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Abstract 150 words 

The extrinsic apoptotic pathway is initiated by the binding of TRAIL, TNF or FasL to their cognate death 

receptors (DRs), leading to the intracellular assembly of the DISC complex and activation of caspase-

8. Here, using 2D and 3D cell cultures and patient-derived xenograft organoids, we described a new 

signaling pathway that regulates activation of caspase-8 in response to DR agonists in cancer cells. 

Mechanistically, ERK5 phosphorylates and induces ubiquitylation and proteasomal degradation of 

TP53INP2, a protein that mediates caspase-8 activation in response to DR agonists. Concordantly, 

ERK5 inhibition or genetic deletion induced TP53INP2 protein stabilization and sensitized cancer cells 

to DR agonists-induced extrinsic apoptosis, whereas ERK5 kinase activity protected cancer cells from 

apoptosis induced by DR agonists. Since TRAIL selectively induces apoptosis in cancer cells, our results 

support the use of ERK5 inhibitors as an effective strategy to sensitize cancer cells to TRAIL-based 

therapies, including Natural Killer cells expressing TRAIL. 
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Introduction. 

Apoptosis, a programmed cell death process, can be triggered through either the intrinsic or the extrinsic 

pathways. The intrinsic apoptotic pathway is activated in response to intracellular stimuli that induce 

cellular damage. Briefly, in response to cellular damage apoptotic sensors of the Bcl-2 family induce 

mitochondrial outer membrane permeabilization (MOMP), which leads to cytochrome c release into the 

cytosol, promoting the formation of the apoptosome1. Apoptosome formation drives caspase-9 

activation, which in turn cleaves and activates the executor caspases -3, -6 and -72. Extrinsic apoptosis 

is induced by direct interaction of so-called death ligands (TNFα, FasL and TNF-related apoptosis-

inducing ligand TRAIL) with their specific death-receptors (DRs) at the plasma membrane. Death ligand 

binding induces the trimerization of the DR, triggering the formation of the so-called death-inducing 

signaling complex (DISC) comprising FADD and several molecules of pro-caspase-83. FADD acts as 

an adaptor protein that allows the orientation and dimerization of pro-caspase-8 molecules, allowing the 

activation of caspase-8 by proximity-induced proteolytic cleavage4, 5. Then, in type-I cells, active 

caspase-8 cleaves and directly activates executioner caspase-3, thereby inducing cellular apoptosis. In 

contrast, in type-II cells (which mainly rely on intrinsic apoptosis), active caspase-8 cleaves Bid into 

truncated Bid (tBid), which promotes signal amplification by inducing mitochondrial outer membrane 

permeabilization6, 7. Several studies have underlined caspase-8 ubiquitylation as a critical process for 

caspase-8 activation. Thus, TRAF2-mediated caspase-8 K48-ubiquitylation promotes proteasomal 

degradation of caspase-8, limiting DISC activity8. In contrast, caspase-8 K63-ubiquitylation by Cullin3 

or TRAF6 ligases promotes the aggregation, self-processing and full activation of caspase-89, 10. 

However, efficient K63-ubiquitylation of caspase 8 requires of other players that facilitate the recruitment 

of the ligases to the DISC complex. For example, in response to DRs activation, TP53INP2 binds 

caspase-8 and the TRAF6-Ubc13 dimer, allowing a more efficient ubiquitin transfer from Ubc13 to 

caspase-811. 

Among DR ligands, TRAIL triggers extrinsic apoptotic cell death through TRAIL receptors DR4 and DR5. 

Importantly, TRAIL induces apoptosis in a wide variety of cancer cell lines and tumors, without affecting 

normal cells12. Therefore, TRAIL-receptor agonists (TRAs) have been extensively investigated as 

promising cancer therapies, and are currently in clinical trials for several solid cancers, including NSCLC, 

multiple myeloma and advanced hepatocellular carcinoma13. However, despite promising preclinical 

observations, TRAIL–based therapies in humans have shown limitations, mainly due to their poor ability 
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to activate caspase-8 in solid tumors (reviewed in13). Hence, to improve TRAIL-based anticancer 

therapy, it is critical to identify those cellular pathways involved in the sensitization to TRAIL-induced 

apoptosis. 

The MAPK extracellular regulated kinase 5 (ERK5) is activated in response to growth factors and 

different forms of stress, including oxidative stress and cytokines14. ERK5 is activated by direct 

phosphorylation of its unique upstream kinase MEK515. The MEK5-ERK5 pathway constitutes a unique 

intracellular axis that mediates cell proliferation and survival of several cancer paradigms, including 

blood and solid cancers16, 17. Furthermore, it has been shown that high levels of ERK5 or MEK5 correlate 

with bad prognosis and malignancy of several cancers, including hepatocellular carcinoma, breast, 

endometrial and prostate cancers18-21. In addition, ERK5 kinase activity protects cancer cells from 

entering apoptosis. Among others, ERK5 phosphorylates and inhibits Bad and Bim pro-apoptotic 

proteins, impairing intrinsic apoptosis in proliferating cells22, 23. According to these observations, ERK5 

has been proposed as a new target to tackle different solid cancers, and ERK5 inhibitors have shown 

anticancer activity in tumor xenograft models24.  

In this study, we have investigated the role of the MEK5-ERK5 pathway in the extrinsic apoptosis 

induced by DR agonists in cancer cells. We found that ERK5 kinase activity confers resistance to the 

cytotoxicity exerted by DR agonists in cancer cells, by phosphorylating and inducing proteasomal 

degradation of TP53INP2, a protein required to achieve full caspase-8 activation. Concordantly, 

pharmacologic or genetic ERK5 inhibition sensitized cancer cells to apoptosis induced by DR agonists 

and by TRAIL/FasL expressed by NK cells. 
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Results 

ERK5 kinase activity modulates sensitivity of cancer cell to DR agonists.  

