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Background
The cytokine interferon-gamma (IFNγ) is a major effec-
tor of antitumor immunity. It is produced predominantly 
by activated T and NK cells and exerts multiple effects on 
tumor cells. Signaling through the IFNγ receptor triggers 
a tumor cell gene expression program that amplifies the 
antitumor immune response [1]. This includes increased 
expression of the chemokines CXCL9/10/11, which lead 
to the recruitment of more immune cells to the tumor 
site. Tumor cells also upregulate the expression and activ-
ity of antigen-processing and presentation machinery 
genes related to both MHC I and II pathways, effectively 
increasing tumor visibility to the immune system [2, 3].

Besides these effects, IFNγ directly inhibits tumor 
cell growth through antiproliferative and proapoptotic 
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Abstract
Background  Interferon-gamma (IFNγ) exerts potent growth inhibitory effects on a wide range of cancer cells 
through unknown signaling pathways. We pursued complementary screening approaches to characterize the growth 
inhibition pathway.

Methods  We performed chemical genomics and whole genome targeting CRISPR/Cas9 screens using patient-
derived melanoma lines to uncover essential nodes in the IFNγ-mediated growth inhibition pathway. We used 
transcriptomic profiling to identify cell death pathways activated upon IFNγ exposure. Live imaging experiments 
coupled with apoptosis assays confirmed the involvement of these pathways in IFNγ-mediated cell death.

Results  We show that IFNγ signaling activated ERK. Blocking ERK activation rescued IFNγ-mediated apoptosis in 17 of 
23 (~ 74%) cell lines representing BRAF, NRAS, NF1 mutant, and triple wild type subtypes of cutaneous melanoma. ERK 
signaling induced a stress response, ultimately leading to apoptosis through the activity of DR5 and NOXA proteins.

Conclusions  Our results provide a new understanding of the IFNγ growth inhibition pathway, which will be crucial in 
defining mechanisms of immunotherapy response and resistance.

Keywords  IFNγ, ERK signaling, Tumor growth inhibition, Stress response, Melanoma
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activity. The initial description of interferons (and their 
name) was related to interference with the growth of 
virally-infected cells [4]. However, the specific pathway 
that bridges IFNγ signaling with cellular growth inhibi-
tion is not fully characterized. The IFNγ receptor is com-
prised of two subunits, IFNGR1 and IFNGR2, which are 
associated with JAK1 and JAK2 kinases, respectively. The 
binding of IFNγ dimers to the receptor complex activates 
JAK1 and JAK2 kinases, which phosphorylate STAT1. 
Phosphorylated STAT1 homodimers translocate to the 
nucleus and induce the expression of primary response 
genes, including the transcription factor IRF1. IRF1, 
in turn, regulates the expression of several secondary 
response genes that together make up the characteristic 
IFNγ gene expression signature [5]. Early studies indi-
cated an indispensable role for the transcriptional activ-
ity of both STAT1 and IRF1 in inducing tumor growth 
inhibition. Thus, IFNγ was shown to upregulate the 
expression of the cell cycle inhibitor p21 and cell death 
effectors, including Caspase 1, 3, and 8 [6, 7]. Other stud-
ies reported upregulation of FAS and FAS ligand [8] and 
TRAIL expression [9], which resulted in cell death. In 
contrast, a later study with melanoma cells found that 
IFNγ upregulated p21 and p27, which were not respon-
sible for cell cycle inhibition [10]. Instead, their results 
implicated the downregulation of Cyclin A and E, which 
regulate G1-S cell cycle transition, in the growth arrest 
observed after IFNγ treatment. Finally, one study also 
demonstrated that IFNγ signaling led to RIP1-mediated 
necroptosis [11].

Despite this progress, the relative contribution of these 
pathways to growth inhibition remains unknown. Addi-
tionally, the lack of mutational profiles of the lines used 
in these early studies makes it hard to determine whether 
a particular mode of growth inhibition generally applies 
to all subtypes. Apart from the canonical JAK-STAT 
pathway, IFNγ is known to activate other signaling pro-
teins, including the Src-family kinase Fyn, adaptors like 
c-Cbl and Vav [12], Pyk2, and MAPKs ERK1/2 [13, 14]. 
However, the impact of these pathways on the growth-
inhibitory effects of IFNγ is not known.

Here we used complementary screening approaches 
to delineate the signaling pathway leading to the growth 
inhibition of melanoma cells. Our results identified ERK 
as a major downstream target of IFNγ signaling that is 
crucial for this process. We show that ERK is activated 
following IFNγ treatment, and activated ERK leads to the 
induction of cell death through a pathway involving the 
upregulation of a stress response program. Our results 
identify novel aspects of the IFNγ growth inhibition 
pathway that will be crucial to understanding resistance 
mechanisms.

Methods
Cell culture
All patient-derived melanoma lines were cultured in 
RPMI-1640, supplemented with 10% FBS, 10mM HEPES, 
and penicillin, streptomycin, and amphotericin B. Cell 
lines were authenticated periodically using the Gene-
Print10 system (Promega). Cultures were tested for 
mycoplasma contamination every 3–4 months using the 
MycoAlert Mycoplasma Detection Kit (Lonza).

CRISPR screen
M238 cells were transduced with the LentiCas9-Blast 
[15] virus, and clonal Cas9-expressing lines were estab-
lished after a week of blaticidin selection. A single clonal 
line with an IFNγ sensitivity profile similar to the parental 
M238 line was used to set up the screen. Cas9-expressing 
M238 cells were transduced with human GeCKO v2 [15] 
or Brunello [16] sgRNA libraries (MOI of ≤ 0.3), selected 
for a week with Puromycin, and divided into 2 treatment 
groups, each resulting in ≥ 500X sgRNA library repre-
sentation. One group was treated with IFNγ (Peprotech, 
800 U/ml), while the other was left untreated (control). 
Culture media was replaced with fresh IFNγ-containing 
media every 3–4 days. Cells were harvested between 
days 10–14 of selection, genomic DNA was extracted 
and library preparation was performed as described pre-
viously [17]. Libraries were sequenced on an Illumina 
NextSeq500 instrument at the UCLA Technology Cen-
ter for Genomics and Bioinformatics (TCGB). MAGeCK 
software was used to obtain counts and calculate differ-
ential sgRNA enrichment.

Western blotting
Unmodified or shRNA-expressing melanoma lines were 
treated with or without IFNγ (100 U/ml) for up to 72 h. 
For serum starvation experiments, cells were cultured in 
low-serum media containing 0.5% FBS for 48  h before 
starting IFNγ stimulation. Western blotting was per-
formed as described previously [18]. Band intensities 
were quantified using the Fiji software. Blots were probed 
with DR5, total and phospho STAT1, ERK1/2, GAPDH 
(Cell Signaling) and NOXA (Novus Biologicals) antibod-
ies. A list of antibodies and reagents is included in Sup-
plementary Table 1.

RNA-Seq analysis
M230 and M238 cells were treated with DMSO (con-
trol), human IFNγ (100 U/ml, Peprotech), and/or ulix-
ertinib (Selleckchem, 6 µM) for 24  h. Total RNA was 
extracted, and library preparation was performed at the 
UCLA TCGB core using KAPA Stranded RNA-Seq with 
RiboErase Kit, and single-end sequencing (1 × 50 bp) was 
performed on Illumina HiSeq3000 instrument. Reads 
were mapped to the GRCh38 reference genome using 
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HISAT2, and HTseq-counts, and Stringtie were used to 
obtain read counts, and FPKM values, respectively. Read 
count data were used to perform differential expres-
sion analysis with the DESeq2 package. A threshold of 
adjusted P ≤ 0.05 and fold change ≥ 2 were applied to 
define differentially expressed genes for each pairwise 
comparison. Enrichment analyses for Reactome pathways 
and various MSigDB genesets were performed using the 
ClusterProfiler package.

