 

(A) Cells were tested in MTT assays (48 h) in the absence (Ctrl) or presence of the 

indicated concentrations of SCH772984 (SCH) (n=4). (B) Cells were cultured for 2 

weeks without SCH, and subsequently subjected for 48 h to MTT assays (n=3). (C) 

Growth rates of parental and SCH-resistant cells in the absence or presence of 

vemurafenib (VMF), trametinib (TMT), or combined VMF and SCH or TMT and SCH, 

were determined in MTT tests (n=3). (D) Parental and SCH-resistant SK-Mel 28 cells 

were tested in MTT assays as in (A) (n=4). Data is referred to control untreated (Ctrl) 

samples (100%) (
***

p<0.001,
**

p<0.01, 
*
p<0.05). 

Figure 2. Analysis of Ras-MAPK and PI3-K/Akt activation in SCH-resistant cells. 

(A-C) Cells were incubated without or with SCH (A and C, 200 nM; B and C, 48 h), 

and subsequently tested by immunoblotting using antibodies to the indicated proteins. 

(D) Cells were subjected to Ras GTPase assays for detection of active Ras (SCH 200 

nM; 48 h). Numbers under gels represent densitometric quantification of gel bands. (E, 

F) Cells were analyzed by immunoblotting to test BRAF, pAkt and total Akt expression. 

(G, left) Cells were treated without or with triciribine (TCB; 1 M for 48 h) and 

analyzed by immunoblotting. Cells were tested in MTT assays (48 h) without or with 

TCB (1 M; middle), or in the presence of SCH alone or combined with 1 M TCB 

(right). Data is referred to untreated (Ctrl) samples (100%).  (n=4; 
***

p<0.001). Control 

loading in immunoblottings was assessed with anti-vinculin or anti--actin antibodies. 

Figure 3. Resistance to SCH is independent of upregulated Cdk4, Cdk6 and Cdk2 

expression in A375-ER cells. (A) Cells were treated for the indicated times with SCH 

(200 nM), and expression of cell cycle proteins was analyzed by immunoblotting. 

Bottom panels depict densitometric analyses of protein gel bands showing the mean 
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±SD of four independent experiments. Expression was significantly enhanced 

(


p<0.001, 


 p<0.01), or decreased (
*
p<0.05). (B) MTT assays (72 h) (top) or 

immunoblotting (bottom) were performed with cells treated with the indicated 

palbociclib (Palbo) concentrations (n=3; 
***

p<0.001,
**

p<0.01). (C, top) Cells were 

exposed for 72 h to different SCH concentrations with or without palbociclib (1 M), 

and subjected to immunoblotting. (Bottom) Cells were tested in MTT assays (72 h) in 

the presence of SCH alone or combined with palbociclib (1 M). Data is referred to 

untreated (Ctrl) samples (100%) (n=4). (D, E). Cells were transfected with the indicated 

siRNAs, expression of the cyclin-dependent kinases analyzed by immunoblotting, and 

transfectant growth tested in MTT assays (n=3-4). Numbers under gels represent 

densitometric quantification of gel bands. 

Figure 4. Upregulated Erk5 activation in MAPKi-resistant melanoma cells. (A, B) 

Cells were incubated for 48 h without or with SCH (200 nM) and BIX (5 M), as 

indicated, and subjected to immunoblotting. (C) Cells exposed to SCH (200 nM, 48 h) 

with or without BIX (5 M) were tested by qPCR (left) or by immunoblotting (right) for 

c-myc expression. Expression was significantly increased (


p<0.001) or reduced 

(
**

p<0.01) (n=3). (D) Cells were analyzed by qPCR for c-JUN or p21 expression. 

(

p<0.05, 

*
p<0.05; n=4). (E, F) Single- and double-resistant cells were tested by 

immunoblotting (VMF 1 M; TMT 50 nM). (G) Different A375-ER clones, or A375 

and A375-ER cells were analyzed by imunoblotting.   

