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Targeting ERK-MYD88 interaction leads to
ERK dysregulation and immunogenic cancer
cell death

François Virard 1,2, Stéphane Giraud1,3, Mélanie Bonnet1, Léa Magadoux1,
Laetitia Martin1,3, Thuy Ha Pham1, Najwa Skafi1, Sophie Deneuve1, Rita Frem1,
Bruno O. Villoutreix4, Nawal Hajj Sleiman 5, Jonathan Reboulet5,
Samir Merabet 5, Vincent Chaptal 6, Cédric Chaveroux1, Nader Hussein1,
Nicolas Aznar1, Tanguy Fenouil1,7, Isabelle Treilleux8, Pierre Saintigny1,
Stéphane Ansieau1, Serge Manié 1, Serge Lebecque1,7, Toufic Renno1,9 &
Isabelle Coste 1,9

The quest for targeted therapies is critical in the battle against cancer. The RAS/
MAP kinase pathway is frequently implicated in neoplasia, with ERK playing a
crucial role as themost distal kinase in the RAS signaling cascade. Our previous
research demonstrated that the interaction between ERK and MYD88, an
adaptor protein in innate immunity, is crucial for RAS-dependent transforma-
tion and cancer cell survival. In this study, we examine the biological con-
sequences of disrupting the ERK-MYD88 interaction through the ERK
D-recruitment site (DRS), while preserving ERK’s kinase activity. Our results
indicate that EI-52, a small-molecule benzimidazole targeting ERK-MYD88
interaction induces an HRI-mediated integrated stress response (ISR), resulting
in immunogenic apoptosis specific to cancer cells. Additionally, EI-52 exhibits
anti-tumor efficacy in patient-derived tumors and induces an anti-tumor T cell
response inmice in vivo. These findings suggest that inhibiting the ERK-MYD88
interaction may be a promising therapeutic approach in cancer treatment.

In the course of carcinogenesis, cancer cells hijack and rewire cellular
programs to acquire selective proliferation, survival, and adaptive
advantages1. Indeed, the RAS/MAP kinase pathway is frequently over-
activated in cancer, and since the effector proteins of this pathway
(RAF, MEK, and ERK) are kinases, several small molecule kinase inhi-
bitors have been developed and are used in the clinic. This approach
has been demonstrated to be effective in shutting down the RAS signal
to drive cells into an underactive state and restore control over tumor

growth. However, clinical practice has revealed that blocking RAS
signaling at the kinase level can be evaded by cell adaptation and leads
to treatment resistance. This underscores the necessity for exploring
alternative strategies.

We previously demonstrated that MYD88, an adapter protein
involved in innate immunity, interacts via its D-domain with the
D-recruitment site (DRS) of the extracellular signal-regulated kinase
proteins (ERK1 and ERK2, hereafter designated as ERK) and that this
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protein-protein interaction (PPI) is required for RAS-dependent cell
transformation and cancer cell survival in vitro and in vivo2,3, sug-
gesting that inhibiting this PPI could be an effective strategy for cancer
therapy.

Here, we describe two families of small chemical molecules that
inhibit ERK-MYD88 interaction, including the proof-of-concept com-
pound, EI-52. We show that EI-52 induces rapid, immunogenic apop-
tosis specific to cancer cells in vitro and that it exerts an anti-tumoral
activity in vivo via both the direct killing of tumor cells and the acti-
vation of an anti-tumoral T-cell response.

Results
Identification and characterization of EI-52, a small molecule
that binds ERK1/2 and inhibits the ERK-MYD88 interaction
To identify molecules that disrupt the interaction between theMYD88
D-domain and ERK DRS, we screened a library of about 66,000 small
molecules in a homogeneous time-resolved fluorescence (HTRF) assay
using a short peptide containing the MYD88 D-domain and a recom-
binant ERK protein. Hits that inhibited the ERK-MYD88 interaction by
more than 40% at 20 µM were retested and confirmed using newly
synthesized lots (Supplementary table 1). At this stage, 75 compounds
(hit rate 1.13%) belonging to 5 different chemical series were selected
and ranked based on physicochemical parameters (solubility, logP,
pKa) and structure-activity relationship. Finally, two distinct chemical
families (benzimidazole and spiro scaffolds) with similar in vitro and
cellular activities were chosen for further development. The proof-of-
concept benzimidazole compound EI-52 (Fig. 1A) exhibits binding to
both ERK1 and ERK2, as determined by fluorescence quenching
(Fig. 1B), and inhibits ERK1 and ERK2 interaction with MYD88 by HTRF
(Fig. 1C). The Kd values for ERK1 and ERK2 in both the fluorescence
quenching and HTRF assays are in the same order of magnitude.

To determine the putative ligand binding site(s) of EI-52 on ERK,
we used the P2Rank pocket prediction engine4 and identified several
binding pockets, including the catalytic site (top predicted pocket
not involved in EI-52 binding) and a relatively elongated groove
(second best predicted pocket) that can be subdivided from an
energetic and topological standpoint into two regions. These two
sub-pockets will hereafter be called Zone A and Zone B (Fig. 1D).
Several peptides have been co-crystallized with ERK and shown to
bind to Zones A and B5,6, prompting us to focus our docking
experiments on this binding groove. Zone A, which contains the DRS,
displays several hot-spot residues, as estimated with pyDockEneRes7.
This cavity contains mainly aromatic residues and three negatively
charged residues (Fig. 1D). Contiguous to Zone A, Zone B makes a
limited number of strong interactions with the co-crystallized pep-
tides. It forms a small, partly hydrophobic cavity, which includes the
ED site. Note that the catalytic site is located away (more than 10Å)
from Zones A and B. EI-52 was predicted to bind to Zone A, and the
twomain orientations with the highest binding scores and computed
binding free energy are shown (Fig. 1D). While the binding scores for
EI-52 from the three scoring functions used did not favor one pose
over the other, the computed ΔG values favored pose 1. In both
orientations, the dimethylaminophenyl group of EI-52 is predicted to
interact with aspartic and glutamic acid residues (D316, D319, E79 in
ERK2) of Zone A. This is consistent with the interactions described
for ERK/D-domain peptide co-crystals8,9. Interestingly, a representa-
tive compound from the spiro family (SP-26), was docked using the
same protocol as EI-52, and the best ΔG value showed a binding pose
similar to EI-52 pose 1 with SP-26 slightly protruding in the Zone B
region (Supplementary Fig. 1A). The estimated binding free energy
appears slightly more favorable for SP-26 (ΔG= −32.7 kcal/mol) than
to EI-52 (ΔG= −29.9 kcal/mol).

The ability of EI-52 to inhibit ERK-MYD88 PPI was next investigated
in cells, using two different approaches. First, a bimolecular fluores-
cence complementation (BiFC) assay was performed in HEK293T cells

transfected with ERK and MYD88 tagged with the N- and C-terminal
fragments of Venus protein, respectively. It showed that EI-52 inhibits
ERK-MYD88 interaction in a dose-dependent manner in the micro-
molar range (Fig. 1E, Supplementary Fig. 2A). Using the same techni-
que, we showed that the spiro compound SP-26 also inhibits ERK-
MYD88 PPI in cells (Supplementary Fig. 1B). Then, using a proximity
ligation assay (PLA), we showed that EI-52 inhibits endogenous ERK-
MYD88 interaction in HCT116 cells (Fig. 1F, Supplementary Fig. 2B).

According to our predicted model (Fig. 1D), the aspartic acid at
position 319 of ERK is important for EI-52 binding to ERK. To defini-
tively establish target engagement in cellulo and confirm the in silico
model, we conducted PLA in cells transfected with taggedMYD88 and
ERK (WTor bearing theD319Nmutation) constructs in the presence or
absence of EI-52. Quantification revealed that while EI-52 strongly
inhibited MYD88 interaction with WT ERK, it was unable to inhibit its
interaction with D319N ERK (Fig. 1G, Supplementary Fig. 2C). This
result confirms that aspartic acid in position 319 is indeed critical for EI-
52 binding to ERK and inhibition of ERK-MYD88 PPI.