Incucyte experiments
Selected lines were plated overnight at 2000–5000 cells/
well in clear 96-well plates (TPP) in 100 µl media, and the 
indicated drugs, IFNγ (Peprotech) and the Cytotox Red 
dye (Sartorius), were added on the next day in triplicate 
wells per condition. Ulixertinib treatment concentrations 
were determined for each melanoma line by testing a 
range of doses between 25 and 2000 nM and selecting the 
highest dose that did not affect cell growth or induce cell 
death. Plates were immediately transferred to the Incu-
Cyte instrument, and images were acquired every 2 h for 
7 days. Area under the curve (AUC) was calculated, and 
heatmaps were generated using the R packages Desc-
Tools and pheatmap, respectively.

For Caspase 3/7 activity experiments, cell plating and 
treatments were as above. ISRIB  (Selleckchem) was 
added at 1 µM while Z-IETD-FMK  (Selleckchem) was 
used at 50 µM concentrations. On day 5 of treatment, 
Nuclear ID Red (Enzo life science) and the CellEvent 
Caspase 3/7 Green reagent (ThermoFisher Scientific) 
were added to the wells at 1:1000 dilution each, and 
plates were imaged in a IncuCyte Zoom instrument after 
2 h. Normalized caspase 3/7 activity/mm2 was calculated 
by dividing the number of events with overlapping cas-
pase 3/7 activity and nuclear staining/mm2 with the total 
number of nuclear-stained objects/mm2.

For Fig.  1A, Control and IFNγ-treated triplicate wells 
were imaged for 7 days. Average percent confluency data 
for control and IFNγ-treated cells at the first time point 
when the control cells reached max confluency was used 
to calculate percent growth inhibition using the formula: 
% Growth inhibition = 100 – ((avg. confluency IFNγ / avg. 
confluency Control) * 100).

Drug screen
Drug screen was performed with M238 cells using a 
library of 3,265 compounds. Two identical sets of 384-
well plates (Greiner Bio-One) were created by adding (1) 
20 µl media/well, (2) 250 nl compounds in DMSO from 
each stock plate using a Biomek FX with V&P custom 
pin tool into columns 3–22 of two plates, and (3) 750 
cells/well. Finally, 800 U/ml IFNγ solution was added to 
one set of plates, while the other received the same vol-
ume of media creating the Drug-only and Drug + IFNγ 

treatments. Each plate also had media with DMSO 
only (column 2, positive control) and 10,000 U/ml of 
IFNγ + DMSO (column 23, negative control) treated 
wells. Viability was measured after 96 h using the CellTi-
ter-Glo assay (Promega). Hits from the pilot screen were 
tested in triplicate wells per condition in a confirmatory 
screen using the same procedure.

Raw data were uploaded to the Collaborative Drug Dis-
covery vault (www.collaborativedrug.com) for analysis. 
Only plates with Z’ values of ≥ 0.5 were considered for 
analysis. Drugs with z > = 1.5 for the Drug + IFNγ con-
dition but within the − 1.8 < z-score < 1.8 range for the 
Drug-only condition were selected as hits.

Synergy experiments
Indicated concentrations of IFNγ, PMA, and M238 cells 
(750 cells/well) were tested in 4 wells/condition. Cell 
viability was determined on day 4 using the CellTiter-Glo 
assay (Promega). Percent viability was calculated com-
pared to DMSO-treated control wells, and synergy was 
determined using SynergyFinder software.

shRNA experiments
Two shRNAs, each targeting the human DR5 and NOXA 
genes, were cloned into the pLKO.5-puro vector and 
used to create stable shRNA expressing lines using M238 
cells. An shRNA against GFP was used as a control. Each 
line was treated with IFNγ (100 U/ml) or left untreated 
(control) for 24  h. The extent of knockdown was deter-
mined by Western blotting.

Statistical analysis
Caspase 3/7 activity data were analyzed using a two-
tailed unpaired Student’s t-test to compare apoptosis 
levels between treatment groups. Specific comparisons 
are indicated in figure legends. A P < 0.05 was consid-
ered statistically significant, and statistically significant 
differences are denoted with asterisks. Differential gene 
expression was performed using the R package DeSeq2, 
which calculates differential expression based on a nega-
tive binomial generalized linear model fitting, and sig-
nificance is determined by a Wald test. Adjusted P values 
were calculated using the Benjamini-Hochberg method.

Results
CRISPR and drug screens identify an essential role for ERK 
in IFNγ-mediated growth inhibition
We used a panel of 31 patient-derived melanoma lines 
to determine the extent of growth inhibition upon con-
tinued exposure to IFNγ (Fig.  1A and S1, and Supple-
mentary Table  2). Our results indicated a heterogenous 
response ranging from complete resistance to a maxi-
mum of > 80% inhibition of cell growth, with an overall 
median of 52% growth inhibition. The two resistant lines 

http://www.collaborativedrug.com
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Fig. 1  CRISPR screen uncovers an essential role for ERK2 in IFNγ-mediated growth inhibition. (A) Melanoma lines were treated with or without IFNγ in 
triplicate, and cell growth was monitored for 7 days in an IncuCyte live imaging experiment. Line names are color-coded to indicate melanoma subtypes: 
Maroon, BRAF mutant; Green, NRAS mutant; Cyan, NF1 mutant; Orange, triple wild type; Red, BRAF and NRAS double mutant; Dark blue, BRAF and NF1 
double mutant; Black, not determined. Refer to Supplementary Table 2 for cell line details. Growth curves for selected lines are presented in Fig. S1. (B) 
Schematic depicting the experimental setup for all three CRISPR screens. (C) Representative volcano plot with results from the GeCKO library. Fold enrich-
ment or depletion in the IFNγ-treated sample calculated over all sgRNAs targeting each gene is shown on the x-axis, while the y-axis shows the statistical 
significance for each gene. Top 5 enriched genes are labeled on the plot. (D) Lists of the top 30 genes enriched in the IFNγ-treated sample for all three 
screens were compared to identify top hits common to all three screens. (E) Plot showing fold enrichment values for all the individual sgRNAs targeting 
ERK2 (MAPK1) and genes involved in the core IFNγ signaling pathway from each screen. ERK2 is enriched to a similar level as the IFNγ signaling genes 
across all three screens. See also Fig. S2
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(M207 and M229) did not harbor inactivating mutations 
in any of the core IFNγ-signaling genes. These data imply 
the presence of additional mechanisms through which 
cancer cells may resist growth inhibition by IFNγ and 
highlight the necessity to develop a better understanding 
of this pathway.

To define critical nodes in the IFNγ growth inhibition 
pathway, we set up a CRISPR screen using the GeCKO 
and Brunello whole-genome targeting sgRNA librar-
ies. We used the BRAF V600E mutant M238 melanoma 
cell line from our test panel since it is highly sensitive 
to growth inhibition. We first established stable Cas9 
nuclease expressing clonal lines and selected a clone that 
showed IFNγ sensitivity similar to the parental M238 line 
(Fig. S2). We set up three screens, one with the GeCKO 
and two with the Brunello library, using the same proto-
col (Fig. 1B).

