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Supplementary Figure 1. Cellular phenotypes observed in response to ERK2 overexpression in 
A-375 cells. 
(A) No senescence-associated β-galactosidase staining was detected upon ERK2 overexpression. A-375 
ERK2 clone 10 was treated -/+ 100 ng/mL doxycycline for 48 or 72 h. Cells were stained for β-galactosi-
dase activity. Representative images are shown. 
(B) MOMP was observed over time after induction of ERK2 overexpression. A-375 ERK2 clone 10 was 
treated with 100 ng/mL doxycycline for the indicated time points, or 1 µM ERK inhibitor (ulixertinib) for 72 h. 
20 µM FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) was added for 10 min as a positive 
control to eliminate mitochondrial transmembrane potential. The mitochondrial transmembrane potential 
was monitored by using tetramethylrhodamine, ethyl ester (TMRE), a dye that accumulates only in active 
mitochondria, and CellTiter-Glo was used to measure cell viability. The TMRE or CTG signal was normal-
ized to the respective control signal from the untreated cells. Error bars represent the SD of the mean of 
triplicate wells.
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Supplementary Figure 2. No paracrine effect was produced by cells dying due to knockdown of the 
essential gene PSMA3.
(A) A-375 cells stably expressing a doxycycline-inducible shRNA targeting PSMA3 (A-375 shPSMA3) showed 
loss of viability upon PSMA3 knockdown. Cells were treated -/+ 100 ng/mL doxycycline, phase-contrast images 
were taken at the indicated time points, and the percent confluence was determined. Error bars represent the 
SD of the mean of triplicate wells.
(B) Conditioned media (CM) from A-375 shPSMA3 cells did not reduce proliferation of parental A-375 cells. CM 
produced from A-375 shPSMA3 treated -/+ 100 ng/mL doxycycline for the indicated time points were transferred 
to parental A-375 cells. Viability of the parental cells was measured after 3 d using CellTiter-Glo, and normalized 
to the CM control (no doxycycline). Error bars represent the SD of the mean of triplicate wells.
(C) Growth of cells co-cultured with A-375 shPSMA3 cells was not reduced upon PSMA3 knockdown. A-375 
shPSMA3 cells were pre-treated with 100 ng/mL doxycycline for 3 d. A-375-Luc cells were co-cultured at a 1:1 
ratio with untreated A-375 shPSMA3 cells, or the doxycycline pre-treated cells -/+ 100 ng/mL doxycycline for 4 d. 
Bright-Glo was used to measure the luciferase signal, and was normalized to the control condition. Error bars 
represent the SD of the mean of triplicate wells.
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Supplementary Figure 3. A-375 xenograft tumors with ERK2 overexpression displayed necrosis 
and/or fibrosis. Representative micrographs of ERK2-overexpressing A-375 xenograft tumors from clones 
7 (left) and 10 (right), at multiple time-points post-treatment with doxycycline (0, 1, 2, 3, 4, and 7 days, from 
top to bottom) stained with hematoxylin-eosin.
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Supplementary Figure 4. Paradoxical activation triggered by low doses of BRAFi in GR-M 
augmented the growth suppression caused by ERK2 overexpression. GR-M ERK2 was treated 
with the indicated concentrations of BRAF inhibitor (encorafenib) and 100 ng/mL doxycycline. Cell 
viability was measured after 3 d using CellTiter-Glo, and normalized to the DMSO control and Day 0 
values. Error bars represent the SD of the mean of triplicate wells.



Supplementary Figure 5. Graphical representations of vector constructs used in this study. 



Supplementary Table 1. MSigDB Hallmark pathways that were significantly enriched in genes 

upregulated after 20 h treatment with doxycycline in A-375 ERK2 cells.  