Taken together, these in vitro and in cellulo data conclusively
demonstrate that EI-52 directly binds to the ERK DRS and inhibits ERK-
MYD88 interaction.

Blocking ERK-MYD88 interaction with EI-52 induces cancer
cell death
Having previously shown that the ERK-MYD88 PPI is key for cancer
persistence3, we investigated whether treatment with EI-52 affects
cancer cell survival. We treated the human colon cancer cells HCT116
(K-RasG13D) with EI-52 (8 µM) or ERK kinase inhibitors at the same con-
centration, and evaluated cell recovery and death over 48 h. We
observed that EI-52 induced a rapid and robust cancer cell death
(Fig. 1H). Importantly, the spiro compound SP-26, whichwas predicted
to bind to the ERK DRS, also triggered cell death in HCT116 (Supple-
mentary Fig. 1C). As expected, ERK kinase inhibitors only reduced cell
recoverywithout inducing cell death (Fig. 1H). Flow cytometry analysis
showed that HCT116 cells treated with EI-52 for 24 h exposed
annexin V, indicating that EI-52-induced cell death is apoptotic (Fig. 1I,
Supplementary Fig. 2D).

In addition, we evaluated the ability of dozens of EI-52 analogs to
inhibit ERK-MYD88 interaction and induce cancer cell death. A limited
structure-activity relationship (SAR) study showed that certain close
analogs functionally behave like EI-52, while others do not inhibit
MYD88-ERK interaction or induce HCT116 cell death. A representative
sample of such analogs is shown in Supplementary Table 2. These
results preclude the possibility that the biological activity of EI-52 is
due to a non-specific effect of the benzimidazole chemical scaffold and
form a basis for subsequent drug optimization efforts.

In light of these results, we extended the analysis to 301 cell lines
from the OncopanelTM collection (Eurofins). Cell lines were tested with
10 concentrations of EI-52 in a two-fold dilution series starting from
30 μΜ. Cell viability was measured, and IC50 was calculated for each
cell line. Out of 301 cell lines, 80% respondedwith an IC50between 3.4
and 11 µM (intermediate sensitivity), 10% below 3.4 µM (high sensitiv-
ity), and 10% above 11 µM (low or no sensitivity) (Fig. 2A). This range of
EI-52 concentrations required to kill cancer cells is consistent with the
biological data described in Fig. 1, in which the effective concentra-
tions of EI-52 ranged from 4–12 µM, depending on the type of experi-
ment.Whereas themajority of the cancer cell lines tested showed high
or intermediate sensitivity to the ERK-MYD88 PPI inhibitor EI-52 at the
micromolar range, the response was heterogeneous within tumor
types (Fig. 2B). Interestingly, comparing the EI-52 response pattern of
these 301 human cancer cell lines to that of 63 anti-tumor reference
compounds showed a distinctive pattern of sensitivity, different from
that of kinase inhibitors andother classes of drugs (Fig. 2C), suggesting
that EI-52 indeed represents a class of antitumor agents with a unique
mechanism of action.
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Cytosolic accumulation of phospho-ERK following EI-52 treat-
ment is accompanied by an integrated stress response, leading
to apoptotic death of cancer cells
To elucidate the mechanism of action of EI-52 and the consequences of
ERK-MYD88 PPI inhibition on ERK signaling, we first ascertained that EI-
52 does not indirectly interferewith ERK kinase activity. Using an in vitro

kinase assay, we found that the catalytic activity of ERK remained intact
following treatmentwith EI-52 at concentrations ranging from1–100 µM,
whereas itwas lost upon treatmentwith increasing concentrationsof the
pan-kinase inhibitor K252a or the ERK kinase inhibitor FR18020410,11

(Fig. 3A). As expected, treatment with EI-52 induces cell death, resulting
in an increased percentage of SubG0 cells (Fig. 3B left panel,
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Supplementary Fig. 3). However, focusing on the live cells, we found that
EI-52doesnotdisrupt thecell cycle, consistentwith thecontinuedkinase
activity of ERK (Fig. 3B right panel, Supplementary Fig. 3). Moreover, EI-
52 did not affect ERK phosphorylation (Fig. 3C), consistent with the
ability of MEK to interact with ERK independently of the DRS12. In addi-
tion, and in contrast to the kinase inhibitor U0126, treatment with EI-52
did not compromise the phosphorylation of the ERK substrate RSK
(Fig. 3C), confirming in cellulo that ERK kinase activity is maintained
during EI-52 treatment. Interestingly, the expression of the phosphatase
DUSP5, which associates with ERK and controls its phosphorylation, was
increased upon treatment of HeLa cells with EI-52 (Fig. 3C). DUSP5 was
also increased in HCT116 cells harboring a K-Ras mutation that were
treatedwithEI-52 andSP-26 (Supplementary Fig. 1D).Consistentwith the
crucial role of aspartic acid 319 in EI-52 binding to ERK and inhibiting
ERK-MYD88 interaction (Fig. 1G), we observed that expression of DUSP5
is further increased in cells overexpressing WT ERK, but not in those
transfected with the D319N ERK mutant (Fig. 3D). This result demon-
strates that the biological effects of EI-52 dependon its ability to interact
with ERK and block ERK-MYD88 interaction.

Disruption of ERK interactions can alter subcellular protein dis-
tribution and function13,14. It was also reported that DUSP5 can para-
doxically increase and prolong ERK cytoplasmic activity15. We
thereforemonitored phospho-ERK localization after exposure to EI-52.
We found that after 6 h of treatment, ERK localization remained
unperturbed, while almost all phospho-ERK had accumulated in the
cytoplasm (Fig. 3E). However, phospho-ERK accumulation in the
cytoplasm is not due to an inhibition of nuclear translocation since
phospho-ERK goes to the nucleus following activation with serum,
regardless of the presence or absence of EI-52 (Fig. 3F).

Phospho-ERK mislocalization was accompanied by increased
eIF2α phosphorylation and ATF4 and CHOP protein levels (Fig. 3G), all
of which characterize an ongoing integrated stress response (ISR),
which has been reported to lead to apoptosis16. Indeed, inhibition of
ERK-MYD88 PPI with EI-52 triggered the caspase 3/7-mediated apop-
tosis of HCT116 cells that was significantly reduced by co-treatment
with ISRIB, an inhibitor of the key mediator of ISR, phospho-eIF2α
(Fig. 3H). Significantly, the spiro compound SP-26 also induces an
increase in ATF4 expression (Supplementary Fig. 1D), further con-
firming that the biological effects observed following treatment with
EI-52 are not due to an off-target activity. Cellular stress is sensed by
four specialized kinases, PERK, GCN2, HRI, and PKR, that converge on
eIF2α phosphorylation17. Using specific siRNAs, we showed that only
the HRI knockdown consistently impairs ATF4 accumulation, indicat-
ing a role for HRI in EI-52-triggered ISR (Fig. 3I).

Taken together, these results indicate that EI-52 is an inhibitor of
ERK-MYD88 PPI which, without affecting ERK phosphorylation or
kinase activity, results in phospho-ERK delocalization accompanied by
an integrated stress response that leads to apoptosis of cancer cells.

To determine whether the effect of ERK-MYD88 PPI inhibition is
specific to cancer cells, we compared EI-52 activity in the colorectal cell

line HCT116 to that in untransformed human colonic epithelial cells
(HCEC-hTERT)18. EI-52 treatment triggered the death of the cancer cell
line but not of its untransformed counterpart at the same concentra-
tion (Fig. 4A). This result could be due to the differential ability of EI-52
to activate an ISR, illustrated by the induction of a substantial increase
in ATF4 expression in cancer cells but not in non-transformed cells
(Fig. 4B). Furthermore, primary HUVEC isolated from 3 different
donors were not sensitive to EI-52 (Fig. 4C). Collectively, these data
show that EI-52 induces an integrated stress response specifically in
transformed cells, leading to cell death, further demonstrating that EI-
52-induced cell death is not the result of non-specific toxicity.