We observed an enrichment of sgRNAs targeting 
core genes in the IFNγ sensing and signaling pathways 
(Fig.  1C-D). The IFNγ receptor 2 (IFNGR2), JAK1, and 
JAK2 kinases, and STAT1 were at the top of the list in all 
three screens. Additionally, the transcription factor IRF1, 
responsible for inducing several important IFNγ target 
genes, including PD-L1, was also among the top hits. 
Outside of the IFNγ signaling pathway, the only other 
hit enriched to the same magnitude was ERK2 (MAPK1) 
gene (Fig. 1E). We did not find ERK1 sgRNAs among the 
top hits for any screen. ERK2 is expressed at higher levels 
in M238 cells than ERK1 (Fig.  3B and D). It is possible 
that the deletion of ERK1 does not lead to a sufficient 
decrease in the total cellular ERK levels to affect the out-
come of these screening experiments.

In parallel, we set up a screen with a targeted library 
of 3,265 compounds to identify drugs that block IFNγ-
mediated growth inhibition (Fig.  2A). Our screen 

Fig. 2  Drug screening identifies RAF and ERK as the mediators of IFNγ-induced growth inhibition. (A) Workflow for the drug screen. The orange dots 
on the Z-score plot indicate expected hits that rescue IFNγ-mediated growth inhibition but do not affect cell growth in the absence of IFNγ. (B) Z-score 
plot showing the hits from the confirmatory screen. Compounds that fall in the box that denotes a Z-score cutoff of 1.8 do not affect growth inhibition. 
Hits and targets of interest are labeled in colored text. Three separate JAK inhibitors were among the hits, as shown in green. Hits targeting the MAPK 
pathway proteins RAF (SB-590885) and ERK (BVD-523, ulixertinib) are shown in orange. BRAF V600E inhibitor Vemurafenib, labeled in blue, did not affect 
IFNγ growth inhibition. (C) Data from the pilot screen showing that inhibitors of RAF (left) and ERK (right) rescue growth inhibition in a dose-dependent 
manner. At lower doses, around 50 nM, both compounds can block IFNγ-mediated growth inhibition (orange bars). However, at higher doses, both 
compounds cause cell death in the presence (orange bars) or absence of IFNγ (blue bars). (D) Schematic showing the MAPK signaling cascade with the 
targets of drug screen hits marked with asterisks. See also Fig. S3
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identified three different JAK kinase inhibitors as the top 
hits, thus validating the assay design (Fig. 2B). The only 
other hits in this screen were the compound SB590885, 
which inhibits the activity of BRAF, BRAF V600E, and 
CRAF kinases, and an ATP-competitive ERK inhibitor 
ulixertinib (BVD-523) [19]. A closer examination of the 
screening data revealed that both hit compounds showed 
a dose-dependent rescue of growth inhibition (Fig. 2C). 
Both drugs induced cell death at higher concentrations 
(> 500 nM), irrespective of the presence of IFNγ (blue 
bars). This was expected since the BRAF V600E mutant 
M238 line depends on constitutively active MAPK sig-
naling for survival. At the lowest concentration (50 nM) 
that was well tolerated by the cells, both MAPK pathway 
inhibitors could rescue growth inhibition (orange bars). 
Taken together, the results from both screens indicate 
that ERK activity is essential for IFNγ-mediated growth 
inhibition. The ability of drugs to target multiple isoforms 
further revealed the involvement of the RAF-MEK-ERK 
cascade (Fig. 2D).

IFNγ signaling leads to ERK activation in melanoma cells
Since both RAF and ERK inhibitors could rescue growth 
inhibition, we investigated whether IFNγ exposure leads 
to ERK phosphorylation, which is required for its acti-
vation. We used the IFNγ-sensitive M238 (BRAF V600E 
mutant) and M230 (NF1 mutant) lines for these experi-
ments. M230 and M238 cells were serum-starved for 48 h 
to reduce basal ERK phosphorylation levels, followed by 
culture with IFNγ for 0–6 h (Fig. 3A and B, respectively). 
We subsequently increased IFNγ exposure to 72  h, this 
time without serum starvation, to test whether IFNγ 
induced sustained ERK phosphorylation (Fig.  3C-D). 
Results from both experiments showed a robust increase 
in p-STAT1 levels at the earliest time point, indicat-
ing the activation of JAK-STAT signaling as expected. 
An increase in p-ERK levels was observed at the earliest 
time point of 10  min, reaching peak levels between 24 
and 72 h, indicating a sustained increase in ERK activity. 
Total ERK levels remained constant over the entire time 
course, indicating that IFNγ signaling increased ERK 
activity without affecting total protein expression. Our 
data thus indicate that IFNγ signaling results in ERK acti-
vation, and this event could be important in the growth 
inhibition pathway induced by IFNγ.

ERK activity is essential for the induction of cell death after 
IFNγ exposure
We then determined whether ERK inhibition could block 
apoptosis by measuring Caspase 3/7 activity in IFNγ-
treated cells. We used the ERK inhibitor ulixertinib at a 
concentration of 50 nM, which efficiently blocked growth 
inhibition in the drug screen but did not affect melanoma 
cell growth in the absence of IFNγ (Fig. 4A-B, left panels). 
Our results showed that ulixertinib almost completely 
rescued cell death (Fig.  4A, right panel; DMSO versus 
IFNγ and IFNγ plus ulixertinib). Inhibition of ERK activ-
ity only rescued cell death in these samples as cell counts 
remained low in samples cultured in both IFNγ and IFNγ 
plus ulixertinib (Fig. 4A-B, left panels, IFNγ versus IFNγ 
plus ulixertinib). These data indicate that ERK activity 
is essential for apoptosis induction downstream of IFNγ 
signaling. The magnitude of rescue validates our screen-
ing results and explains the similar level of enrichment of 
sgRNAs targeting ERK to those targeting proximal IFNγ 
signaling genes in the CRISPR screen.

Next, we tested whether the ERK-mediated cell death 
pathway was active in a larger panel of 23 melanoma 
cell lines (Fig.  4B-C, and Supplementary Table  2). This 
panel included cell lines representing all four molecu-
lar subtypes of cutaneous melanoma with driver muta-
tions in the BRAF, NRAS, or NF1 genes and a fourth 
triple wild-type subtype, in which none of these genes 
are mutated [20]. For each line, we first determined the 
highest ulixertinib concentration that did not affect cell 