GENE SET SIZE NES FDR q-val 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 195 7.325341 < 1E-05 

HALLMARK_INFLAMMATORY_RESPONSE 186 4.897004 < 1E-05 

HALLMARK_KRAS_SIGNALING_UP 185 4.456394 < 1E-05 

HALLMARK_COMPLEMENT 184 3.999689 < 1E-05 

HALLMARK_PROTEIN_SECRETION 96 3.946946 < 1E-05 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 193 3.753578 < 1E-05 

HALLMARK_ALLOGRAFT_REJECTION 183 3.732027 < 1E-05 

HALLMARK_IL2_STAT5_SIGNALING 193 3.595314 < 1E-05 

HALLMARK_UV_RESPONSE_DN 142 3.423233 < 1E-05 

HALLMARK_HYPOXIA 192 3.420123 < 1E-05 

HALLMARK_APICAL_JUNCTION 194 3.211881 < 1E-05 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 110 3.181669 < 1E-05 

HALLMARK_MYOGENESIS 195 3.117798 < 1E-05 

HALLMARK_APOPTOSIS 158 3.087395 < 1E-05 

HALLMARK_COAGULATION 129 3.077246 < 1E-05 

HALLMARK_TGF_BETA_SIGNALING 54 2.947967 < 1E-05 

HALLMARK_ANDROGEN_RESPONSE 98 2.873644 < 1E-05 

HALLMARK_IL6_JAK_STAT3_SIGNALING 82 2.760546 < 1E-05 

HALLMARK_MITOTIC_SPINDLE 199 2.639885 < 1E-05 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 103 2.62627 < 1E-05 

HALLMARK_P53_PATHWAY 194 2.530684 4.93E-05 

HALLMARK_UV_RESPONSE_UP 155 2.389115 6.21E-04 

HALLMARK_HEDGEHOG_SIGNALING 35 2.349676 7.36E-04 

HALLMARK_MYC_TARGETS_V2 58 2.314728 9.30E-04 

 



Supplementary Table 2. Transcription factor targets (from MSigDB C3 TFT) for known ERK targets were 

significantly enriched in genes upregulated after 20 h treatment with doxycycline in A-375 ERK2 cells. 

Transcription Factor Target SIZE NES FDR q-val 

AP1_Q6_01 251 4.308175 < 1E-06 

AP1_Q2_01 257 4.207699 < 1E-06 

AP1_C 256 4.106944 < 1E-06 

AP1_Q6 242 4.106377 < 1E-06 

AP1_Q4 253 4.007243 < 1E-06 

AP1_01 244 3.935354 < 1E-06 

AP1FJ_Q2 250 3.13328 < 1E-06 

AP1_Q4_01 249 3.066407 < 1E-06 

AP1_Q2 245 2.810101 3.15E-05 

EGR1_01 255 3.872408 < 1E-06 

EGR_Q6 262 3.409466 < 1E-06 

ELK1_01 251 4.44596 < 1E-06 

ELK1_02 236 4.314418 < 1E-06 

ETS2_B 261 3.466135 < 1E-06 

ETS_Q4 234 3.312767 < 1E-06 

ETS1_B 237 3.299796 < 1E-06 

 



SUPPLEMENTARY MATERIALS AND METHODS 

 

Vectors, viral production and infection 

The cDNA for MAPK1 (NM_002745) in pENTR221 was cloned into pXP1509A (Fig. S5) using 
Gateway cloning (Thermo Fisher). The V600E mutation (t1799a) was introduced into BRAF 
(NM_004333) in pENTR221 by site-directed mutagenesis (QuikChange II, Agilent), and cloned 
into pXP1512 (Fig. S5) using Gateway cloning (Thermo Fisher). The shRNA construct targeting 
PSMA3 was cloned into the pLKO-Tet-On inducible vector system as described in (1), and the 
following oligonucleotide sequence was used: CAAGCTGCAAAGACGGAAATA. The 
pMCSV_PGK-Luc vector was used for luciferase expression (kindly provided by Fangxian Sun, 
Genomics Institute of the Novartis Research Foundation). Viral constructs were packaged as 
described in (1). Stable lines were selected and maintained in 800 µg/mL of G418 (Corning), 5 
µg/mL blasticidin (Thermo Fisher), or 1 µg/mL puromycin (Corning). Doxycycline from Sigma 
Aldrich was used for induction.  
 