ERK-MYD88 PPI inhibitor EI-52 displays anti-tumor activity in
mice and in patient-derived tumors
To investigate the anti-tumoral activity of EI-52 in vivo, we tested the
compound in a syngeneic Lewis lung carcinoma (LLC) model. First,
we established that EI-52 induces apoptosis of LLC cells in vitro
(IC50= 4μM). Since EI-52 was not optimized for oral administration, a
pharmacokinetic study was carried out for intraperitoneal (i.p.)
administration. Bioavailability was 52.9% and the area under the curve
(AUC) 1129 ng/ml/h (Supplementary Table 3), corresponding to
3μmol/L/h. These values are compatible with the IC50 determined
in vitro; therefore, proof-of-concept studies could be conducted using
i.p. administration in mice. LLC cells were implanted subcutaneously,
and when tumors reached 100mm3, mice were treated daily by intra-
peritoneal injection of EI-52, which resulted in a dose-dependent
inhibition of tumor growth (Fig. 5A).Morenotably, EI-52 also displayed
a protective effect in the aggressive Kras-LA2 spontaneous lung tumor
model19. In this model, sporadic activation of K-RAS leads to lung
tumors first detectable as small pleural nodules at 1 week of age. As
shown in Fig. 5B, EI-52 treatment for 10weeks induced a significant
reduction of the tumor load in the lungs of treated mice. Anatomo-
pathological analysis of liver, kidney, and spleen frommice treated for
10weeks with EI-52 did not show signs of toxicity at the end of the
protocol (Supplementary Fig. 4). Moreover, none of the mice treated
with EI-52 died during the course of the study (n = 107). Finally, the
toxicity of EI-52 was assessed in chicken embryonic chorioallantoic
membranes (CAM), an alternative predictive model of acute toxicity
for new drugs20. EI-52 treatment resulted in no embryo deaths or
malformations (Table 1) in this highly sensitive model, further indi-
cating that inhibition of ERK-MYD88 PPI may be safe in vivo.

We next investigated the effect of EI-52 in ex vivo human tumors
using available surgical resection samples. Patient-derived tumor
organoids (PDOs) were generated from fresh colorectal and lung tumor
surgical samples and treated for 48h at different doses of EI-52. Using
propidium iodide uptake and caspase 3/7 activation, we demonstrated
that of ERK-MYD88 PPI inhibition with EI-52 leads to apoptosis in both
human colon and lung tumoroids (Fig. 5C). We then evaluated EI-52
efficacy in undissociated primary human cancers. We generated thick
sections from head and neck cancer surgical pieces. Then, the tumor

Fig. 1 | EI-52 inhibits ERK-MYD88 protein-protein interaction and induces
cancer cell death. A Chemical structure of EI-52. B Binding of EI-52 to ERK1 and
ERK2 by fluorescence quenching. Representative of two independent experiments.
C ERK1/2-MYD88 interaction inhibition by HTRF. Mean ± SEM from three inde-
pendent experiments. D EI-52 docking on ERK. Negatively charged residues are in
red. Zone A includes the Common Docking (CD) domain (red dotted circle). MKP3
peptide in magenta. Key hydrophobic/aromatic residues in yellow. EMYD88-ERK1
interaction by BiFC and flow cytometry. Mean VENUS Fluorescence Intensity ± SEM
at varying EI-52 concentrations (left panel) from three independent experiments,
Tukey’s one-way ANOVA; 8 vs 0 h *p =0.0446, 10- and 12 vs 0 h ****p <0.0001 (95%
confidence interval). F PLA of endogenousMYD88 and ERK in HCT116 cells treated
with EI-52 (8μM) or DMSO for 3 h using antibodies against MYD88 and ERK. The
interactions are visualized as red dots and the nuclei are counterstained with DAPI
(blue). Thenumber of interactions per cell, quantifiedby ImageJ, is expressed as the

fold difference relative to DMSO treatment. Mean± SEM from three independent
experiments, two-tailed Student’s t-test; *p =0.0161 (95% confidence interval).
G PLA inHeLa cells transfectedwith 6His-WT or 6His-D319N ERK2 and Flag-MYD88.
Cells were treated with EI-52 (10μM) or DMSO for 8 h using anti-His and -Flag.
Detection was carried out as in 1 F. Mean ± SEM from three independent experi-
ments, Tukey’s one-way ANOVA; *p =0.0303 (95% confidence interval). H Cell
recovery and cell death following EI-52 or ERK kinase inhibitors over 48h at 8μM.
Mean ± SEM from three independent experiments, two-way Tukey’s ANOVA; Cell
recovery at 48h EI-52 vs DMSO *p =0.0123, LY32149966 vsDMSOp =0.0145; Death
at48h EI-52 vsDMSO*p =0.0456 (95% confidence interval). IApoptosis (annexinV/
PI) in HCT116 cells treated for 24h with DMSO or EI-52 (8μM) by flow cytometry.
Mean percentage of annexin V+ cells ± SEM from three independent experiments,
two-tailed Student’s t-test; **F =0.0016 (95% confidence interval). Source data are
provided as a Source Data file.
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Fig. 2 | EI-52 activity is mechanistically distinctive and tumor-type agnostic.
AWaterfall plot of IC50 values of 301 cell lines of the OncoPanel™ collection. Each
bar represents one cell line, colored by relative drug response. B Classification of
the response to EI-52 according to the origin of the cancer cell lines. Pie charts
showing the distribution of cell lines classified as sensitive (red), relatively

insensitive (blue), or intermediate (gray) within each cancer type represented in
OncoPanel™. The number of cell lines for each tissue/tumor type is indicated in
parentheses. C Dendrogram with EI-52 and 63 anti-tumor reference compounds
clustered by drug sensitivity in 301 cell lines. Source data are provided as a Source
Data file.
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slices were cultured and treated with vehicle or EI-52 for 24h. In these
ex-vivo models, EI-52 treatment resulted in strong c-PARP staining that
was almost exclusively restricted to tumor cells (Fig. 5D), consistent
with the tumor specificity of EI-52-triggered apoptosis described above.
Altogether, these results show that disrupting ERK-MYD88 PPI with
EI-52 can kill human cancer cells ex vivo without apparent toxicity.

Inhibition of ERK-MYD88 PPI with EI-52 triggers immunogenic
cancer cell death and an anti-tumoral T cell response
Togain insight into the effect of EI-52on global transcriptional activity,
gene expression was measured on Affymetrics arrays. Transcriptomic
analysis of HCT116 cells treated for 16 h with EI-52 revealed upregu-
lated transcription of NF-κB-dependent inflammatory genes (Fig. 6A),
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including chemokines (Fig. 6B), whose expression and secretion was
confirmed at the RNA (Fig. 6C) and protein levels (Fig. 6D). In contrast,
the MEK kinase inhibitor U0126 did not induce chemokine produc-
tion (Fig. 6D).

We therefore investigated the status of p65/RELA, one of themain
NF-κB transcription factors. We treated HCT116 cells with EI-52 and
found that it leads to the activation of NF-κB, CXCL1, and CXCL8 tran-
scription (Fig. 6E). Knocking down p65 strongly inhibited IL-8 pro-
duction in response to EI-52, indicating that NF-κB is required for its
secretion (Fig. 6F). Interestingly, transfected p65 and ERK co-
immunoprecipitated in HEK293T cells treated with EI-52 (Fig. 6G),
indicating that interferencewith the ERKCDdomain not onlymodifies
the ERK protein complex by losing interactions but also by gaining
other partners such as p65, with different downstream biological
outcomes.