Fig. 3  ERK is activated following IFNγ treatment. (A) M230 and (B) M238 
cells were serum starved for 48 h, followed by IFNγ treatment (100 U/ml) 
for up to 6 h. The resulting samples were probed with antibodies indicated 
to the right. Results are representative of 3 independent experiments per 
line. (C) M230 and (D) M238 cells were treated with IFNγ (100 U/ml) for 
the indicated time and probed with various antibodies as labeled to the 
right. Results are representative of 2 and 3 independent experiments for 
the M230 and M238 lines, respectively. See also Figs S4-S7 for images of full 
blots for each experiment shown in this figure
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Fig. 4  ERK activity is essential for cell death after IFNγ treatment. (A) M238 cells were treated in triplicate wells as labeled on the x-axis. Cells were stained 
on day 5 and imaged to enumerate total DNA-containing objects (left panel) and those with caspase 3/7 activity (right panel). Caspase activity counts 
were normalized by the total DNA-containing object counts, and means were plotted in the right panel. Error bars indicate SEM. Results are representa-
tive of 3 independent experiments. Statistically significant differences in cell death compared to the IFNγ-treated sample are indicated by an asterisk: 
* P < 0.05, ** P < 0.01. (B) M238 cells were plated with the indicated treatments (top) in triplicate wells per condition, along with the Cytotox Red dye, 
which stains dead or dying cells with compromised membrane integrity. Plots show changes in confluence (left panel) and dead cell count (right panel) 
over time. The area under the curve (AUC) was calculated for each curve and converted into a heatmap, as shown below in the respective plot. (C) Live 
imaging experiments, similar to panel B, were set up using 23 melanoma lines. AUC values were calculated as in B, and the resulting heatmaps are shown 
for cell growth (left) and cell death (right) curves for each line. The annotation to the left shows the molecular subtype of each tested melanoma line. 
The vertical bracket indicates 17 melanoma lines in which IFNγ-mediated cell death is rescued by ulixertinib treatment. Results are representative of 2 
independent experiments. Heatmap labels for M230 and M238 lines, compared in an RNA-seq experiment in Fig. 5, are indicated with an underline. (D) 
M238 cells were treated with different IFNγ and PMA doses as indicated on the x and y axis, respectively, with four replicates per condition. The red color 
indicates areas of synergy between the two treatments with respect to growth inhibition. Area of maximum synergy is indicated with a box. Data is rep-
resentative of 3 independent experiments. See also Fig. S8
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growth compared to DMSO over 7 days of culture. Live 
imaging experiments were then set up in which cells 
were continuously monitored for 7 days in the presence 
of IFNγ with or without the chosen ulixertinib concen-
tration. Results for the M238 line show that while IFNγ 
induced cell death as expected, ulixertinib completely 
blocked the induction of cell death (Fig. 4B, right panel). 
Cell growth, as measured by confluency, showed minimal 
rescue in line with previous results (Fig.  4B, left panel). 
We calculated the area under the curve (AUC) for each of 
the cell death and growth curves to summarize the data 
for all 23 cell lines and converted AUC values into a heat-
map (Fig. 4C and Fig. S8A). Our results show that IFNγ-
mediated cell death was rescued in 17 of 23 cell lines 
(~ 74%, rescued lines are indicated by a bracket). Nota-
bly, the rescued lines belong to all four molecular sub-
types of cutaneous melanoma (Supplementary Table  2). 
These results indicate that the IFNγ-ERK cell death path-
way is active in a majority of melanomas, irrespective of 
their mutational subtype. The diversity of our melanoma 
cell line panel also led to the discovery of some IFNγ-
sensitive lines that were not rescued by ulixertinib expo-
sure (e.g., M230, Fig. S9).

Finally, we also tested whether activation of ERK, using 
the known upstream ERK activator phorbol 12-myristate 
13-acetate (PMA) [21], could enhance IFNγ-mediated 
growth inhibition. Our data show that PMA and IFNγ 
synergize over a wide range of dose combinations to sig-
nificantly increase growth inhibition compared to either 
treatment alone (Fig.  4D and Fig. S8B). Taken together, 
our data establish the importance of ERK activation in 
the induction of cell death downstream of IFNγ signaling.

ERK co-regulates the expression of several IFNγ response 
genes and induces an integrated stress response following 
IFNγ treatment
Next, we sought to understand which pathways down-
stream of ERK activation were involved in inducing cell 
death. We cultured M230 and M238 cells with IFNγ in 
the presence or absence of ulixertinib for 24 h and per-
formed RNAseq analysis for four samples per line: 
DMSO, DMSO plus IFNγ, ulixertinib, and IFNγ plus 
ulixertinib (Fig. S10). These two lines were chosen for 
comparison because although IFNγ exposure activated 
ERK in both lines (Fig.  3), cell death was inhibited by 
ulixertinib only in M238 cells (Fig. S9).

Analysis of the RNA-seq data from two experiments 
revealed several differences between the two cell lines 
(Fig.  5A-B; Supplementary Table  3). We considered dif-
ferentially expressed genes from two comparisons for 
each line, DMSO versus IFNγ, for genes regulated by 
IFNγ (Fig.  5A. M230_IFNγ and M238_IFNγ), and IFNγ 
versus IFNγ plus ulixertinib for all genes regulated 
by ERK in the presence or absence of IFNγ (Fig.  5A; 

M230_ERK and M238_ERK). Culture in ulixertinib 
identified ~ 3-fold more differentially expressed genes 
in the M238 line (4,289) than in the M230 line (1564). 
While ~ 1,000 genes were common to both cell lines, ERK 
regulated the expression of an additional extensive set 
of genes in the M238 cell line. Similarly, IFNγ regulated 
the expression of ~ 2.4 fold more genes in the M238 line 
(1,539) than in the M230 line (648). Of these, only 337 
were common to both lines, again indicating the presence 
of a large set of genes regulated in a cell-specific manner.

For each line, we next defined a set of genes co-regu-
lated by IFNγ and ERK as the overlap in the differentially 
expressed gene lists resulting from two comparisons, 
DMSO versus IFNγ, and IFNγ versus IFNγ plus ulixer-
tinib (Fig.  5B; shaded area). This procedure subsets the 
IFNγ-regulated genes from the first comparison with the 
condition that they are also regulated by ERK, identifying 
genes regulated by both signaling pathways. Again, IFNγ 
and ERK regulated 746 genes in M238 cells, compared to 
only 149 in M230 cells (Fig. 5A). Of these, only 47 were 
common to both lines, indicating that ERK regulated 
many more genes in the M238 line downstream of IFNγ 
signaling. These results show that M238 cells may harbor 
a more permissive transcriptional state for the IFNγ and 
ERK pathways to regulate gene expression than the M230 
line.

Next, we divided each set of IFNγ-regulated genes 
(Fig.  5B, ALL IFNγ-regulated, Fig.  5C, IFNγ_ALL) into 
two sub-sets based on their inferred regulation (i) IFNγ 
and ERK co-regulated genes (IFNγ_ERK) and (ii) those 
regulated by IFNγ without any contribution from ERK 
(IFNγ_only) (Fig. 5B-C). We performed a series of anal-
yses to identify the various pathways enriched in these 
gene sets from both lines to determine how ERK activa-
tion could lead to cell death. Pathway enrichment analy-
sis clearly separated gene sets co-regulated by IFNγ and 
ERK from those regulated only by IFNγ (Fig. 5D). Path-
ways related to interleukin and interferon signaling, anti-
gen processing and presentation, and antiviral response 
were all enriched in the IFNγ_only regulated set in both 
M230 and M238 lines. In contrast, three pathways related 
to integrated stress response activation were enriched in 
gene sets co-regulated by IFNγ and ERK (M238_IFNγ_
ERK). These stress-related pathways were only enriched 
in M238 cells but not M230 cells, providing an indica-
tion of differences that may lead to a dependence on 
ERK for cell death induction. Similar results were found 
using the HALLMARK gene sets (Fig. S11A), where the 
IFNγ_ERK gene set was enriched for genes belonging to 
the unfolded protein response pathway only in the M238 
line, again highlighting that stress response genes were 
an essential component of the IFNγ_ERK co-regulated 
gene set in these cells. Transcription factor binding site 
analysis showed similar results (Fig. 5E). IFNγ_only gene 
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promoters were enriched for IRF1 and ISRE binding 
sites. This was true for M230 and M238 cell lines, indi-
cating that the regulation of these genes was common to 
both. However, IFNγ_ERK genes were enriched for SRF, 
CHOP, and CEBPB sites in their promoters. Enrichment 
of SRF sites in this set of genes is indicative of regula-
tion by ERK signaling, which activates the SRF-mediated 
transcription of target genes [22]. On the other hand, 
both CHOP and CEBPB sites indicate the activation of 
an integrated stress response program [23]. These sites 
were only enriched in the M238 line but not in the M230 

line. An analysis of 24 stress-response-related genes, 
including DR5 (TNFRSF10B) and NOXA (PMAIP1), that 
are responsible for cell death induction following unre-
solved cellular stress [23–27], showed that stress-related 
genes were induced in M238 cells following IFNγ expo-
sure (Fig. 5F, right panel). This induction was completely 
inhibited by culture with ulixertinib, indicating that 
they were directly downstream of ERK activation. How-
ever, none of these genes were induced in the M230 line 
(Fig. 5F, left panel, and Fig. S12).