There is much interest in using death receptor (DR) agonists in cancer treatment. Among DR agonists, 

TRAIL-based therapies are currently in clinical trials to treat solid cancers, since TRAIL selectively 

induces apoptosis in cancer cells12. However, many primary tumors show inherent resistance to TRAIL-

induced apoptosis. Therefore, current efforts are focussed on dissecting the intracellular signaling 

pathways involved in resistance to TRAIL, to identify strategies that sensitize cancer cells to TRAIL-

induced cytotoxicity. A RNAi-based screening identified ERK5 as one of top 5% genes whose silencing 

sensitized HeLa cells to TRAIL-induced apoptosis25. In this regard, following studies reported that 

overexpression of a constitutive nuclear ERK5 mutant favored resistance to TRAIL-induced apoptosis 

in breast cancer cells26. These preliminary works prompted us to investigate whether ERK5 pathway is 

implicated in resistance to TRAIL-induced toxicity in cancer cells. 

To investigate the role of ERK5 as a modulator of extrinsic apoptosis induced by DR agonists, we used 

endometrial cancer (EC) cells. EC cells frequently show overactivation of PI3K/mTOR (∼50% of EC 

cells harbour a double allelic mutated PTEN gene) and canonical NF-kB pathways, which protect cancer 

cells from TRAIL-induced apoptosis27, 28. Thus, EC cells represent a good model of TRAIL-resistant 

cancer cells. We recently showed that ERK5 inhibition or silencing impaired NF-kB transcriptional 

activity and induced apoptosis in a panel of EC cells carrying PTEN deletion or inactivating mutations20. 

Here, we first investigated the effect of ERK5 inhibition in TRAIL-induced cytotoxicity. We tested the 

effect of the specific ERK5 inhibitor JWG-07120, 29 in a panel of human EC cell lines, including type I 

endometroid (Ishikawa and ANC3A) and type II non-endometroid (ARK1 and ARK2) cells. Cell viability 

assays showed that pre-treatment with JWG-071 (12h) sensitized the four EC cell lines to recombinant 

TRAIL (rTRAIL)-induced cytotoxicity in a dose-dependent manner (Fig. 1A). To discard an off-target 

effect of the JWG-071 compound, we also tested the structurally different ERK5 inhibitor AX1583630 as 

well as the MEK5 inhibitors BIX02188 and BIX0218931. As shown in Fig. 1B, all the inhibitors of the 

MEK5-ERK5 pathway sensitized EC cells to TRAIL-induced cell death. Interestingly, ERK5 inhibition 

also sensitized EC cells to the toxicity induced by other DR ligands such as TNF or FasL (Fig. 1C), 

indicating a role for ERK5 kinase activity in mediating the extrinsic apoptosis induced by DR agonists in 

cancer cells. Finally, we also tested the effect of ERK5 inhibition in cell lines derived from other human 

cancer types that were reported to be resistant to TRAIL, such as neuroblastoma (SK-N-AS), cervical 
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(HeLa), non-small cell lung (A549), and prostate (LnCaP) cancer cells32-35. The ERK5 inhibitor 

potentiated TRAIL cytotoxicity in all cancer cell lines tested (Fig. 1D), suggesting that ERK5 inhibition 

sensitizes cancer cells to TRAIL, independently of cancer type or mutational status.  

Of note, Ishikawa cells exhibited the highest resistance to TRAIL (IC50 > 150 ng/ml), and therefore they 

represent a good model to dissect the mechanism by which ERK5 inhibitors improve TRAIL anticancer 

activity. Since caspase-8 plays a central role in the extrinsic apoptotic pathway in response to DR 

ligands36, we first monitored the activation of caspase-8 and the effector caspase-3 by immunoblot 

analysis. As observed in Fig. 1E, ERK5 inhibition (ERK5i) potentiated the activation of caspase-8 (and 

activation of its substrate caspase-3) in response to rTRAIL, TNF or anti-Fas activating antibody, but 

it had no effect when incubated alone. In addition, preincubation with the pan-caspase inhibitor QVD-

OPh mostly reverted the cytotoxicity induced by the combined TRAIL and JWG-071 treatment (Fig. 1F), 

demonstrating a role of caspases in ERK5i-mediated sensitization to TRAIL. 

The aforementioned results suggest that ERK5 kinase activity protects cancer cells from apoptosis 

induced by DR ligands. To test this hypothesis, we investigated the impact of the MEK5-ERK5 pathway 

activity in the apoptosis induced by TRAIL. For this purpose, we used the AN3CA EC cell line, which 

was the most sensitive to TRAIL-induced apoptosis (IC50, 25 ng/ml). We transiently overexpressed either 

wild type ERK5 or the ERK5 kinase-dead mutant (ERK5-KD, in which the Asp200 residue of the catalytic 

loop was mutated to Ala), in combination with a constitutive active form of MEK5 (MEK5-DD, in which 

residues Ser311 and Ser315 were mutated to Asp). Flow cytometry analysis (Anexin-V/PI) showed that 

overexpression of active ERK5, but not of kinase dead ERK5, resulted in a significant lower number of 

apoptotic cells in response to TRAIL treatment, as measured by Annexin V staining and caspase-8 

activation assays (Fig. 2A-B). Similar results were obtained in Ishikawa EC cells (Fig. 2C). Thus, ERK5 

kinase activity protects cells from TRAIL-induced apoptosis. 

To obtain genetic evidences on the role of ERK5 activity in sensitization to TRAIL-induced apoptosis, 

we used CRISPR/Cas9 technology to generate stable Ishikawa cell lines where MEK5 or ERK5 genes 

were genetically deleted. MEK5 is the only kinase that activates ERK5 by direct phosphorylation of the 

TEY motif, and ERK5 is the only known substrate described for MEK537. Therefore, MEK5 knockout 

cells lack ERK5 kinase activity. We recently reported that MEK5-KO Ishikawa cells, while lacking ERK5 

activity, show normal activation of other MAP kinases (ERK1/2, p38s or JNKs), or components of the 

PI3K pathway (Akt, mTORC1 or p70S6K) in response to mitogens, stressors or insulin20. On the other 
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hand, ERK5-KO cells lack both kinase activity-dependent and -independent functions. MEK5 or ERK5 

genetic deletion sensitized Ishikawa cells to the apoptosis induced by DR agonists TRAIL, TNF and 

anti-Fas activating antibody, as measured by Annexin-V binding and caspase-8 and -3 activation (Fig. 