Production of chemokines by dying cancer cells has been repor-
ted to be an indication of an immunogenic cell death (ICD)
program21,22. Indeed, EI-52-induced cell deathwas also accompanied by
the release of damage-associated molecular patterns such as ATP,
which has chemotactic activity, and HMGB1, an endogenous TLR4
ligand (Fig. 6H). Consistent with the ability of EI-52 to induce the
production of the chemotactic mediators CXCL8 and ATP by dying
cells, we showed that supernatant from EI-52-treated cells was able to
attract THP1 macrophages (Fig. 6I). In contrast, U0126 did not induce
either mediators of ICD or chemoattraction of macrophages by
HCT116 cells (Fig. 6H, I), further highlighting the functional differences
between inhibition of ERK kinase activity and ERK-MYD88 PPI.

To investigate ICD in vivo, we first quantified EI-52 in the tumors
and verified whether it induces direct killing of murine tumor cells
implanted subcutaneously in mice. Twenty-four hours after intraper-
itoneal administration, 240 – 440 ng/g of EI-52 were found in the
tumors (Table 2), which exhibited strong PARP cleavage (Fig. 7A, B).
These data demonstrate that systemic EI-52 administration leads to
efficient tumor exposure to the compound and rapid apoptotic cancer
cell death in vivo.

Next, we investigated a possible T-cell contribution to the anti-
tumor activity of EI-52.Murine CT26 colon cancer cells were implanted
subcutaneously into syngeneicwild-type andnudeBALB/cmice, which
differ by the presence or absence of T cells, respectively. When tumors
reached 100mm3,micewere treateddailywith a suboptimaldoseof EI-
52 (25mg/kg) to limit direct killing and thus facilitate the detection of a
possible contribution from T-cell immunity. Indeed, EI-52 treatment
only weakly slowed the tumor growth in nude mice, whereas it had a
much greater antitumor effect in T-cell competent mice. These results
demonstrate that treatment with EI-52 triggers immunogenic cancer
cell death and an anti-tumoral T cell response in vivo (Fig. 7C). Having
shown a role for T cells in EI-52 tumor growth inhibition, we assessed
the effect of combining EI-52 with an immune checkpoint antibody.
Murine CT26 colon cancer cells were implanted subcutaneously into
syngeneic mice and when tumors reached 100 mm3, mice received
three injections of 200μg of anti-PD1 at days 0, 3, and 6 in combination
with daily injections of EI-52 (25mg/kg). As shown in Fig. 7D, the
combination of anti-PD1 with EI-52 significantly improves anti-tumoral
efficacy.

Fig. 3 | EI-52modifies ERKactivity and localization, leading to integrated stress
response and apoptosis in cancer cells. A In vitro ERK1 kinase assay with kinase
inhibitors K252a or FR180204, or EI-52. Mean ± SEM from three independent
experiments. B Cell cycle of HCT116 cells treated with DMSO, U0126 10μM,
paclitaxel 25 nM, or EI-52 8μM for 24 h was measured by flow cytometry. Mean ±
SEM of subG0 cells from three independent experiments, Dunnett’s one-way
ANOVA; ****p <0.0001 (95% confidence interval) (left panel). Percentage of viable
cells across cell cycle phases (right panel).C Starved HeLa cells were treated for 8 h
withDMSOor EI-528μM,withorwithoutU0126 10μM.Where indicated, cellswere
activated for 8min with EGF 100ng/ml. ERK targets were analyzed bywestern blot.
Representative data of three independent experiments. D HCT116 cells were
transfected with empty vector, 6His-WT, or 6His-D319N ERK2, and treated with
DMSOor EI-52 8μMfor 18 h. Representative of three independent DUSP5, ERK, and
His western blots. E Phosphorylated-ERK and total ERK immunofluorescence after

treatment of serum starved-HeLa cells with EI-52 8μM for 6 h. Representative of
three independent experiments. F Immunofluorescence staining of
phosphorylated-ERK. Serum-starved HeLa cells were pretreated for 1 h with DMSO
or EI-52 8 μM then activated 10min with 20% serum. Representative of three
independent experiments.GHCT116 cells were treated for the indicated times with
DMSO or 8 μM of EI-52, and ISR markers were analyzed by western blot. Repre-
sentative data of three independent experiments. H HCT116 cells were pre-
incubated or not with ISRIB 400nM for 1 h then treated with EI-52 8μM for 16 h.
Mean fold change in caspase 3/7 activity ± SEM from three independent experi-
ments, Tukey’s one-way ANOVA; *p <0.0233 (95% confidence interval). I HCT116
cells were transfected with siHRI, siPERK, siGCN2, siPKR, or siControl, then treated
with EI-52 (8μM) or DMSO. Expression of ATF4, HRI, PERK, CGN2, PKR, and tubulin
was determined by western blot. Representative of three independent experi-
ments. Source data are provided as a Source Data file.
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Fig. 4 | EI-52 induces a stress response and cell death specifically in
transformed cells. A Cell death/confluence ratio was measured using the Incu-
Cyte™ Kinetic Live Cell Imaging System following treatment of transformed
(HCT116) or untransformed (HCEC) cell lines with EI-52 or DMSO for 24h. Results
are expressed as mean of ratio ± SEM from three independent experiments. Sta-
tistical analysis was performed using Bonferroni’s Two-way ANOVA; HCT116 DMSO
vs EI-52 ****p <0.0001 (95% confidence interval). B Transformed or untransformed
cells were treated for the indicated times with DMSO or EI-52 8μM, and the ISR

marker ATF4 was analyzed by western blot. Representative data of three inde-
pendent experiments are shown.CCaspase 3/7 activity inHCT116 cells or HUVEC (3
donors) was assessed after 16 h treatment with EI-52 8 μM or DMSO. Results are
expressed as the mean fold activation of caspase 3/7 in EI-52-treated samples
relative toDMSO-treated controls ± SEM. Statistical significancewas assessed using
a two-tailed one-sample t-test; **p =0.0037 (95% confidence interval). Source data
are provided as a Source Data file.
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Discussion
The extracellular signal-regulated kinase proteins represent a protein
kinase hub, interfaced to different cellular sub-routings regulating cell
division and survival, cellular biomass and metabolism, as well as dif-
ferentiation and tissue fate23.

While the rules that drive ERK signal across this functional diver-
sity are not fully understood, some key elements regarding ERK signal
integration have been identified. First, although ERK targets a vast
catalog of proteins with more than five hundred direct substrates24,
specific substrate repertoires are selected by at least two distinct

Fig. 5 | EI-52 inhibits tumor growth in mouse tumor models and induces cell
death of patient-derived tumoroids and ex-vivo tumors. A C57BL/6mice (n = 9/
group) injected subcutaneouslywith Lewis LungCarcinoma cells were treated daily
by intraperitoneal injection with vehicle (PBS, 40% PEG 400, 20%DMSO) or with 25
or 50mg/kg of EI-52. Tumor volume wasmeasured twice a week with an electronic
caliper. B Five-week-old K-rasLA2 mice (WT n = 5, K-Ras mutant n = 7) were treated
intraperitoneally 5 times a week for 10weeks with 25mg/kg of EI-52. Tumor load
was evaluated on a Perkin Elmer Quantum FXmicroCT scan. Left panel: example of
image reconstitution of lungs from 2mice treated for 10weeks with vehicle or with
EI-52. Right panel: tumor load in the lungs of vehicle- or EI-52-treated mice at
10weeks. Statistical analysis was performed using a two-tailed Mann-Withney test;
*p =0.0177 (95% confidence interval). C Patient-derived cancer tumoroids from

colon (male, age 77) and lung (female, age 64) were treated for 48 h with DMSO or
indicated concentrations of EI-52. Cell death (PI-positive) and apoptosis (caspase 3/
7 cleavage) were observed byOPERA imaging. Shown are two of three independent
experiments. D Thick (250 μm) sections of surgical pieces from head and neck
cancer patients (3 females and 8 males, age 54–82) were cultured in optimized
medium in presence of DMSO or EI-52 (8μM). 24h later, thin sections were sliced
and stained for the apoptoticmarker cleaved-PARP (left panel). IHCscoring allowsa
semi-quantitative analysis of apoptosis (right panel). Mean score ± SEM from
11 samples, statistical analysis was performed using a two-tailed Wilcoxon t-test;
*p <0.0469 (95% confidence interval). Source data are provided as a Source
Data file.
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interaction modes. Indeed, the specificity and fidelity of ERK-induced
pathways rely on docking sites distant from the catalytic site, knownas
the D- and F-recruitment sites (DRS and FRS, respectively), which
interact with conserved motifs, the D or F domains, harbored by the
interacting proteins25. These interaction sites are also used by scaffold
proteins to regulate the spatial distribution of ERK, decoupling its
nuclear from its cytosolic functions. Finally, in addition to this spatial
assignation, ERK-signaling outcome is influenced both in duration and