Fig. 5  Comparison of IFNγ and ERK-induced gene expression for M230 and M238 melanoma lines. (A) Plot showing the overlap of different ERK-regulated 
(M230_ERK and M238_ERK) and IFNγ-regulated (M230_IFNγ and M238_IFNγ) gene sets defined by differential expression analysis. (B) Schematic show-
ing how the different gene lists were derived for calculating overlaps and enriched gene sets. (C) Table showing the number of differentially expressed 
genes in each subset for the M230 and M238 melanoma lines. These gene sets were used to determine the pathway and transcription factor binding site 
enriched in each subset. Heatmaps were generated using the negative log10 of adjusted P-values for a union set of the top 10 enriched (D) reactome 
pathways and (E) transcription factor (TF) binding sites for each subset. All M230 gene sets are labeled in green and M238 in purple color text. (F) Heat-
maps showing the FPKM expression values for 24 stress response genes for each sample in the M230 (left panel) and M238 (right panel) melanoma lines. 
The two columns per sample represent data from two independent experiments. See also Figs S10-S12 and Supplementary Table 3
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In all the comparisons, IFNγ_only gene set from M238 
cells always clustered together with all three sets from 
the M230 cells. This indicates that ERK-regulated gene 
expression differentiates the IFNγ response in the M238 
cell line. Additionally, the induction of stress response 
genes, including upregulation of DR5 and NOXA, char-
acterizes the ERK-induced response in melanoma cells, 
in which cell death can be rescued by ulixertinib.

IFNγ regulates cell cycle genes independent of ERK activity
Since ulixertinib only rescued cell death but not cell 
growth (Fig.  4A-C), we determined if cell cycle genes 
were regulated differently by IFNγ and ERK in the M238 
line. K-means clustering of 746 genes co-regulated by 
IFNγ and ERK (Fig. 5A, M238_IFNγ_ERK) revealed four 
distinct regulatory patterns (Fig. S13A). Pathway enrich-
ment analysis showed that cluster 6 was enriched for 
cell cycle genes, including PCNA, CCNE2, TERT, and 
MCM10, which were downregulated upon IFNγ expo-
sure (Fig. S13B). Cyclin A2 (CCNA2), which narrowly 
missed the cutoff for differentially expressed genes, also 
showed the same pattern (Fig. S13C). Inhibition of ERK 
signaling also downregulated these genes, indicating 
that ERK positively regulates these genes while IFNγ 
represses their expression (Fig. S13A, see values for clus-
ter 6). Since these genes were downregulated with DMSO 
plus IFNγ treatment (Fig. S13C, second sample) when 
ERK signaling was fully active, this pathway likely rep-
resents an ERK-independent mode of growth inhibition 
through cell cycle arrest. The gene promoters from this 
cluster were also enriched for E2F binding sites, indicat-
ing their involvement in cell cycle progression [28] (Fig. 
S13D). Taken together, our results indicate the presence 
of separate IFNγ-mediated cell death and cell cycle arrest 
pathways in melanoma cells.

ERK activation induces cell death through stress induction
Pathways related to the induction of the integrated stress 
response were among those that differentiated ulixer-
tinib-rescued M238 cells (Fig.  5D and Fig. S11A) from 
the M230 line. Hence, we tested the importance of stress 
induction in apoptosis. We cultured cells with an inhibi-
tor of the integrated stress response, ISRIB [29], in the 
presence or absence of IFNγ (Fig.  6A). ISRIB alone did 
not affect cell growth (Fig. 6A, left panel), but it signifi-
cantly blocked IFNγ-induced apoptosis (Fig.  6A, right 
panel). Again, similar to the results from ulixertinib 
experiments, ISRIB did not rescue cell growth. Both 
DR5 and NOXA induce cell death following unmiti-
gated cellular stress [23, 24, 26, 27, 30, 31]. In the case 
of ER stress, DR5 undergoes ligand-independent activa-
tion through receptor aggregation leading to Caspase-8 
activation resulting in subsequent Caspase 3/7 activa-
tion and apoptosis [27]. Thus, we first tested if a specific 

inhibitor of Caspase-8 (Casp8i) can block IFNγ-induced 
cell death. Caspase-8 inhibitor Z-IETD-FMK inhibited 
cell death (Fig.  6B), similar to ulixertinib (Fig.  4A) and 
ISRIB (Fig.  6A). Finally, we generated M238 lines stably 
expressing DR5 and NOXA shRNAs to knock down the 
expression of these genes (Fig. S14). While IFNγ induced 
apoptosis, as seen by an increase in Caspase 3/7 activity 
in shGFP-expressing control cells, the number of apop-
totic cells was significantly lower in the lines expressing 
DR5 and NOXA shRNAs (Fig.  6C and D, respectively). 
Thus, our experiments confirmed the role of DR5 and 
NOXA in apoptosis, as predicted by the RNAseq analysis.

Collectively, these data situate ERK activation, stress 
response induction, and DR5 and NOXA activation in 
the same pathway that leads to cell death and provides 
experimental evidence for the connection between IFNγ-
ERK signaling, subsequent stress response induction, and 
apoptosis.

Discussion
The strong antitumor activity of IFNγ is crucial for the 
success of immune checkpoint blockade (ICB) therapy [1, 
18, 32–34]. Disruption of IFNγ signaling makes tumors 
resistant to anti-PD-1/L1 treatment proposed to be 
mediated by evasion of the antiproliferative effects of this 
cytokine [35]. Resistance to IFNγ may be widespread, 
as shown by our results with melanoma lines. A recent 
study also found more than half of the tested cancer cell 
lines to be resistant to IFNγ-mediated growth inhibi-
tion [36]. In a preclinical model, IFNGR2 and JAK1 KO 
cells outgrew wild-type cells in a mixed tumor model 
[37]. These studies provide a rationale and highlight the 
clinical significance of our work in delineating the growth 
inhibition pathway. Our results demonstrate that ERK 
activation and downstream induction of stress response 
are essential events that lead to melanoma cell death. A 
recent study [36] also found both DR5 and NOXA among 
the top hits in a screen spanning multiple cancer cell 
lines, making it likely that the ERK-mediated pathway we 
describe here is also functional in other tumor types.

Although only ERK2 (not ERK1) was a hit in our 
CRISPR screens, we hypothesize that an overall increase 
in ERK1/2 activity is important for the induction of cell 
death. This is based on the following considerations: (i) 
M238, the BRAF V600E mutant melanoma cell line used 
in our CRISPR screens, has a much higher expression of 
ERK2 than ERK1, which is also reflected in the ratio of 
activated levels of these proteins. Thus, only ERK1 dele-
tion may not cause a sufficient reduction in global ERK 
activity to disrupt the cell death pathway. (ii) Human 
ERK1 and ERK2 proteins have > 85% sequence homol-
ogy. (iii) ERK1 can fully substitute ERK2 during mouse 
embryonic development [38]. (iv) Lastly, both ERK1 
and ERK2 overexpression results in cell death of human 
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melanoma lines [39]. Despite this, some studies have 
demonstrated a specific requirement for ERK1 or ERK2 
[40, 41]. Additional experiments will be needed to deter-
mine if ERK2 is specifically needed for cell death induc-
tion in melanoma cells.