Western blot analysis  

Whole cell lysates were collected by directly lysing cells in plates with RIPA buffer (Thermo 
Fisher) plus protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). 
Protein concentrations were determined using a protein assay kit (Bio-Rad), and 15 µg of protein 
was loaded per lane. Antibodies against FRA1, pFRA1 (S265), ERK1/2, pERK1/2 (T202/Y204), 
RSK1/2/3, pRSK1 (T359), pRSK3 (T356/S360), DUSP4, PARP, LC3, pMEK1/2 (S217/S222), 
FOSB, p38, p-p38 (T180/Y182), CHOP, Ero1-Lα, p21, H3, and actin were from Cell Signaling. 
Antibodies against DUSP6 and γH2A.X are from Abcam, BRAF and MEK1 was from BD 
Biosciences, and vinculin from Sigma. Chemiluminescent signal was detected using SuperSignal 
West Femto or Pico Maximum Sensitivity Substrate (Pierce), and visualized using the Bio-Rad 
ChemiDoc Imaging System.  
 
Intracellular immunofluorescence 

Cells were harvested, pelleted, and washed in PBS, then fixed for 15 min in ice cold 1% 
formaldehyde (methanol free, Pierce). After fixation, cells were washed in PBS and incubated in 
ice cold methanol for 30 min. Cells were pelleted and washed in 1% BSA (fraction V, Rockland 
Immunochemicals) in PBS, then blocked 45 min at room temperature in 0.2% Triton X-100 + 
3% normal goat serum (Cell Signaling) in PBS. Cells were subsequently incubated for 2 h in 
primary antibodies or isotypes controls diluted in 0.1% Triton X-100 + 3% goat serum. 
Antibodies used were 2 µg/mL mouse anti-ERK1/2 (clone L34F12, Cell Signaling) and 2 µg/mL 
mouse IgG1 (clone G3A1, Cell Signaling). Next, cells were washed as above, and incubated for 
1 h in 2 µg/mL anti-mouse Alexa 488 conjugated secondary antibody (Thermo Fisher). Finally, 
cells were washed as above, resuspended in 0.1% BSA in PBS, and analyzed using FACSCanto 
(BD Pharmingen). FACS results were analyzed using FlowJo v10 (FlowJo, LLC).   
 



Cell cycle and apoptosis analysis 

For cell cycle analysis, cells were plated in 6-well plates and analyzed after the indicated time of 
doxycycline induction. The supernatant was collected and combined with trypsinized cells, 
washed with 1X PBS, and fixed with 70% ethanol. Samples were stained with 10 µg/ml 
propidium iodide containing 0.25 mg/mL RNaseA at 37°C for 30 min. 100,000 cells were 
mesaured with FACSCanto (BD Pharmingen) and analyzed with FlowJo (FlowJo, LLC). The 
Watson (Pragmatic) model was used for the cell cycle peak modeling. 
Caspase activity was measured at the indicated times post-treatment using the Caspase-Glo 3/7 
assay (Promega) as per manufacturer’s protocol. Luminescence signal was measured with an 
EnVision plate reader (PerkinElmer), and normalized to the control wells. TRAIL was purchased 
from PeproTech, and zVAD-fmk was purchased from R&D Systems. All experiments were 
independently performed at least twice; representative results are shown. 
Senescence was measured using the Senescence β-Galactosidase Staining Kit (Cell Signaling) 
according to manufacturer’s protocol. Mitochondrial outer membrane polarization (MOMP) was 
measured using the TMRE-Mitochondrial Membrane Potential Assay Kit (Abcam) according to 
manufacturer’s protocol.  
 