Table 1 | Effect of EI-52 on chicken embryos

Total Alive Dead Malformations

Head Body Limbs Skin

DMSO 19 17 2 0 0 0 0

EI-52 (6 μM) 18 18 0 0 0 0 0

EI-52 (10 μM) 18 17 1 0 0 0 0

Fig. 6 | EI-52 induces immunogenic cancer cell death in vitro. A RNAseq GSEA
plot and (B) top upregulatedgenes inHCT116 cells treated for 18 hwith EI-52 (6μM)
or DMSO. C Chemokine mRNA fromHCT116 cells treated for 16 h with DMSO or EI-
52 8μM. Mean ± SEM from three independent experiments, two-tailed one-sample
t-test. CXCL8 **p =0.0029; CXCL1 *p =0.0312; CXCL2 *p =0.0439 (95% confidence
interval).DCXCL8, CXCL1, and CXCL2 in supernatants of HCT116 cells treated with
DMSO, MEK inhibitor U0126 10μM, or EI-52 8 μM for 24 h. Mean ± SEM from four
(CXCL8) and three (CXCL1, CXCL2) independent experiments, unpaired two-tailed
Student’s t-test; CXCL8 **p =0.0073; CXCL1 *p =0.0479; CXCL2 *p =0.0325 (95%
confidence interval) (E) NF-κB, CXCL1, and CXCL8 luciferase activity 16 h post-
treatment with EI-52 8μM or DMSO. Mean of treatment /DMSO ratio ± SEM from
four (CXCL8) and three (CXCL1, CXCL2) independent experiments, unpaired two-
tailed Student’s t-test; NF-κB *p =0.0395; CXCL1 *p =0.0165; CXCL8 *p =0.0108
(95% confidence interval). F IL8 secretion in supernatant of HCT116 cells

transfected for 24hwith control or p65 siRNA, then treated 16 hwithDMSOor EI-52
8μM. Mean ± SEM from three independent experiments, unpaired two-tailed Stu-
dent’s t-test; ***p =0.0002 (95% confidence interval) (G) Co-immunoprecipitation
of ERK1-HA with p65-Flag after treatment of transfected HEK293T cells with EI-52
8μM. Representative data of three independent experiments. H Extracellular ATP
and HMGB1 in supernatants of HCT116 cells treated for 24h with DMSO, U0126
10μM, or EI-52 8μM. Results are expressed as mean of treatment/DMSO ratio ±
SEM from four (e-ATP) or three (HMGB1) independent experiments, two-tailed one
sample t-test; e-ATP: U0126 *p =0.0171; EI-52 **p =0.0034 (95% confidence inter-
val). HMGB1: EI-52 *p =0.0157 (95% confidence interval). I Chemotaxis of migrating
THP1 cells was evaluated in Boyden chamber containing supernatant of HCT116
cells treated 24h with control, U0126 10μM, or EI-52 8μM.Mean ± SEM from three
independent experiments, Dunnett’s one-way ANOVA; **EI-52 p =0.0013 (95%
confidence interval). Source data are provided as a Source Data file.
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frequency by a set of phosphatases. Together, these elements sustain
the diversity and selectivity of ERK responses to extra- and
intracellular cues.

For over two decades, researchers in the field of cancer have been
striving to develop inhibitors for the MAPK enzymatic activity of the
RAS pathway. These inhibitors have been found to impact cell pro-
liferation by affecting the quantitative signaling output of ERK. While
interruption of RAS signaling eventually affects cell survival and death,
this process is typically slow, resulting fromprolonged cell cycle arrest.

In this report, we present the discovery of two chemical families
(spiro and benzimidazole) that target ERK through its DRS, leading to
the loss of ERK-MYD88 interaction and perturbation of the ERK com-
plex. This results in early immunogenic apoptosis and anti-tumoral T
cell response in vivo. The detailed molecular consequences of ERK-
MYD88 PPI inhibition with EI-52 on cancer cells need further investi-
gation. However, the atypical regulation of ERK partner proteins, cell
death kinetics, and cell line sensitivity spectra support a distinctmode
of action. Our research shows that EI-52 induces a mislocalization of
activated ERK, accompanied by an integrated stress response that
triggers rapid apoptosis (Fig. 8). These findings align with previous
research indicating that activation of ERK in inappropriate subcellular
locations leads to cell death26,27.

ERKPPI inhibitionhas recently emerged as a promising alternative
to direct kinase inhibition strategies. For example, selective ERK
docking inhibitionhas been exploredbyShapiro et al.28, whodescribed
ERK PPI inhibitors that mainly inhibit the interaction between ERK and
RSK, leading to RSK inactivation. More recently, Kaoud and colleagues
identified a small molecule that binds to the ED pocket of ERK2 DRS29.
Treatment with this molecule inhibited ERK and RSK phosphorylation,
resulting in a marked G1 growth arrest followed by late apoptosis.
Herrero et al. developed an inhibitor of ERK dimerization, which binds
outside the DRS and targets the cytoplasmic function of ERK without
altering its nuclear function. This dimer inhibition compromises RSK
activation and results in proliferation blockade and apoptosis specifi-
cally in cancer cells carrying RAS or BRAF mutations30. In contrast, EI-
52, which docks in the CD pocket (Zone A) of the DRS, was selected
based on inhibition of ERK-MYD88 PPI, without subsequent reduction
of ERK or RSK phosphorylation. This difference in ERK partner dis-
ruption could explain the biological consequences of EI-52 treatment.

We have shown that EI-52 induces an ISR, a crucial cellular
mechanism that helps cells cope with adverse conditions. The primary
role of ISR is to enable cells to adapt, survive, and, when possible,
recover from stressors31. However, if the cellular stress is severe, either
in intensity or in duration, it will overwhelm the capacity of the
adaptive response to resolve it and additional components become
activated to execute cell death31. The tightly regulated nature of the
ERK MAPK signaling pathway may explain why disruption of ERK
complexes results in the activation of the integrated stress response,
leading to cell death.

Moreover, cancer cells, which exhibit increased growth rates, also
have heightened protein synthesis, resulting in a higher baseline level

of the ISR in comparison to normal cells32,33. This observation could
provide an explanation for the selective killing of cancer cells by EI-52,
which induces a stronger ISR.

Unexpectedly, we found that ERK-MYD88 PPI inhibition induces
NF-κB-dependent CXCL8 secretion, as well as ATP and HMGB1 release.
These factors are mediators of an immunogenic death, which was
previously known to be associated with chemotherapy, oncolytic
viruses, antibiotics, cardiac glycosides, and nano pulse activation34–38.
Interestingly, several studies have linked ICD to ISR39,40, raising the
possibility that ISR activation following EI-52 treatment participates in
ICD. Regardless of the precise mechanism underlying EI-52-induced
ICD, our in vivo data showing that the T-cell compartment significantly
contributes to the efficacy of EI-52, in addition to the beneficial com-
bination with anti-PD1, suggests a role for ICD in the overall efficacy of
EI-52.

In conclusion, our findings suggest that disrupting ERK interac-
tion with MYD88 could be an attractive approach in cancer treatment.

Methods
This research complies with all relevant ethical regulations.

Ethics approvals
Mouse experimentswere conducted in agreementwith the local ethics
committee, (Comité d’Evaluation Commun au Centre Léon Bérard, à
l’Animalerie de transit de l’ENS, au PBES et au laboratoire P4; CECCAP),
authorization numbers #5681, #9283. The limit for tumor volume is
2500mm3, which was respected in all experiments.