Despite clear evidence for the involvement of ERK, the 
mechanism of crosstalk between ERK and IFNγ signal-
ing and how it leads to the induction of stress response 
in melanoma cells remains to be elucidated. Constitu-
tive ERK signaling was shown to downregulate IFNAR1 

expression in BRAF mutant melanomas, which made the 
tumors resistant to type I interferon-mediated growth 
inhibition [42]. On the other hand, our gene expression 
analysis revealed a positive role for ERK in the regula-
tion of chemokine and IFNGR2 expression downstream 
of IFNγ signaling in M238 cells. Thus, the interaction 
between IFN and ERK signaling pathways is complex, 
and more work is needed to understand how it shapes 
antitumor immunity. Also, while we demonstrated 
that the IFNγ-ERK cell death pathway is functional in a 

Fig. 6  ERK induces cell death through the induction of stress response. M238 cells were treated in triplicates with A. ISRIB (1 µM), an inhibitor of stress 
response induction, or B. Z-IETD-FMK (50 µM), a Caspase 8 inhibitor (Casp8i), in the presence or absence of IFNγ. Cells were stained on day 5 and imaged 
using the IncuCyte Zoom instrument to enumerate total DNA-containing objects (left panels) and those with caspase 3/7 activity. Caspase activity counts 
were normalized to the total DNA-containing object counts, and means were plotted in the right panels. Error bars indicate SEM. Results are representa-
tive of 3 and 2 independent experiments, respectively. Stable cell lines expressing shRNAs against GFP (control) and C. DR5, or D. NOXA, were treated 
with or without IFNγ in triplicate wells per condition. Cells were stained as in panel A on day 5 of treatment, and mean values for cell growth (left) and cell 
death (right) were plotted for each condition. Error bars indicate SEM. Results are representative of 3 independent experiments. Statistically significant dif-
ferences in cell death as compared to the IFNγ-treated sample (panels A and B) and shGFP plus IFNγ sample (panels C and D) are indicated by an asterisk: 
* P < 0.05, ** P < 0.01. See also Fig. S14
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majority of the tested human melanoma lines, we did not 
investigate each line in detail. Hence it is possible that 
other parallel pathways are involved in cell death induc-
tion in some of these lines.

ERK signaling is tightly regulated at multiple nodes 
with feedback regulatory mechanisms [43]. We propose 
a model in which IFNγ signaling leads to the hyperactiva-
tion of ERK in melanoma cells, leading to cell death (Fig. 
S15). Results from several groups corroborate our find-
ings and proposed model based on ERK hyperactivation. 
DUSP4, a negative regulator of ERK activity, was found 
to be expressed at elevated levels in MAPK mutant mela-
nomas [44]. Deletion of negative ERK regulators, includ-
ing DUSP4, DUSP6, and PEA15, induced cell death in 
BRAF and NRAS mutant melanomas due to unrestrained 
activation of ERK [44–46]. Another study showed that 
overexpression of ERK1 or ERK2 leads to cell death of 
human melanoma cell lines [39]. Finally, two groups have 
demonstrated that hyperactivation of ERK signaling is 
responsible for cell death upon drug withdrawal in BRAF 
and MEK inhibitor-addicted melanoma cells [47, 48].

Conclusions
Our study demonstrates a novel cell death pathway medi-
ated by the IFNγ-ERK signaling axis in melanoma cells. 
IFNγ can escape the immune synapse and induce sig-
naling in tumor cells several layers away from the site 
of secretion [49, 50]. Given its ability to penetrate deep 
inside the tumor, modulating the IFNγ-ERK cell death 
pathway described here could be an effective strategy 
for controlling the tumor burden. Our findings also pro-
vide an opportunity to understand and overcome the 
resistance mechanisms in tumors that are impervious to 
IFNγ-mediated growth inhibition.

Abbreviations
AUC	� Area under the curve
CRISPR	� Clustered regularly interspaced short palindromic repeats
DMSO	� Dimethyl sulfoxide
DR5	� Death receptor 5
ERK	� Extracellular signal-regulated kinase
FBS	� Fetal bovine serum
ICB	� Immune checkpoint blockade
IFNγ	� Interferon-gamma
KD	� Knockout
KO	� Knockdown
MAPK	� Mitogen-activated protein kinase
MHC	� Major histocompatibility complex
PMA	� phorbol 12-myristate 13-acetate
SEM	� Standard error of the mean
TCGB	� Technology Center for Genomics and Bioinformatics
Ulix	� Ulixertinib

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12943-023-01868-x.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Acknowledgements
The authors wish to thank Bobby Tofig and Constance Yuen from the CNSI 
Molecular Screening Shared Resource (MSSR) facility at UCLA for help with 
drug screening and Dr. Xinmin Li and the staff at the Technology Center for 
Genomics and Bioinformatics (TCGB) core for help with RNA sequencing 
experiments. The authors also thank Dr. Aaron Meyer for helpful discussions 
about bioinformatics analyses.

Authors’ contributions
A.C. and A.R. designed the experiments and wrote the paper. R.D. provided 
specific expertise for performing the drug screen, data analysis, and 
interpretation of results. A.C., R.H., J.S., G.T.F., C.G., A.G., J.P., J.L., D.K., D.A., and 
R.M. performed experiments. A.C., K.M.C., and E.M. performed bioinformatics 
analyses.

Funding
This study was funded in part by the Parker Institute for Cancer 
Immunotherapy (PICI), NIH grants R35 CA197633 and P01 CA168585, the 
Ressler Family Fund, and support from Ken and Donna Schultz, Todd and 
Donna Jones, Karen and James Witemyre, John Glance and Thomas Stutz 
through the Jonsson Cancer Center Foundation, and Jonathan Isaacson 
through the Melanoma Research Foundation (to A.R.). K.M.C. is supported by 
the Cancer Research Institute Irvington Postdoctoral Fellowship Program, the V 
Foundation Gil Nickel Melanoma Research Fellowship, and the Parker Institute 
for Cancer Immunotherapy and V Foundation Bridge Fellows Program. Flow 
cytometry was performed in the UCLA Jonsson Comprehensive Cancer 
Center (JCCC) and Center for AIDS Research Flow Cytometry Core Facility that 
is supported by NIH awards P30 CA016042 and 5P30 AI028697, and by the 
JCCC, the UCLA AIDS Institute, and the David Geffen School of Medicine at 
UCLA. Small molecule screening and CRISPR experiments were performed 
at the Molecular Screening Shared resource supported by the UCLA Jonsson 
Comprehensive Cancer Center (JCCC) grant P30 CA016042.

Data Availability
GFP, DR5, and NOXA shRNA constructs generated in this study are available 
upon request. Sequencing data from the CRISPR/Cas9 screen and RNA-seq 
experiments are available through the Gene Expression Omnibus (GEO) 
database using the accession number GSE235238 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE235238).