Figure 5. Increased MEK5-Erk5 activation correlates with resistance to SCH in 

BRAF V600E melanoma cells. Cells were tested in MTT assays (48 h) in the presence 

of BIX alone (A), or BIX (5 M) combined with SCH (B). Data is referred to untreated 

(Ctrl) samples (100%) (n=4, 
***

p<0.001,
**

p<0.01). (C) Cells were incubated for the 
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times shown without or with SCH (200 nM) and/or BIX (5 M), and cellular 

proliferation determined by CCK8 (n=3; 
***

p<0.001, 
*
p<0.05). (D, left) SCH-resistant 

cells were transfected with empty vector (pcDNA3.1; Mock) or with a HA-tagged 

pcDNA3.1 vector coding for dominant negative MEK5 (HA-MEK5-AA), and 

transfectants analyzed by imunoblotting, as indicated. Values under gels indicate 

densitometric analyses of protein gel bands showing the mean from three independent 

experiments. (Right) Transfectants were subjected to cell proliferation assays. (n=3; 

**
p<0.01, 

*
p<0.05). (E, F) Lentivirally-generated control and Erk5-silenced A375-ER 

transductants (shCtrl and shErk5, respectively) were analyzed by immunoblotting (E, 

left), or tested at different time points in proliferation assays (E, middle and right; F) 

(n=3; 
**

p<0.01,
*
p<0.05). (G) Tumor growth was assessed in NSG mice subcutaneously-

inoculated with control or Erk5-knockdown A375-ER cells (n=8; 
**

p<0.01, 
*
p<0.05). 

(H) Double-resistant A375 cells were subjected to cell proliferation assays in the 

absence or presence of the indicated inhibitors (VMF 1 M; TMT 50 nM) (n=3, 

***
p<0.001). 

Figure 6. Upregulated IGF-1R kinase activity in SCH-resistant cells accounts for 

Erk5 activation and for resistance to SCH. (A) Cells were subjected to phospho-RTK 

arrays. Marked are several receptors whose tyrosine kinase activity is altered. (B, top) 

Cells were tested by immunoblotting using antibodies to the indicated proteins. (B, 

middle and bottom) Cells were incubated for the indicated times with cycloheximide 

(150 g/ml) and subjected to immunoblotting. (C) Cells were treated without or with 

linsitinib (LST; 0.5 M, 48 h), and subsequently subjected to immunoblotting (left) or 

to Ras GTPase assays (right). (D) Cells were tested in MTT assays in the absence (Ctrl) 

or presence of the indicated concentrations of LST. Data is referred to untreated (Ctrl) 

samples (100%) (n=4;
***

p<0.001, 
**

p<0.01). (E) Cells were subjected to 3D spheroid 
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growth assays in the absence (Ctrl, DMSO) or presence of LST (1 M). Data represent 

normalized sphere area referred to day 0. (n=7; 
***

p<0.001, 
**

p<0.01, 
*
p<0.05).  (F) 

Cells were tested in MTT assays with SCH alone or combined with LST (0.5 M). (G) 

Double-resistant cells treated with the indicated inhibitors were subjected to MTT 

assays (n=4; 
***

p<0.001). (H) NSG mice subcutaneously-inoculated with A375 or 

A375-ER cells were treated with vehicle or LST and tumor growth assessed at the 

indicated times (n=8-10; 
*
p<0.05). (I, J) Cells were exposed for 48 h to the indicated 

concentrations of LST (I) or to 0.5 M of LST (J) and tested by immunoblotting.  

Figure 7. Rescue or Erk1/2 activation in SCH-resistant cells by parental cell 

supernatants. (A) SCH-resistant cells cultured for the indicated times without SCH (-

SCH) were tested by immunoblotting. (B, C) Culture supernatants (48 h) without SCH 

were exchanged between parental and resistant cells, and upon 8 h incubation (no SCH 

added), cell cultures were analyzed by immunoblotting. (D) Growth factor arrays 

comparing A375 and A375-ER cells cultured without SCH. Most prominent changes 

are marked: black and grey squares denote reduced and augmented expression, 

respectively. Dotted squares depict no significant alterations in expression. 

Quantification of some of the growth factors from the array is shown on the right panel. 

Results are representative of two independent experiments each by duplicate. (E) 

Parental and SCH-resistant cells were incubated for 8 h with the indicated supernatants, 

or with TGF-(15 ng/ml) or VEGF (50 ng/ml), and afterwards analyzed by 

immunoblotting. Numbers under gels represent densitometric quantification of gel 

bands. 
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