Ex-vivo and Patient-derived tumoroid experiments were con-
ducted according to the French regulations on the protection of per-
sons. For the BRC of CLB (n°BB-0033-00050) biological material
collection and retention activity is declared to theMinistry of Research
(DC-2008-99 and AC-2019-3426). Samples were used in the context of
patient diagnosis. Non used part of the samples might be used for
research if patient is not opposed to it (information notice transmitted
to each patient).

TheBRC is compliant toGDPR requirements and theCNIL (French
National Commission for Computing and Liberties) law. The BRC is
certified according to AFNOR NFS96900 (N° 2009/35884.2) and ISO
9001 (Certification N° 2013/56348.2).

Cell lines and reagents
Human HCT116 colorectal cancer, HeLa cervical cancer, and HEK293T
embryonic kidney cell line; murine colon carcinoma CT26 and Lewis
lung carcinoma LLC1, were purchased from ATCC. ERK inhibitors
(GDC-0994, LY3214996, VX-11e, SCH772984) were purchased from
Selleckchem. Plasmids pCMV5-rat ERK2-WT and pCMV5-rat ERK2-
D319N were a gift from Natalie Ahn (Addgene plasmid # 40812 and #
40820). PKR (L-003527), HRI (L-005007), PERK (L-004883), and RELA
(L-003533) ON-TARGETplus SMARTpool human siRNAs were pur-
chased fromDharmacon,.GCN2 siRNAwas purchased fromSanta Cruz
(sc-45644) and non-targeting siRNA from Eurofin Genomics.

Antibodies used are listed in Supplementary Table 4.

Homogeneous time-resolved fluorescence (HTRF) assay
The HTRF assay was performed in white low volume 384-well micro-
plates (Greiner). First, 18.75 nM His-ERK1 protein (Origene) and 50 µM
of drugs were mixed and incubated in a total volume of 8 µL of opti-
mized buffer 20mM Tris-HCl pH 8.0, 0.05% Tween20, 0.1% BSA, 2.5%
DMSO for 30min at room temperature. Then, 4 µL/well of 125 nM
biotinylated MYD88 peptide (Biotin-Ahx-PLAALNMRVRRRLSLFLNVR),
8 µL/wells of 6.66 nM anti-6His-Eu cryptate (Cisbio) 3.125 nM SA-XL
Streptavidine-XL665 (Cisbio) in 20mM Tris-HCl pH 8.0, 0.05%
Tween20, 0.1% BSA were added into each well and incubated for 2 h at
room temperature. After incubation, HTRF signals were measured
using an Infinite F500 microplate reader (TECAN) at 620 nm and

Table 2 | EI-52 quantification in the tumor using LCMS/MS

Treatment Concentration (ng/g) Tumor weight (g) Total qty (ng)

Vehicle BLQ 0.95 BLQ

Vehicle BLQ 1.13 BLQ

Vehicle BLQ 1.30 BLQ

Vehicle BLQ 1.41 BLQ

EI-52 407.10 1.05 426.93

EI-52 240.09 0.83 198.27

EI-52 440.67 0.55 241.88

EI-52 355.71 1.48 52.09

BLQ: Below the limit of quantitation, i.e. <6ng/g
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665 nm emission. Signals were analyzed with an integration time of
500 µs, and the DeltaF and Z’ values were calculated.

Fluorescence spectroscopy and titration
For fluorescence spectroscopy, recombinant ERK was diluted into
20mM Tris-HCl pH 8. Titration was performed by adding increasing
concentrations of EI52 compound diluted in 70% PEG400/30% Pro-
pylene glycol in presence of 5 µM of His-ERK. The excitation

wavelength was 295 nm and the emission was recorded between
310 nm – 380 nm in a spectrofluorimeter (SAFAS). The fluorescence of
free Tryptophanewas also recorded using a solution of 30 µMofNATA
with or without the same concentrations of compounds. Ratio of F/F0
were calculated and the dissociation constant KD were determined
using the equation Y = (Bmax * X) / (KD +X) where X is the concentra-
tion of the ligand andY the specific interaction. The curvesweredrawn
with GraphPad Prism software.

Fig. 7 | ERK-MYD88 interaction inhibition by EI-52 induces cancer cell death
and immune T-cell response in vivo. Following s.c. implantation of syngeneic
CT26 cells, BALB/c mice were treated intraperitoneally for 24h with vehicle or
50mg/kg of EI-52 and tumorswere collected.ACleaved-PARPwas observed by IHC
staining, representative of four separate mice or (B) by western Blot of tumor cell
lysates recovered from four mice per treatment. C Following s.c. implantation of
CT26 cells, syngeneic wild-type and nude BALB/c mice (n = 10/group) were treated
daily with vehicle or with 25mg/kg of EI-52 intraperitoneally. Tumor volume was
measured twice a week with an electronic caliper. Results are presented as Mean

tumor volume ± SEM, Sidak’s two-way ANOVA, Balb/c day 14 Vehicle/vs EI-52
****p <0,0001 (95% confidence interval). D Following s.c. implantation of CT26
cells, mice (n = 10/group) were treated daily with vehicle or with 25mg/kg of EI-52
intraperitoneally. At days 0, 3, and 5, mice received an intraperitoneal injection of
200μg isotype control or anti-PD1 antibody. Tumor volume was measured twice a
week with an electronic caliper. Results are presented as Mean tumor volume±
SEM, Tukey’s two-way ANOVA, day 14 Vehicle/isotype control vs EI-52/isotype
control *p =0.0115, EI-52/isotype control vs EI-52/anti-PD1 *p =0.0335 (95% con-
fidence interval). Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-024-51275-z

Nature Communications |         (2024) 15:7037 11



In silico docking
Several experimental structures of ERK co-crystallized with different
peptides were analyzed with the molecular graphic system PyMol
(Schrödinger), and per-residue interaction energies between the pep-
tides and the proteins were computed with pyDockEneRes7 to evaluate
hot residues in the peptides and proteins. The protonation states of
protein titratable residues were predicted with the PCE server41. The
ligand-binding pockets on ERK structures were predicted and further
investigated using the machine learning-based pocket prediction tool
P2Rank (Python standalone version 2.4)4. With such a tool, the top 2 or
top 3 predicted binding pockets are generally true ligand binding sites.
Docking of EI-52 or was then performed with Surflex-Dock (Surflex-
scoring function)42, Vina (Vina scoring function)43–45 and Smina (Vinardo
scoring function)46,47. The search region for the docking included Zones
A and B and extended in each direction by about 5 Å. The poses
obtained with the different docking tools were similar and we decided
to compute the binding free energy for the poses generated using the
Smina-Vinardo docking-scoring approach. The top 10 ERK-EI-52 docked
poses and top 10 ERK-SP-26-docked poses were then processed using
the GROMACS simulation software48 and the standalone Uni-GBSA
python package49. The Molecular Mechanics/Generalized-Born-Surface
Area (MM/GBSA) approach was applied and the binding free energy
was estimated as ΔG=ΔGprotein-ligand - ΔGprotein - ΔGligand. Optimization
of the docked binding poses was here performed with energy mini-
mization and not molecular dynamics as it has been repeatedly that
energy minimization protein-ligand complexes yielded results as good
as or better than those obtained after molecular dynamics49.

Bimolecular fluorescence complementation (BiFC)
The BiFCmethod was used as described50. Briefly, HEK293T cells were
treated with DMSO or with increasing concentrations of EI-52 2 h prior
to transfection. Cells were co-transfected for 24h with PCDNA3-hERK1
and pCDNA3-hMyD88 tagged with N-and C-fragments of the VENUS
protein, respectively. Fluorescence intensity was measured by flow
cytometry on a BD Fortessa Horizon and analyzed using the FlowJo
software.

Proximity ligation assay (PLA)
The PLA method was used as described51. Briefly, cells were treated
with DMSO or EI-52 at the indicated concentrations, washed with
PBS1X and fixed with 4% PFA.