Declarations

Competing interests
A.C. and A.R. report a pending patent covering the use of ERK activators 
for cancer immunotherapy. K.M.C. has received consulting fees from PACT 
Pharma, Tango Therapeutics, Flagship Labs 81 LLC, the Rare Cancer Research 
Foundation, and Geneoscopy LLC, and is a shareholder in Geneoscopy LLC. 
G.A-R. has received honoraria from consulting with Arcus Biosciences. A.R. has 
received honoraria from consulting with Amgen, Bristol-Myers Squibb, Merck, 
Novartis, is or has been a member of the scientific advisory board and holds 
stock in Appia, Apricity, Arcus, Compugen, CytomX, Highlight, ImaginAb, 
ImmPact, Inspirna, Larkspur, Lutris, MapKure, Merus, Pluto, Synthekine and 
Tango, has received research funding from Agilent and from Bristol-Myers 
Squibb through Stand Up to Cancer (SU2C), and patent royalties from Arsenal 
Bio. RD has received consulting fees from Amgen, Panorama Medicine and is 
co-founder of Forcyte Biotechnologies and Pharma15 and Enspire Bio.

Received: 22 August 2023 / Accepted: 25 September 2023

https://doi.org/10.1186/s12943-023-01868-x
https://doi.org/10.1186/s12943-023-01868-x
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235238
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235238


Page 13 of 14Champhekar et al. Molecular Cancer          (2023) 22:165 

References
1.	 Grasso CS, Tsoi J, Onyshchenko M, Abril-Rodriguez G, Ross-Macdonald 

P, Wind-Rotolo M, et al. Conserved Interferon-γ signaling drives clinical 
response to Immune Checkpoint Blockade Therapy in Melanoma. Cancer 
Cell. 2020;38:500–515e3.

2.	 Castro F, Cardoso AP, Gonçalves RM, Serre K, Oliveira MJ. Interferon-Gamma 
at the Crossroads of Tumor Immune Surveillance or Evasion. Front Immunol. 
2018 [cited 2018 Oct 31];9. Available from: https://www.frontiersin.org/
articles/https://doi.org/10.3389/fimmu.2018.00847/full.

3.	 Gocher AM, Workman CJ, Vignali DAA. Interferon-γ: teammate or opponent 
in the tumour microenvironment? Nat Rev Immunol. 2022;22:158–72.

4.	 Isaacs A, Lindenmann J. Virus interference. I. The interferon. Proc R Soc Lond B 
Biol Sci. 1957;147:258–67.

5.	 Alspach E, Lussier DM, Schreiber RD. Interferon γ and its important roles in 
promoting and inhibiting spontaneous and therapeutic Cancer immunity. 
Cold Spring Harb Perspect Biol. 2018;a028480.

6.	 Dai C, Krantz SB. Interferon γ induces Upregulation and activation of caspases 
1, 3, and 8 to produce apoptosis in human erythroid progenitor cells. Blood. 
1999;93:3309–16.

7.	 Chin YE, Kitagawa M, Su W-CS, You Z-H, Iwamoto Y, Fu X-Y. Cell growth arrest 
and induction of cyclin-dependent kinase inhibitor p21WAF1/CIP1 mediated 
by STAT1. Science. 1996;272:719–22.

8.	 Xu X, Fu X-Y, Plate J, Chong AS-F. IFN-γ induces cell growth inhibition by Fas-
mediated apoptosis: requirement of STAT1 protein for Up-Regulation of Fas 
and FasL expression. Cancer Res. 1998;58:2832–7.

9.	 Miura Y, Tsujioka T, Nishimura Y, Sakaguchi H, Maeda M, Hayashi H, et al. 
TRAIL expression Up-regulated by Interferon-γ via phosphorylation of STAT1 
induces Myeloma Cell Death. Anticancer Res. 2006;26:4115–24.

10.	 Bosserhoff A, Kortylewski M, Komyod W, Kauffmann M-E, Heinrich PC, 
Behrmann I. Interferon-γ-Mediated growth regulation of Melanoma cells: 
involvement of STAT1-Dependent and STAT1-Independent signals. J Invest 
Dermatol. 2004;122:414–22.

11.	 Thapa RJ, Basagoudanavar SH, Nogusa S, Irrinki K, Mallilankaraman K, Slifker 
MJ, et al. NF-κB protects cells from Gamma Interferon-Induced RIP1-Depen-
dent necroptosis. Mol Cell Biol. 2011;31:2934–46.

12.	 English BK, Orlicek SL, Mei Z, Meals EA. Bacterial LPS and IFN-γ trigger the 
tyrosine phosphorylation of vav in macrophages: evidence for involvement 
of the hck tyrosine kinase. J Leukoc Biol. 1997;62:859–64.

13.	 Hu J, Roy SK, Shapiro PS, Rodig SR, Reddy SPM, Platanias LC, et al. ERK1 and 
ERK2 activate CCAAAT/Enhancer-binding Protein-β-dependent gene tran-
scription in response to Interferon-γ. J Biol Chem. 2001;276:287–97.

14.	 Ramana CV, Gil MP, Schreiber RD, Stark GR. Stat1-dependent and -inde-
pendent pathways in IFN-γ-dependent signaling. Trends Immunol. 
2002;23:96–101.

15.	 Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries 
for CRISPR screening. Nat Methods. 2014;11:783–4.

16.	 Doench JG, Fusi N, Sullender M, Hegde M, Vaimberg EW, Donovan KF, et al. 
Optimized sgRNA design to maximize activity and minimize off-target effects 
of CRISPR-Cas9. Nat Biotechnol. 2016;34:184–91.

17.	 Joung J, Konermann S, Gootenberg JS, Abudayyeh OO, Platt RJ, Brigham MD, 
et al. Genome-scale CRISPR-Cas9 knockout and transcriptional activation 
screening. Nat Protoc. 2017;12:828–63.

18.	 Shin DS, Zaretsky JM, Escuin-Ordinas H, Garcia-Diaz A, Hu-Lieskovan S, Kalbasi 
A, et al. Primary resistance to PD-1 blockade mediated by JAK1/2 mutations. 
Cancer Discov. 2017;7:188–201.

19.	 Germann UA, Furey BF, Markland W, Hoover RR, Aronov AM, Roix JJ, et al. Tar-
geting the MAPK signaling pathway in Cancer: promising preclinical activity 
with the Novel Selective ERK1/2 inhibitor BVD-523 (Ulixertinib). Mol Cancer 
Ther. 2017;16:2351–63.

20.	 Akbani R, Akdemir KC, Aksoy BA, Albert M, Ally A, Amin SB, et al. Genomic 
Classif Cutan Melanoma Cell. 2015;161:1681–96.

21.	 Ueda Y, Hirai S, Osada S, Suzuki A, Mizuno K, Ohno S. Protein kinase C δ acti-
vates the MEK-ERK Pathway in a Manner Independent of ras and dependent 
on Raf*. J Biol Chem. 1996;271:23512–9.

22.	 Posern G, Treisman R. Actin’ together: serum response factor, its cofactors and 
the link to signal transduction. Trends Cell Biol. 2006;16:588–96.

23.	 Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman AM. The 
integrated stress response. EMBO Rep. 2016;17:1374–95.

24.	 Li J, Lee B, Lee AS. Endoplasmic reticulum stress-induced apoptosis: Multiple 
pathways and activation of p53-up-regulated modulator of apoptosis (puma) 
and noxa BY p53*. J Biol Chem. 2006;281:7260–70.

25.	 Chang T-K, Lawrence DA, Lu M, Tan J, Harnoss JM, Marsters SA, et al. Coordi-
nation between two branches of the unfolded protein response determines 
apoptotic cell fate. Mol Cell. 2018;71:629–636e5.