3A-C). Similar results were obtained in cervical HeLa and NSCLC A549 MEK5-KO cells, where TRAIL 

induced higher cytotoxicity compared to wild type cells (Suppl. Fig. 1). As seen for the ERK5 inhibitor, 

ERK5-KO and MEK5-KO Ishikawa cells also showed enhance caspase-8 and -3 activation in response 

to DR ligands (Fig. 3B and 3C, respectively). Finally, we tested the cytotoxic effect of DR agonists in 

3D cultures of MEK5 wild type or KO Ishikawa cells, a more complex model to test the effect of drugs. 

In LIVE/DEAD fluorescence staining assays, 3D cultures of cells lacking ERK5 kinase activity (MEK5-

KO cells) showed higher sensitivity in response to TRAIL, TNF or anti-Fas activating antibody 

treatment, compared to 3D cultures of wild type cells (Fig. 3D).  

Together, our results support a role for ERK5 kinase activity in conferring resistance to TRAIL-induced 

apoptosis in cancer cells, whereas ERK5 inhibition improves TRAIL anticancer activity by favoring 

caspase-8 activation. 

ERK5 inhibition sensitizes EC patient-derived xenograft organoids (PDXOs) to TRAIL-induced 

toxicity. 

To further explore the therapeutic potential of ERK5 inhibition as a rTRAIL sensitizer agent, we 

generated EC patient-derived xenograft organoids (PDXOs). The EC PDXOs mimic the architecture of 

the original tissue, reflect the genetic profile of endometrial tumors, and predict patient prognosis38, 39. 

Thus, PDXOs represent a highly relevant preclinical tool to study endometrial cancer. In this work we 

generated PDXOs from 2 different EC patients (Suppl. Fig. 2). Immunofluorescence analysis confirmed 

the structural organization of the cells into organoids, with the presence of two key glandular epithelial 

markers, EpCAM (Fig. 4A) and E-cadherin, as well as the mesenchymal and cytoskeleton markers 

vimentin and F-Actin, respectively (Fig. 4B). The positive and heterogeneous staining of the epithelial 

markers in our PDXOs recapitulated the morphological organization of endometrial tumors (Fig. 4A-B). 

Next, we tested the effect of ERK5i in PDXOs in combination with rTRAIL. To do so, we measured the 

viability of the PDXOs using two different techniques: quantification of the intracellular ATP (Fig. 4C), 

and LIVE/DEAD cell viability assay (Fig. 4D). The PDXOs from the two patients showed different 

sensitivities to TRAIL, confirming that EC PDXOs exhibit patient-specific responses to drugs38. Thus, 

TRAIL treatment as a single agent decreased the viability of PDXOs from patient 440, but did not affect 
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viability of PDXOs from patient 1297 even at high concentrations (50 ng/ml). Interestingly, pre-incubation 

with the ERK5i sensitized both PDXOs to TRAIL-cytotoxicity (Fig. 4B-C). All in all, these preliminary 

results suggest that ERK5i could be a promising strategy to sensitize EC tumors to TRAIL anticancer 

activity, independently of the sensitivity status of the patients to TRAIL-treatment. 

ERK5 inhibition or genetic deletion induces TP53INP2 protein levels to sensitize cancer cells to 

DR agonists.  

TP53INP2 mediates caspase-8 K63-ubiquitylation in response to DR agonists, facilitating caspase-8 

activation and apoptosis induced by these agonists11. Hence, to elucidate the mechanism involved in 

the sensitization to TRAIL exerted by ERK5 inhibition, we next investigated the effect of ERK5 

modulation on TP53INP2 protein levels in four EC cell lines. Ishikawa, ARK1, ARK2 and AN3CA EC 

cells were treated with JWG-071 for 24h, and TP53INP2 protein levels were analyzed by immunoblot. 

ERK5i induced a robust increase on TP53INP2 protein levels in all EC cell lines tested (Fig. 5A), without 

affecting TRAIL receptor DR5 protein levels. Furthermore, genetic deletion of either ERK5 or MEK5 also 

resulted in a significant increase on TP53INP2 protein levels (Fig. 5B).    

After DR receptor activation, DISC recruits and allows the activation of caspase-8, by a mechanism that 

is facilitated by the binding of TP53INP2 to caspase-8, which allows an efficient caspase-8 K63 

ubiquitylation11. Therefore, we next tested whether increased TP53INP2 expression induced by the 

ERK5i also resulted in higher levels of TP53INP2 bound to caspase 8. For this purpose, cells transiently 

overexpressing FLAG-tagged TP53INP2 were treated with JWG-071 (6 h), and the amount of caspase 

8 bound to TP53INP2 was detected by immunoblot of the immunoprecipitated pellets. As shown in Fig. 

5C, ERK5 inhibition resulted in higher levels of TP53INP2/Caspase-8 complex.  

Next, we investigated the role of TP53INP2 in the sensitization of EC cells to DR ligands exerted by 

ERK5 inhibition. We generated CRSIPR/Cas9 TP53INP2-KO Ishikawa cells, which were used to assess 

the apoptosis induced by DR agonists after pre-treatment with the ERK5i. Compared to wild type 

Ishikawa cells, TP53INP2-KO cells showed significantly lower apoptosis in response to TRAIL, TNF or 

FasL (Fig. 5D), confirming TP53INP2 as a player of the extrinsic apoptosis signaling pathway11. 

Importantly, the sensitization to DR agonists toxicity induced by ERK5 inhibition in EC cells was greatly 

impaired in cells where TP53INP2 was genetically depleted (TP53INP2-KO cells) (Fig. 5D). These 

results were confirmed using cervical cancer HeLa cells with TP53INP2 knocked-down, where ERK5i 

resulted in impaired sensitization to DR agonists (Fig. Suppl. 3). Accordingly, in TP53INP2-KO cells, 
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ERK5 inhibition did not enhance caspase-8 activity induced by DR agonists (Fig. 5E-F). Finally, ERK5i 

sensitized Ishikawa-WT 3D cultures to TRAIL-induced toxicity, but not TP53INP2-KO 3D cultures (Fig. 