MYD88/ERK interaction: cells were permeabilized with methanol
for 2min at -20 °C, then washed 3 times with PBS1X and blocked with
blocking solution for 30min at 37 °C. Cells were then incubated with

primary antibodies against MYD88 (Invitrogen) and ERK (Cell Signal-
ing technology), then with the appropriate DNA-linked secondary
antibodies according to the manufacturer’s instructions. Transfected
MYD88-Flag/ERK-Histidine interaction: cells were permeabilized with
PBS-Triton 0.3%. Then washed 3 times with PBS1X and blocked with
blocking solution for 30min at 37 °C. Cells were then incubated with
primary antibodies against Flag (Sigma) and Histidine (Clonetech),
then with the appropriate DNA-linked secondary antibodies according
to the manufacturer’s instructions. Fluorescence was quantified using
the ImageJ software.

Cell recovery and cell death
105 HCT116 cells were seeded onto 96-well plates. The cells were then
incubated with or without 8μM of ERK kinase inhibitors or EI-52 in
medium containing propidium iodide at 3.5μg/mL. Cell confluence
and the number of dead cells were determined using the IncuCyte™
Kinetic LiveCell Imaging System (EssenBioScience) at 2 h-intervals and
up to 48 h.

Apoptosis detection
For apoptosis detection, 2 × 105 HCT116 cells were treated 24 h with
DMSO or 8μM EI-52, then stained with AnnexinV–fluorescein iso-
thiocyanate (FITC) and propidium iodide (Apoptosis Detection Kit,
Abcys). Fluorescence was acquired on a BD FACScalibur and analyzed
using FlowJo software.

Eurofins Oncopanel Activity Data
Cells were grown in standardizedmedia, seeded into 384-well plates
and incubated in a humidified atmosphere of 5% CO2 at 37 °C.
Compounds were added 3 days following cell seeding. At the same
time, a time zero untreated cell plate was generated. EI52 was serially
diluted in 2-fold steps from the highest test concentration (30 μM),
and assayed over 10 concentrations with a maximum assay con-
centration of 0.1% DMSO. After a 2 day incubation period, cells were
lysed with cell viability detection reagent CellTiter-Glo® (Promega).
Bioluminescence was read by a PerkinElmer Envision® microplate
reader. Cell viability was measured by the bioluminescence signal
generated by the production of ATP in viable cells. The output is
referred to as the relative cell count, where measured biolumines-
cence intensity was transformed to percent of control. Cellular
response parameters were calculated using nonlinear regression to
a sigmoidal single-site dose response model. IC50, defined as the
test compound concentration at 50% of the maximum possible
response.
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Article https://doi.org/10.1038/s41467-024-51275-z

Nature Communications |         (2024) 15:7037 12



Kinase assay
ERK1 kinase activity assaywasperformed inwhite 384-wellmicroplates
(Greiner) using Myelin Basic Protein as substrate (MBP, Sigma), active
ERK1 protein (Millipore), and ADP-GloTM Kinase Assay (Promega). 15 ng
of ERK1 were incubated at room temperature for 1 h in the dark with
1 µgofMBP in40mMTris-HCl buffer pH7.5, 20mMMgCl2, 50 µMDTT,
0.1mg/mL of BSA with various concentrations of test compounds or
known ERK1 inhibitors K252a and FR180204 (Sigma). 5 µL of ADP-Glo®
reagent was incubated for 40min at room temperature, then with
10 µL of Kinase Detection Reagent for 30min at room temperature.
Luminescencewasmeasured using an InfiniteM200microplate reader
(TECAN). Signals were converted to % of ATP/ADP production and
response curves were drawn using GraphPad Prism.

Transcriptomic analysis
Messenger RNA was extracted from HCT116, after 18 h treatment in
triplicate with 6 µM of EI52 (CER) or DMSO using NucleoSpin RNA Kit
(Macherey-Nagel) according to manufacturer instructions. Gene-
expression profiling was first done using the Affymetrix GeneChip
Human Genome U133 Plus 2.0 array (ThermoFischer Scientific).

Gene expression analysis was performed using Array Studio
software (Omicsoft Corporation). Rawmicroarray data (CEL files) were
processed using quantile normalization and robust multiarray average
algorithm. Standard quality controls were performed (median average
deviation score, principal component analysis) to identify outlier
samples.

GSEA Analysis
Functional analyseswereperformedusingGeneSet EnrichmentAnalysis
(GSEA) software v2.0.452. GSEA is a robust computational method that
determines whether an a priori defined set of genes shows statistically
significant, concordant differences between two biologic states (e.g.,
high risk v low risk). GSEA aims to interpret large-scale expression data
by identifying pathways and process. The main advantage of this
method is its flexibility in creatingmolecular signature database of gene
sets, including ones based onbiologic pathways, chromosomal location,
or expression profiles in previously generatedmicroarray data sets. The
input data for GSEA procedure were the following: (1) a complete table
of genes ranked according to the log2 fold change between HCT116
treated 16 h with DMSO and EI-52, (2) a mapping file for identifying
transcripts in U133 Plus 2.0 array platform, and (3) a catalog of 50
“hallmark” gene sets from theMolecular Signature Database (MSigDB)53

(MSigDB, version 5.1 release, www.broad.mit.edu/gsea/msigdb/msigdb_
index.html). Default parameters were used. Inclusion gene set size was
set between 15 and 500 and the phenotypewaspermutated 1,000 times.
Gene sets that met the FDR 0.25 criterion were considered.

Western blot
Cells were lysed in Laemmli buffer (125mM Tris-HCL (pH6,8), SDS 2%)
and supplemented with a mixture of protease and phosphatase inhibi-
tors. Lysates were sonicated, and then centrifuged for 15min at
15,000× g at 4 °C. Proteins were resolved on SDS- PAGE, transferred
onto PVDFmembranes by electroblotting, and nonspecific binding sites
were blocked using Tris-buffered saline containing 5% (w/v) nonfat dry
milk and0.1%Tween.After incubationwithprimary antibodies against p-
ERK, Erk, p-RSK, RSK, ATF4, p-EIF2α, CHOP, PKR, PERK, GCN2 (Cell
Signaling Technology), DUSP5, (Abcam), HRI (Proteintech), histidine
(Clontech), Flag (Sigma), tubulin (Sigma), or actin (Sigma) overnight at
4 °C, membranes were rinsed, incubated with horseradish peroxidase-
conjugated secondary antibody and revealed by chemiluminescence
using Bio-Rad Clarity Western ECL and BIO-Rad Chemidoc.

Cell cycle
Cells were plated and treated with DMSO, MEK inhibitor (U0126) at
10 µM, paclitaxel (Sigma) at 25 µM or EI-52 at 8 µM. Simultaneous

staining for BrdU incorporation and DNA content was performed.
Briefly, cells were pulsed with 1 µg/ml BrdU (Sigma) for 1 h prior to
harvesting. Cells were then fixed in 70% ethanol for at least 30min and
theDNAwaspartially denatured in 3 NHCl, then neutralizedwith0.1M
Na2B4OH. The cells were subsequently stained with FITC-coupled anti-
BrdU (BD Biosciences), resuspended PBS containing 2.5% FCS and
Propidium Iodide 2,5μg/ml. Cells were acquired on a BD Fortessa
Horizon flow cytometer equipped with a doublet discrimination
module and analyzed using the FlowJo software.

Immunofluorescence
HeLa cells were serum starved for 24 h and treated as described in
the legend. Then cells were fixed with 4% paraformaldehyde,
and permeabilized with ice-cold methanol 5min. The immuno-
fluorescence staining with p-ERK and ERK antibodies (Cell Signaling
Technology) was performed according to the protocol of the
antibody supplier and fluorescence was observed by micro-
scopy (Nikon).

Toxicity on chicken embryos
Toxicity evaluation was performed by INOVOTION (Grenoble). Briefly,
fertilized White Leghorn eggs were incubated at 37,5 °C, 50% relative
humidity for 9 days. At day 10, embryos were treated every two days
for 10 days by dropping 100μl ofmediumwithDMSO, or 8 or 12μMEI-
52. The number of dead embryos and organ abnormalities in surviving
embryos reflect toxicity.