26.	 Lam M, Lawrence DA, Ashkenazi A, Walter P. Confirming a critical role for 
death receptor 5 and caspase-8 in apoptosis induction by endoplasmic 
reticulum stress. Cell Death Differ. 2018;25:1530–1.

27.	 Lu M, Lawrence DA, Marsters S, Acosta-Alvear D, Kimmig P, Mendez AS, et al. 
Opposing unfolded-protein-response signals converge on death receptor 5 
to control apoptosis. Science. 2014;345:98–101.

28.	 Fischer M, Schade AE, Branigan TB, Müller GA, DeCaprio JA. Coordinating 
gene expression during the cell cycle. Trends Biochem Sci. 2022;47:1009–22.

29.	 Sidrauski C, Acosta-Alvear D, Khoutorsky A, Vedantham P, Hearn BR, Li H et 
al. Pharmacological brake-release of mRNA translation enhances cognitive 
memory. Ron D, editor. eLife. 2013;2:e00498.

30.	 Cano-González A, Mauro-Lizcano M, Iglesias-Serret D, Gil J, López-Rivas A. 
Involvement of both caspase-8 and noxa-activated pathways in endoplasmic 
reticulum stress-induced apoptosis in triple-negative breast tumor cells. Cell 
Death Dis. 2018;9:1–16.

31.	 Arai S, Varkaris A, Nouri M, Chen S, Xie L, Balk SP. MARCH5 mediates 
NOXA-dependent MCL1 degradation driven by kinase inhibitors and 
integrated stress response activation. Macleod KF, Murphy ME, editors. eLife. 
2020;9:e54954.

32.	 Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR, et al. 
IFN-γ–related mRNA profile predicts clinical response to PD-1 blockade. J Clin 
Invest. 2017;127:2930–40.

33.	 Sucker A, Zhao F, Pieper N, Heeke C, Maltaner R, Stadtler N, et al. Acquired 
IFNγ resistance impairs anti-tumor immunity and gives rise to T-cell-resistant 
melanoma lesions. Nat Commun. 2017;8:1–15.

34.	 Gao J, Shi LZ, Zhao H, Chen J, Xiong L, He Q, et al. Loss of IFN-γ pathway 
genes in Tumor cells as a mechanism of resistance to Anti-CTLA-4 therapy. 
Cell. 2016;167:397–404e9.

35.	 Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan 
S, et al. Mutations Associated with Acquired Resistance to PD-1 blockade in 
Melanoma. N Engl J Med. 2016;375:819–29.

36.	 Han T, Wang X, Shi S, Zhang W, Wang J, Wu Q, et al. Cancer Cell Resistance to 
IFNγ can occur via enhanced double-strand break repair pathway activity. 
Cancer Immunol Res. 2023;11:381–98.

37.	 Williams JB, Li S, Higgs EF, Cabanov A, Wang X, Huang H, et al. Tumor 
heterogeneity and clonal cooperation influence the immune selection of 
IFN-γ-signaling mutant cancer cells. Nat Commun. 2020;11:602.

38.	 Frémin C, Saba-El-Leil MK, Lévesque K, Ang S-L, Meloche S. Functional 
redundancy of ERK1 and ERK2 MAP kinases during development. Cell Rep. 
2015;12:913–21.

39.	 Leung GP, Feng T, Sigoillot FD, Geyer FC, Shirley MD, Ruddy DA, et al. Hyperac-
tivation of MAPK signaling is deleterious to RAS/RAF-mutant Melanoma. Mol 
Cancer Res. 2019;17:199–211.

40.	 Shin S, Buel GR, Wolgamott L, Plas DR, Asara JM, Blenis J, et al. ERK2 mediates 
metabolic stress response to regulate cell fate. Mol Cell. 2015;59:382–98.

41.	 Bost F, Aouadi M, Caron L, Even P, Belmonte N, Prot M, et al. The Extracellular 
Signal–Regulated kinase isoform ERK1 is specifically required for in Vitro and 
in vivo adipogenesis. Diabetes. 2005;54:402–11.

42.	 Sabbatino F, Wang Y, Scognamiglio G, Favoino E, Feldman SA, Villani V, et al. 
Antitumor activity of BRAF inhibitor and IFNα combination in BRAF-Mutant 
Melanoma. JNCI J Natl Cancer Inst. 2016;108:djv435.

43.	 Lavoie H, Gagnon J, Therrien M. ERK signalling: a master regulator of cell 
behaviour, life and fate. Nat Rev Mol Cell Biol. 2020;21:607–32.

44.	 Ito T, Young MJ, Li R, Jain S, Wernitznig A, Krill-Burger JM, et al. Paralog knock-
out profiling identifies DUSP4 and DUSP6 as a digenic dependence in MAPK 
pathway-driven cancers. Nat Genet. 2021;53:1664–72.

45.	 Gutierrez-Prat N, Zuberer HL, Mangano L, Karimaddini Z, Wolf L, Tyanova S 
et al. DUSP4 protects BRAF- and NRAS-mutant melanoma from oncogene 
overdose through modulation of MITF. Life Sci Alliance. 2022 [cited 2022 
Jun 19];5. Available from: https://www.life-science-alliance.org/content/5/9/
e202101235.

46.	 Christodoulou E, Rashid M, Pacini C, Droop A, Robertson H, van Groningen 
T, et al. Analysis of CRISPR-Cas9 screens identifies genetic dependencies in 
melanoma. Pigment Cell Melanoma Res. 2021;34:122–31.

47.	 Hong A, Moriceau G, Sun L, Lomeli S, Piva M, Damoiseaux R, et al. Exploiting 
drug addiction mechanisms to select against MAPKi-Resistant melanoma. 
Cancer Discov. 2018;8:74–93.

https://www.frontiersin.org/articles/
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fimmu.2018.00847/full
https://www.life-science-alliance.org/content/5/9/e202101235
https://www.life-science-alliance.org/content/5/9/e202101235


Page 14 of 14Champhekar et al. Molecular Cancer          (2023) 22:165 

48.	 Kong X, Kuilman T, Shahrabi A, Boshuizen J, Kemper K, Song J-Y, et al. Cancer 
drug addiction is relayed by an ERK2-dependent phenotype switch. Nature. 
2017;550:270–4.

49.	 Thibaut R, Bost P, Milo I, Cazaux M, Lemaître F, Garcia Z, et al. Bystander IFN-γ 
activity promotes widespread and sustained cytokine signaling altering the 
tumor microenvironment. Nat Cancer. 2020;1:302–14.

50.	 Hoekstra ME, Bornes L, Dijkgraaf FE, Philips D, Pardieck IN, Toebes M, et al. 
Long-distance modulation of bystander tumor cells by CD8 + T-cell-secreted 
IFN-γ. Nat Cancer. 2020;1:291–301.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿ERK mediates interferon gamma-induced melanoma cell death
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Cell culture
	﻿CRISPR screen
	﻿Western blotting
	﻿RNA-Seq analysis
	﻿Incucyte experiments
	﻿Drug screen
	﻿Synergy experiments
	﻿shRNA experiments
	﻿Statistical analysis

	﻿Results
	﻿CRISPR and drug screens identify an essential role for ERK in IFNγ-mediated growth inhibition
	﻿IFNγ signaling leads to ERK activation in melanoma cells
	﻿ERK activity is essential for the induction of cell death after IFNγ exposure
	﻿ERK co-regulates the expression of several IFNγ response genes and induces an integrated stress response following IFNγ treatment
	﻿IFNγ regulates cell cycle genes independent of ERK activity
	﻿ERK activation induces cell death through stress induction

	﻿Discussion
	﻿Conclusions
	﻿References