5G-H). These results indicate that TP53INP2 mediates the sensitization to DR agonists exerted by ERK5 

inhibition, by favoring caspase-8 activation.  

ERK5 phosphorylates and modulates TP53INP2 protein stability. 

Given the fact that TP53INP2 has a short half-life (4 h40), and that ERK5 inhibition induced TP53INP2 

protein levels, we next investigated whether ERK5 activity could regulate TP53INP2 protein stability. 

We first studied the role of the proteasome in TP53INP2 proteostasis using the inhibitor MG-132. To 

avoid an effect due to transcriptional regulation of the TP53INP2 gene, we used cells ectopically 

expressing human FLAG-TP53INP2. Short-time treatment (6 h) with the proteasome inhibitor MG-132 

resulted in a robust increase on FLAG-TP53INP2 protein levels (Fig. 6A). Of note, active ERK5 

overexpression - but not ERK5 kinase-dead overexpression- resulted in impaired TP53INP2 protein 

levels, which were recovered by proteasome inhibition (Fig. 6A). We discarded a direct effect of MEK5 

or ERK5 on the proteasome activity, since MEK5 or ERK5 inhibitors did not induce accumulation of 

cellular ubiquitylated proteins (Fig. Suppl. 4). These results strongly suggested that ERK5 kinase 

activity mediates the TP53INP2 ubiquitylation required for its proteasomal degradation. This was 

confirmed by denaturing pull-down assays using cells overexpressing His-tagged ubiquitin, TP53INP2 

and/or active ERK5. As shown in Fig. 6B, proteasome inhibition increased TP53INP2 protein levels and 

induced accumulation of ubiquitylated species. Importantly, overexpression of active ERK5 resulted in 

significantly higher levels of ubiquitylated wild type TP53INP2 (Fig. 6B), suggesting that ERK5 activity 

induces TP53INP2 ubiquitylation and proteasomal degradation. Accordingly, active ERK5 did not induce 

degradation of the ubiquitylation-deficient TP53INP2-3K/R mutant41 (Fig. 6C), whereas ERK5 inhibition 

restored the lower TP53INP2 protein levels induced by protein synthesis inhibition with cycloheximide 

(Fig. 6D, upper panels). As expected, cycloheximide treatment did not affect protein expression of the 

ubiquitylation-deficient TP53INP2-3K/R mutant (Fig. 6D, lower panels).  

Phosphorylation of KLF2 and cMYC by ERK5 regulates ubiquitylation and the proteostasis of these 

transcription factors42, 43. Given our results, we next explored whether this was also the case for 

TP53INP2. As it happens for other MAPKs, ERK5 requires to dock the substrate for an efficient 

phosphorylation. We performed immunoprecipitation assays using cell lysates containing endogenous 

(Fig. 6E) or overexpressed FLAG-tagged ERK5 and GST-tagged TP53INP2 proteins (Fig. Suppl. 5), 
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and we found that both proteins interact with each other. Next, we performed in vitro radiochemical 

kinase assays. We incubated affinity-purified TP53INP2 with pure recombinant active ERK544 in the 

presence of 32P-[ATP]. After SDS-PAGE electrophoresis incorporation of 32P into proteins was 

monitored by autoradiography. As shown in Fig. 6F, ERK5 efficiently phosphorylated TP53INP2 in vitro. 

TP53INP2 phosphorylation and ERK5 autophosphorylation were ablated with the ERK5 inhibitor JWG-

071 (Fig. 6F), indicating that trace contaminant kinases were not responsible for the phosphorylation. 

To identify the TP53INP2 residues phosphorylated by ERK5, non-phosphorylated (control) and 

phosphorylated (ERK5) TP53INP2 were subjected to tryptic digestion and LC-MS/MS analysis. 

TP53INP2 is a proline-rich protein with low content of basic residues. Therefore, this analysis only 

allowed the identification of peptides comprising the N-term (aa 1-23) and C-term (aa 145-220) of 

TP53INP2, where Thr12, Ser14 and Ser208 were identified equally phosphorylated in both control and 

ERK5 samples (Suppl. Fig. 6). These results suggested that ERK5 phosphorylates TP53INP2 in the 

central region of the protein comprising aa 24-144. As described for other MAPKs, ERK5 is a proline-

directed kinase that phosphorylates Ser or Thr residues immediately preceded or followed by a proline 

residue45. TP53INP2 central region (aa 24-144) contains two clusters of Ser/Thr residues preceded or 

followed by a proline: cluster 1, containing Ser49, Ser65 and Thr74; and cluster 2, containing Ser94, 

Ser105, Ser121, Ser123 and Thr141. We first generated a TP53INP2 mutant in which the three putative 

phosphorylated sites in cluster 1 were mutated to Ala (TP53INP2-S49A/S65A/T74A, hereafter called 

TP53INP2-3A) (Fig. 6G). The TP53INP2-3A mutant retained the ability to interact with ERK5 (Suppl. 

Fig. 7), but it was poorly phosphorylated by ERK5 (Fig. 6H), indicating that ERK5 at least 

phosphorylates Ser49, Ser65 and Thr74 in TP53INP2.  

Next, we sought to investigate the impact of ERK5-mediated phosphorylation in TP53INP2 stability, by 

comparing the ectopic expression of wild type, phospho-deficient (3A) and ubiquitylation-deficient (3K/R) 

TP53INP2 mutants in cells. Interestingly, both the phospho-deficient and the ubiquitylation-deficient 

mutants showed similar expression, which was significantly higher than wild type TP53INP2 (Fig. 6I). 