Caspase 3/7 activity
104 cells were seeded onto 96-well plates. The cells were then incu-
bated with or without 8μM of EI-52 for 16 h. Caspase 3/7 activity was
evaluated using Caspase-Glo 3/7 (Promega) according to the manu-
facturer’s protocol and using a Tecan Infinite M200 Pro.

Chemokine mRNA quantification
HCT116 cells were seeded onto 12-well plates. The next day, cells
were treated with vehicle (DMSO) or 8μM EI-52 for 16 h. For qPCR,
total cellular RNA was extracted using the NucleoSpin RNA Kit
(Macherey-Nagel). Then 0.5 µg of RNA were reverse transcribed
using the High-Capacity cDNA reverse transcription Applied Biosys-
tems kit (ThermoFischer Scientific) and quantified by real time PCR
using specific primers for CXCL1-Fwd TCCTGCATCCCCCATAGTTA,
CXCL1-Rev CTTCAGGAACAGCCACCAGT, CXCL2-Fwd CCCATGGTT
AAGAAAATCATCG, CXCL2-Rev CTTCAGGAACAGCCACCAAT, CXC
L3-Fwd TGAATGTAAGGTCCCCCGGA, CXCL3-Rev ACCCTGCAGGAAG
TGTCAAT and CXCL8-Fwd AGACAGCAGAGCACACAAGC, CXCL8-Rev
ATGGTTCCTTCCGGTGGT and the SYBR Green Master Mix (Applied
Biosystems). qPCR was performed using the CFX connect real-time
PCR system (Biorad). Expression of target genes was normalized
against endogenous HPRT mRNA levels, used as an internal control,
and assessed using the comparative 2-ΔΔCt method.

Chemokine, ATP and HMGB1 quantification
105 HCT116 cells were seeded onto 12-well plates. The next day, cells
were treated with vehicle (DMSO), EI-52 8μM, or MEK inhibitor
(U0126) 10μMfor 24 h. ATPwas quantified in the supernatantwithCell
Titer-Glo (Promega) according the manufacturer’s instructions, using
Tecan Infinite M200 Pro. ELISA was used to quantify secreted CXCL8
(Biolegend), CXCL1, CXCL2 (R&D Systems) and HMGB1 (IBL).

Patient-derived tumor organoids
Patient-derived lung tumor organoids were maintained in advanced
DMEM containing HEPES, GlutaMax, Penicilline/Streptoimycine and
primocione and B27, and supplemented with R-spondin-1, NOGGIN,
A83-01 and Y-27632 fromMiltenyi Biotec, SB202190 (Sigma), FGF7 and
FGF10 (Thermo Fisher) and Nicotinamide (Sigma).
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Patient-derived colon tumor organoids were maintained in
advanced DMEM containing HEPES, GlutaMax, Penicilline/Streptoi-
mycine primocine and B27, and supplemented with NOGGIN, A83-01
and Y-27632 from Miltenyi Biotec, SB202190 (Sigma), EGF (Miltenyi),
Gastrin and PGE2 (Sigma).

One hundred tumoroids per well are seeded in 96-well plates
(Greiner) in 100 µL ofmedium containing 5%Matrigel and incubated at
37 °C for 24 h. EI-52 or vehicle treatment was added using the HPD300
Digital Dispenser. After 48 h of treatment, cell death was evaluated by
imaging caspase 3/7 activity (CellEvent™ Caspase-3/7 Detection
Reagents, Invitrogen) and propidium iodide (Sigma) incorporation
with OPERA Phoenix (Perkin Elmer) using an objective magnitude of 5
(non-confocal mode). The tumoroids described in this study can be
obtained upon request to the 3D-Onco platform.

Organotypic culture
Patients signed a written informed consent agreeing to the use of
tumor samples for research, according to the French regulations on
the protection of persons (French Ethics Committee). Tumor tissue
from surgical resections was obtained. Excess necrotic tissue was dis-
carded and a 200mm3 tumor fragment was included in an agarose gel.
Automated slicing was performed using Microm HM650V Vibratome
with slice thickness set at 250μm. Adjacent slices were treated with
DMSOor EI-528 µMfor 24 hrs inDMEMculturemediumsupplemented
with 10% Fetal Bovine Serum, penicillin/streptomycin/neomycin, and
1% glutamine at 37 °C in 5% CO2.

After 24 h, the culture supernatant was harvested and the tissue
was fixed in 4% formalin, then imbedded in paraffin. Histological sec-
tions were performed and stained for hematoxylin-phloxin-saffron or
cleaved-PARP (Cell Signaling Technology) on an automated Ventana
Discovery XC (Roche) according to the manufacturer’s instructions.
Cleaved-PARP was measured using a IHC score where 0 = no staining,
1 = 1–9%, 2 = 10–19%, and 3 ≥ 30% of cells are stained. The fresh human
biological material used in the ex vivo experiments was used extem-
poraneously and cannot be stored to be subsequently distributed. It is
therefore not available.

In vivo models
Animals were maintained in a specific pathogen-free animal facility
(P-PAC, Lyon-France) and stored in sterilized filter-topped cages.
Mice were handled in agreement with the institutional recommen-
dations and procedures approved by the animal care committee
(Comité d’Evaluation Commun au Centre Léon Bérard, à l’Animalerie
de transit de l’ENS, au PBES et au laboratoire P4; CECCAP). The
housing conditions of all animals were strictly following the ethical
regulations. The room temperature ranged from 20 and 24 °C. The
relative ambient humidity at the level of mouse cages was 55 ± 10%.
Each cage was provided with food, water and two types of nesting
material. A semi-natural light cycle of 12:12 was used. All the
experiments complied strictly with the protocols approved by the
ethics committee.

Syngeneic graft models. 5 × 105 Lewis Lung Carcinoma (LLC) or CT26
colon carcinoma cells were implanted subcutaneously into the flanks
of 8week-old C57BL/6 or BALB/c (WT or nude) female mice, respec-
tively (Charles River). When tumors reached 100mm3, mice were
treated by daily intraperitoneal injections of vehicle or EI-52 at the
indicated dose. Tumor volume was measured twice a week with an
electronic caliper.

Spontaneous model. Five-week-old K-rasLA2 female mice were treated
intraperitoneally 5 times a week for 10weeks with 25mg/kg EI-52 or
vehicle. Tumor load was evaluated at regular intervals on a Perkin
Elmer Quantum FX microCT scan. Lung tumor load was quantified
using the CALIPER software.

Combination therapy. CT26 colon carcinoma cells (5 × 105) were
implanted subcutaneously into the flanks of 8week-old BALB/c female
mice (Charles River). When tumors reached 100mm3, mice were
treated by daily intraperitoneal injections of vehicle or EI-52 at 25mg/
kg and received 3 intraperitoneal injections of anti-PD1 (clone RPMI-14,
BioXcell) (200μg) or isotype control antibody (Rat IgG2a, κ clone 2A3,
BioXcell) at days 0, 3, and 5. Tumor volumewasmeasured twice aweek
with an electronic caliper.

Statistical and reproducibility
All the statistical analyses were performed on GraphPad Prism v.10 by
using unpaired t-test, one- or two-way ANOVA, Wilcoxon, or Mann-
Whitney. P-values < 0.05 were considered statistically significant. Only
significant values are indicated and represented by (*) symbols. The
exact p-values are indicated when provided by the analysis software
(GraphPad Prism).

No statistical method was used to predetermine sample size.
Experiments were not randomized. The investigatorswere not blinded
to allocation during experiments and outcome assessment. No data
were excluded from the analysis except one mouse from Fig. 7d that
was excluded due to abnormal growth (ten-fold in two days).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. The microarray data gen-
erated in this study have been deposited in the GEO database under
accession code GSE153759. All remaining data can be found in the
Article, Supplementary and source Data files. Source data are provided
with this paper.
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