Pooled shRNA screen  

The shRNA libraries and protocol used for the pooled shRNA screens were described in (2). The 
three shRNA libraries were screened as independent pools in A-375 ERK2 clone 10 cells. 
Briefly, 120 million cells were seeded the day before infection to achieve 1000X library 
representation. 24 hours later, cells were infected with the lentiviral shRNA library at a MOI of 
0.5, and selected with 1.5 µg/mL puromycin (Corning). After 7 days, the infected cells were split 
into two pools, and treated with or without 100 ng/mL of doxycycline. Cells were cultured for an 
additional 11 days, splitting the cells as necessary and passaging 70 million cells each time. Cells 
were then harvested for gDNA extraction, and next-generation sequencing libraries were 
generated and sequenced.  
The Fold Change (FC) of shRNA barcode representation was calculated between doxycycline-
induced samples and the control untreated samples, and further log2-transformed (log2_FC).  
The log2_FC values were normalized to the activity distribution for each pool by calculating the 
robust z-score: log2_FC of shRNAx –median_log2_FC_all_shRNAs) / 
MAD_log2_FC_all_shRNAs), where MAD is the Median Absolute Deviation. Upon comparing 
the three pools activity distributions, quantile normalization was applied prior to combining the 
results. The gene-level activity was determined by calculating two statistics. First the RSA model 
was used to test whether the 20 shRNAs per gene showed consistent enrichment in the 
doxycycline-induced over untreated conditions (RSA Up test), producing a p-value indicating the 
significance. Second, the robust z-score quartile Q1 or Q3 was determined per gene, representing 
the activity (rz-score) of the 25 and 75 percentile shRNA out of 20 tested for the gene, 
respectively (approximately activity of the 5th and 15th shRNA, respectively). The gene-level 
activity was shown (Fig. 4A) as the log10 p-value of RSA Up (logP_RSA_Up) as a function of 



the genes robust z-score Q3 (rz-score_Q3). For candidate gene hit selection, a threshold of log10 
RSA p-value < -5 was chosen, as analysis of randomized datasets resulted in values above this 
threshold, along with an rz_score_Q3 > 3. The two thresholds are marked as dotted lines in the 
figure. 
 
RNA-seq 

Total RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN) and quantified using the 
RNA 6000 Nano Kit (Agilent Technologies) on the Agilent 2100 BioAnalyzer. Two hundred 
nanograms of high purity RNA (RNA Integrity Number 7.0 or greater) was used as input to the 
TruSeq Stranded mRNA Library Prep Kit, High Throughput (Illumina), and the sample libraries 
were generated per manufacturer’s specifications on the Hamilton STAR robotics platform. The 
PCR amplified RNA-Seq library products were then quantified using the Fragment Analyzer 
Standard Sensitivity NGS Fragment Analysis Kit (Advanced Analytical Technologies). The 
samples were diluted to 10 nM in Elution Buffer (QIAGEN), denatured, and loaded at a range of 
2.5 to 4.0 pM on an Illumina cBOT using the HiSeq® 4000 PE Cluster Kit (Illumina). The RNA-
Seq libraries were sequenced on a HiSeq® 4000 at 75 base pair paired-end with 8 base pair dual 
indexes using the HiSeq® 4000 SBS Kit, 150 cycles (Illumina). The sequence intensity files 
were generated on instrument using the Illumina Real Time Analysis software. The resulting 
intensity files were demultiplexed with the bcl2fastq2. 
Transcript and gene expression analysis was performed using PISCES  with Gencode v25 human 
transcript models as described in (3). For Gene Set Enrichment Analysis (GSEA), the RNA-seq 
data were pre-ranked with a score calculated by the product of log2 fold change and negative log 
p-value. The analysis was conducted with the GSEAPreranked tool using 1000 permutations 
(4,5). 
  
Histologic analysis 

A-375 ERK2 clones 7 and 10 xenograft tumors were harvested at multiple time-points after 
treatment with doxycycline, formalin-fixed for 24 hours, processed, and paraffin embedded. 
Four-microns histological sections were stained with Hematoxilin-Eosin and analyzed by a 
pathologist. The percent of tumor cells, necrosis and fibrosis out of the total tumor area was 
manually quantified. 
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