Furthermore, ERK5 inhibition increased the levels of wild-type TP53INP2 protein, but not of any of the 

mutants. Of note, ERK5 inhibition resulted in wild type TP53INP2 protein levels similar to those observed 

for basal expression of the 3A or 3K/R mutants (Fig. 6I). These results prompted us to investigate 

whether ERK5 phosphorylation affected TP53INP2 ubiquitylation. To address this question, we 

performed denaturing pull-down ubiquitin experiments. Both the ubiquitylation-deficient and the 
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phospho-deficient TP53INP2 mutants showed impaired ubiquitylation, compared to the wild type 

protein, suggesting that the phospho-deficient mutant showed impaired proteasomal degradation (Fig. 

6J). To confirm this, we performed cycloheximide chase experiments. Ectopically expressed TP53INP2 

showed a half-life of ~4 hours, while the phospho-deficient 3A mutant behaved as a significantly more 

stable protein (similar to the ubiquitylation-deficient mutant, half-life > 8 hours) (Fig. 6K). Together, our 

results suggest that phosphorylation at Ser49, 65 and Thr74 by ERK5 induces TP53INP2 ubiquitylation 

and proteasomal degradation.  

ERK5 inhibition does not affect apoptosis-related transcriptional programs. 

Next, to investigate changes on transcriptional programmes related to apoptosis due to ERK5 inhibition, 

we performed RNA sequencing (RNAseq) of EC Ishikawa cells treated with JWG-071. Only 260 genes 

were differentially expressed (DEG) in response to ERK5 inhibition (Qvalue<0.05, log2 fold change 

>|1.5|) (Fig. 7A), of which 202 (~80% of DEGs) were downregulated (Figure 7B), suggesting that ERK5 

kinase activity positively regulates transcription in EC cells. Of note, altered hallmarks include 

angiogenesis, p53-pathway and cholesterol hallmarks, but not the apoptosis hallmark (Fig. 7C). This 

was confirmed by Gene Set Enrichment Analysis (GSEA), which did not identify significant alterations 

(FDR=0.44) of apoptosis signatures in response to ERK5i (Fig. 7D). Further GSEA analysis did not find 

significant changes in extrinsic apoptosis transcriptional programs (Fig. E-F). Interestingly, ERK5i did 

not alter TP53INP2 gene transcription, supporting a posttranslational regulation of TP53INP2 protein by 

ERK5. 

Overall, our transcriptomic analysis supports the hypothesis that ERK5 modulates extrinsic apoptosis 

by posttranslational mechanisms, rather than altering transcription of apoptosis-related genes, at least 

in EC cells. 

ERK5 inhibition or its genetic deletion sensitize EC cells to TRAIL/FasL expressed by natural 

killer cells.  

Natural killer cells induce intrinsic and extrinsic apoptosis in cancer cells by two different mechanisms. 

Intrinsic apoptosis results from the action of the cytolytic pathway, which is induced by the release of 

granzymes and perforin. Perforin forms pores at the membrane of target cells, allowing the entry of 

granzymes that directly cleave and activate caspase-3. On the other hand, NK cells express membrane 

TRAIL and FasL, which bind DR4/5 (TRAIL receptors) and Fas (CD95) in target cells, triggering extrinsic 

apoptosis in tumor cells46.  
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We next studied whether ERK5 inhibition sensitizes EC cells to apoptosis induced by NK cells. For this 

purpose, we expanded NK cells from freshly isolated PBMCs of four healthy human donors and purified 

them, as described in Methods; eNK cells displayed other phenotypic differences as compared to fresh 

NK cells (Suppl. Fig 8), and expressed higher levels of activating receptors involved in the response to 

tumor cells (e.g. NKG2D, NKp46, NKp30)47 (Suppl. Fig 9 A-C). eNK cells expressed granzyme B and 

perforin (Supp. Fig. 9 D and E). Unlike fresh NK cells, eNKs also displayed surface TRAIL (Fig. 8A) 

and FasL, the latter detected only following incubation with target cells (Fig. 8B), in agreement with a 

previous report46.  

Ishikawa EC cells were treated with the ERK5 inhibitor or vehicle, exposed to human eNKs, and 

apoptosis was quantified by measuring either caspase-8 activity with a luminescent substrate (LETD) 

or cleaved caspase-3 by flow cytometry intracellular staining (Fig. 8C). Gating strategy is exemplified in 

Suppl. Fig. 10. ERK5 inhibition increased eNK-induced caspase-8 activity in Ishikawa cells (Fig. 8D) 

and the relative effect was greater when perforin was inhibited with Concanamycin A48 (Fig. 8D, yellow 

shading). Parallel experiments showed that ERK5i also tended to increase (but not significantly) eNKs-

induced caspase-3 activity in Ishikawa cells, an effect which became particularly evident when the eNK 

cytolytic pathway was inhibited with Concanamycin A (Fig. 8E). These results strongly suggest that 

ERK5 inhibition sensitizes EC cells to the extrinsic apoptosis induced by TRAIL and FasL expressed by 

NK cells. We also assessed the contribution of TP53INP2 to this process. Genetic deletion of TP53INP2 

almost completely protected Ishikawa cells from apoptosis induced by eNK cell TRAIL/FasL (Figure 

8E). Of note, the ERK5 inhibitor did not sensitize TP53INP2-KO cells to apoptosis induced by 

TRAIL/FasL expressed by eNKs (Figure 8E). These results support that ERK5 inhibition sensitizes EC 

cells to the toxicity induced by TRAIL/FasL from NK cells through TP53INP2. To further investigate the 

role of the MEK5-ERK5 pathway, analogous experiments were carried out using MEK5-KO or ERK5-

KO EC cells. Similar to ERK5 inhibition, genetic deletion of MEK5 or ERK5 increased eNK cell-induced 

apoptosis of EC cells, particularly when the cytolytic pathway was inhibited (Fig. 8F).   

Together, our results point to the ERK5-TP53INP2 pathway as a negative regulator of NK-TRAIL/FasL-

induced apoptosis in cancer cells, and ERK5 inhibition as a new strategy to improve the anticancer 

activity of NKs. 

Discussion 
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Extrinsic apoptosis is triggered by direct binding of DR ligands (TRAIL, TNFα and FasL) to their cognate 

receptors. After DR ligands interaction, DRs trimerize, inducing the formation of the DISC by recruiting 

FADD and the inactive form of caspase-8 (for TNFRs, recruitment of TRADD is necessary prior to FADD 

and pro-caspase-8 recruitment)3. Binding of multiple pro-caspase-8 molecules to FADD leads to 

caspase-8 oligomerization allowing its autoproteolytic cleavage4. Importantly, caspase-8 K-63 

ubiquitylation plays a critical role in this process9, 11. Then, active caspase-8 cleaves the executioner 

caspase-3 to promote cellular apoptosis. In this study, we described a new signaling pathway involved 

in sensitization of cancer cells to the apoptosis induced by death receptor ligands. Hence, MAPK ERK5 

phosphorylates and induces the ubiquitylation and proteasomal degradation of TP53INP2, a protein 

required for K63 ubiquitylation and full activation of caspase-8 in response to DR ligands (Fig. 9). 

Recent work has described an important role for TP53INP2 in regulating the extrinsic apoptotic pathway. 

TP53INP2 binds to caspase-8, acting as a scaffolding protein that facilitates the recruitment of the E-3 

ligase TRAF611. TRAF6 mediates caspase-8 K63-linked ubiquitylation, required for caspase-8 

oligomerization and full activation36. Thus, ectopic overexpression of TP53INP2 sensitized cancer cells 

to DR ligands-induced apoptosis11, suggesting modulation of TP53INP2 proteostasis as a new strategy 

to improve the apoptosis induced by DR ligands. Here, we showed that cellular TP53INP2 has a short 

half-life (4 hours), is degraded at the proteasome upon ubiquitylation, and that phosphorylation regulates 

its stability. Specifically, we found that ERK5 phosphorylates at least three residues (S49, S65 and T74) 

located at the N-terminal end of TP53INP2, between the LC3-interacting region (LIR) and the ubiquitin 

interacting motif (UIM)11. Although we cannot discard the phosphorylation of other residues by ERK5, 

our results suggest that ERK5-mediated phosphorylation of S49, S65 and T74 is enough to induce 

TP53INP2 ubiquitylation and proteasomal degradation. Thus, it is likely that this multisite 

phosphorylation could allow the recruitment of the putative E3 ligase responsible for TP53INP2 

ubiquitylation, yet to be discovered. In this regard, ERK5 is emerging as a protein kinase that regulates 

the stability of its substrates, as ERK5 phosphorylation modulates the recruitment of specific E3 ligases 

towards the target protein substrate. For instance, ERK5 phosphorylates KLF2 transcription factor at 

three Ser/Thr-Pro residues (T171, S175 and S247). This phosphorylation results in the recruitment of 

FBXW7 substrate adaptor of the RING-finger E3 ubiquitin ligase Cullin-1, which ubiquitylates and 

induces proteasomal degradation of KLF242. On the contrary, phosphorylation of c-MYC at Ser62 by 

ERK5 impairs the recruitment of the FBXW7 substrate adaptor, which results in increased c-MYC protein 
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stability43. It will be interesting to investigate whether FBXW7 also regulates TP53INP2 ubiquitylation 

upon ERK5 phosphorylation.  

In agreement with the results referred above, ERK5 pathway inhibition or genetic deletion sensitized 

cancer cells to DR ligands-induced apoptosis. This effect was mediated by the stabilization of TP53INP2 

protein levels, since ERK5 pathway inhibition did not sensitize cancer cells lacking TP53INP2 

(TP53INP2-KO cells) to the apoptosis induced by DR ligands. Mechanistically, ERK5 pathway inhibition 

impaired TP53INP2 proteasomal degradation, which resulted in elevated TP53INP2 protein levels and 

higher TP53INP2-Caspase 8 complex levels. In this scenario, elevated TP53INP2 levels could facilitate 

the ubiquitylation and full activation of caspase-8 in response to DRs activation (Fig. 9). It will be 

interesting to investigate whether TP53INP2 stability is also regulated by other oncogenic protein 

kinases, as the MEK5-ERK5 pathway does. If so, TP53INP2 proteostasis could emerge as a central 

node regulating sensitivity/resistance to DR agonist cytotoxicity, by integrating oncogenic signaling 

pathways involved in cancer cell survival. Of note, we cannot rule out other players contributing to the 

sensitization to DR ligands-induced apoptosis exerted by inhibition of the ERK5 pathway. In this regard, 

transcriptomic analysis identified minor but significant changes on FLIP (log2 FC -0,57) and XIAP (log2 

FC -0,27) mRNA levels in response to ERK5 inhibition, two key proteins involved on resistance to DR 

ligands cytotoxicity49. Future work is needed to investigate whether ERK5 inhibition impairs FLIP and 

XIAP protein level, as observed for the CDK1/2/9 and ERK5 multiple kinase inhibitor TG0250. 

Among DR ligands, only TRAIL-receptor agonists (TRAs) have been developed as anticancer agents. 

Although FasL and TNF show potent cytotoxicity in cancer cells, the use of these DR agonists in the 

clinic has been jeopardized by their severe toxicity in normal cells and tissues. Among others, TNF-α 

and FasL are cytotoxic towards hepatocytes, and induce lethal liver injuries in animal models51, 52. On 

the contrary, TRAIL selectively induces apoptosis in cancer cells12, and therefore TRAs represent a 

promising strategy to tackle cancer. However, despite initial hopes, TRAs have shown limited 

therapeutic benefits in clinical trials due to inherent resistance of primary tumors to TRAIL-treatment53. 

Consequently, much effort has been addressed to identify strategies to improve the anticancer activity 

of TRAs, mostly by sensitizing cancer cells to TRAs-induced apoptosis. Initially, strategies addressed 

specific resistance mechanisms driven by anti-apoptotic proteins such as IAPs and Bcl-2 family 

members. However, due to the heterogeneous nature of human cancers, these strategies did not show 

benefit in clinical trials54. Lately, it has been proposed the use of protein kinase inhibitors to remove 
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resistance to TRAs-based therapies, given their ability to simultaneously block both oncogenic pathways 

and the activity of several proteins involved in this resistance13.  In this work, using cancer cell lines from 

different origin and known to be resistant to recombinant TRAIL (rTRAIL), we demonstrated that 

pharmacologic inhibition of ERK5 is an effective strategy to improve TRAIL cytotoxicity, by stabilizing 

TP53IP2 protein levels. Interestingly, ERK5 inhibition or MEK5 genetic deletion also sensitized NSCLC 

KRAS mutated A549 cells to TRAIL cytotoxicity, a model where TRAIL induces cancer progression, 

invasion and metastasis instead of activating apoptosis53, 55. These preliminary results suggest that 

ERK5 inhibition switches the protumoral phenotype of TRAIL to an antitumoral (apoptotic) phenotype in 

NSCLC harboring activating KRAS mutations. We also found that ERK5 inhibition sensitized EC patient-

derived xenografts (PDXOs, a highly relevant pre-clinical model) to rTRAIL toxicity. Since EC PDXs 

maintain the genomic and molecular characteristics of patients39, and PDXOs maintain the genetic 

profile of EC subtypes predicting patient prognosis against treatments38, our results support the use of 

ERK5 inhibitors to sensitize EC tumors to TRAs-based therapies. Future work is required to investigate 

whether this strategy might work for other cancer types. 

Natural killer cells are critical players of the anti-tumor action of the immune system. Lately, NK cells 

have gained significant attention for cancer immunotherapy, since their cytotoxic activity does not 

require prior exposure to tumor antigens and they can efficiently kill tumor cells with minimal graft-

versus-host disease56. However, one limitation of NK cell-based immunotherapy is that tumor cells 

frequently escape the immune attack due to inherent resistance mechanisms to apoptosis57. Therefore, 

drugs that sensitize tumors to the NK cytotoxicity are gaining high clinical relevance. Here, we provide 

preliminary evidence showing that ERK5 inhibition sensitizes EC cells to the extrinsic apoptosis 

(caspase-8 activation) induced by TRAIL/FasL expressed by eNKs. Our results are in agreement with a 

previous report, showing that ERK5 silencing (shRNA) sensitized leukemic cells to the cytotoxicity 

exerted by the cytolytic and the extrinsic apoptotic (FasL) pathways of NK cells58, although the authors 

did not deep into the mechanistics of such effect. Our study points TP53INP2 protein as the key player 

in this process. As it happened for rTRAIL and anti-Fas activating antibody, sensitization of EC cells to 

NK cells required TP53INP2 protein stabilization.  Our results suggest that the enhanced eNK-induced 

apoptosis observed upon ERK5 blockade is due to an effect on the TRAIL/FasL-induced extrinsic 

pathway rather than on intrinsic apoptosis induced by perforin and granzymes, an important cytotoxic 

mechanism of NK cells. However, ERK5 inhibitors might well be relevant for improving the efficacy of 
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NK-based immunotherapies, given the fact that NK cells switch from granzyme/perforin-mediated 

cancer cell death to TRAIL/FasL-induced cytotoxicity during subsequent tumor cell encounters (also 

called serial killing)46. In this regard, it will be important to investigate whether modulation of the ERK5-

TP53INP2 pathway also affects the expression of components of both cytolytic (Granzymes/perforin) 

and TRAIL/FasL pathways in NK cells. Whether the results observed with our preparations of eNK cells 

might be extrapolated to different clinical adoptive immunotherapy protocols deserve attention59. 

The MEK5-ERK5 pathway plays an important role regulating the proliferation and survival of many solid 

cancers, such as hepatocarcinoma18, prostate21 or endometrial cancer20, among others. Consequently, 

ERK5 has been proposed as a new target to tackle several solid cancers. Thus, MEK5 or ERK5 

pharmacologic inhibitors have shown anticancer activity in xenograft models of several cancers. Of 

relevance for our work, ERK5 inhibitors sensitize tumor xenografts to standard chemotherapics such as 

5-fluorouracil60, doxorubicin61, paclitaxel20 or docetaxel62, potentiating the intrinsic apoptosis exerted by 

chemotherapy treatments. In this work, we provide for the first time evidence supporting a role for ERK5 

in sensitizing cancer cells to activators of the extrinsic apoptotic pathway. Hence, we propose 

pharmacologic modulation of ERK5 kinase activity as an effective way to improve the anticancer efficacy 

of apoptosis activating drugs, and support further preclinical development of ERK5 inhibitors. 
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Methods 

Reagents. ERK5 inhibitors JWG-071 (Merck), AX-15836 (MedChemExpress), and MEK5 inhibitors 

BIX02188 and BIX02189 (Selleckchem) were diluted in dimethyl sulfoxide (DMSO, Sigma). Pan-

caspase inhibitor Q-VD(OMe)-OPh (APExBIO) was diluted in DMSO. Death-receptor agonists, TRAIL 

(Peprotech) and TNF (Merck) were diluted in H2O 0.1% BSA, and anti-Fas activating antibody (Merck) 

was diluted in 50% glycerol in PBS. 

DNA constructs. The pEBG2T vectors encoding GST-tagged human ERK5 (WT) and ERK5 kinase-

dead mutant (D200A) were a gift from Dr. P. Cohen (MRC Protein Phosphorylation Unit, Dundee, UK)44. 

The pCMV5 vector encoding for HA-tagged constitutively active MEK5 (MEK5DD) was a gift from Dr. 

E. Nishida (Kyoto University, Japan)63. The vectors encoding human N-Terminal FLAG-tagged 

TP53INP2 were generated by inserting the human TP53INP2 full-length coding sequence into a 

pCDNA3.1 vector, using the restriction sites NheI and XhoI. The FLAG-tagged human TP53INP2 

mutants 3A (Ser49Ala, Ser65Ala, Thr74Ala) and 3K/R (Lys 165/187/204 mutated to Arg) were generated 

using the same strategy, inserting the synthetic sequences (ProteoGenix) into a pCDNA3.1 vector. The 

pCMV vector encoding 6xHis-tagged ubiquitin was a gift from Dr. A. C. Vertegaal (Leiden University, 

Netherlands)64, 

Cells, cell culture and transfection. AN3CA, ARK1 and ARK2 endometrial cancer (EC) cells, HeLa 

cervical cancer cells, A549 non-small cell lung cancer cells, LnCaP prostate cancer cells and SK-N-AS 

neuroblastoma cells were purchased from ATCC. Ishikawa EC cells were from ECACC and were 

purchased from Sigma. HeLa, ARK1, ARK2 and A549 cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Thermofisher) supplemented with 10% foetal bovine serum (FBS; Gibco) and 

1% Penicillin/Streptomycin (Pen/Strep; Gibco). AN3CA were maintained in DMEM-F12 medium 

(ThermoFisher) supplemented with 10% FBS and 1% Pen/Strep. SK-N-AS cells were cultured in 

Iscove′s Modified Dulbecco′s medium (IMDM; Thermofisher) with 20% FBS (Gibco), 1% Pen/Strep 

(Gibco) and 1% Insulin-Transferrin-Selenium (Gibco). Ishikawa cells were maintained in Modified Eagle 

Medium (MEM; Thermofisher). LnCaP cells were maintained in Roswell Park Memorial Institute Medium 

(RPMI-1640; Gibco) supplemented with 10% FBS (Sigma), 1% Pen/Strep (Gibco), nonessential amino 

acids (NEAA; Sigma), sodium pyruvate (Gibco) and HEPES (Gibco). HEK293T cells were transfected 

using Polyethylenimine (PEI; Polysciences), and Ishikawa and AN3CA cells were transfected using 

Lipofectamine2000TM (Thermofisher) as described before65. 
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For 3D cultures of EC cells, a Matrigel (Corning) layer of approximately 1-2 mm in thickness was seeded 

per well in a 96-well plate. After solidification of the Matrigel layer at 37ºC, 2500 Ishikawa cells were 

seeded per well in basal medium (DMEM/F-12, 1mM sodium pyruvate, 1% Pen/Strep) supplemented 

with 2% dextran-coated charcoal-stripped serum (Cytiva) and 3% Matrigel. 3D cultures were then left to 

grow during 5-7 days before performing the corresponding viability experiments. 

Generation of MEK5, ERK5 and TP53INP2 knockout cells by CRISPR/Cas9 technology.  We used 

CRISPR/Cas9 technology to genetically delete the MEK5 gene (MAP2K5) in HeLa, Ishikawa and A549 

cells, the ERK5 gene (MAPK7) in Ishikawa cells, and the TP53INP2 gene (TP53INP2) in Ishikawa cells. 

We used the following commercial kits from Santa Cruz technology: MEK5 (sc-401688-KO and sc-

401688-HDR), ERK5 (sc-400891-KO and sc-400891-HDR) and TP53INP2 (sc-405261-KO-2 and sc-

405261-HDR-2). Briefly, cells were co-transfected with the KO plasmid (containing the sgRNAs for the 

specific gene and the Cas9 endonuclease gene) and the HDR plasmid (which contains puromycin-

resistance gene that is inserted into the cut sites of the target genes through a HDR mechanism). The 

KO cells acquiring the puromycin resistance gene were selected with 1 ug/ml of puromycin (Sigma) for 

~3 weeks. Single colonies were recovered, monitored for target gene expression, and further expanded 

and stored in liquid nitrogen.   

Cell lysis, immunoblotting and immunoprecipitation. For immunoblot analysis cells were lysed in 

ice-cold RIPA buffer supplemented with 50 mM NaF, 5 mM sodium-pyrophosphate and 1 mM sodium-

orthovanadate. Cell lysates were sonicated and centrifuged at 12.000 g for 12 min at 4ºC, and 

supernatants were stored at -20°C until use. Protein concentration was determined using Pierce™ 

Coomassie Plus reagent (Thermofisher). Proteins were resolved in SDS-PAGE gels and 

electrotransferred onto nitrocellulose membranes (Merck). After incubation with the appropriated 

primary antibody, detection was performed using horseradish peroxidase-conjugated secondary 

antibodies and enhanced chemiluminescence reagent (Bio-Rad). Primary and secondary antibodies 

used are given in Suppl. Table 1. 

For immunoprecipitation, cells were lysed in ice-cold NP-40 buffer (50 mM Tris-HCl, 0.27M Sucrose, 

1mM orthovanadate, 1mM EDTA, 1mM EGTA, 10 mM glycerol-phosphate disodium salt, 50 mM NaF, 

5 mM sodium pyrophosphate, 0.5% (w/v) NP40, pH 7.5). Protein G-sepharose beads (Cytiva) bound to 

2.5 ug of the corresponding antibody were incubated with 1 mg of cell lysate for 2h at 4ºC with rotation. 

Then, immunoprecipitates were washed twice with NP-40 buffer supplemented with 150 mM NaCl, and 
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once with kinase buffer (Tris-HCl 50 mM, 0.1 mM EGTA, pH 7.5). Proteins were then eluted with 

Laemmli buffer and boiled for 5 min at 95ºC. Immunoprecipitation of cell lysates overexpressing FLAG-

tagged or GST-tagged proteins were performed using anti-FLAG-M2 affinity beads (Merck) or 

glutathione-Sepharose beads (Cytiva). 

Cell viability and clonogenic assays. Cell viability was determined using the MTT (3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium Blue, Sigma) reduction assay. For clonogenic assays, 1000 

Ishikawa cells were seeded in 6-wells plates. Twenty-four hours later, cells were treated with the 

indicated treatments for 10 days and stained with 0.5% crystal violet solution. Colonies were counted 

using ImageJ (FiJi).  

Flow cytometry analysis of apoptosis. Apoptosis analysis was performed using an Annexin-V 

Apoptosis detection kit (Invitrogen). Briefly, treated cells were trypsinized and counted. 105 cells were 

selected for the staining. Cells were washed with PBS, twice with the binding buffer, and finally incubated 

with Annexin-V-APC and PI for 15 minutes. Samples were then acquired on a BD LSRFortessa (BD 

Biosciencies) flow cytometer and analyzed with FlowJo software (vX.0.7, TreeStar).  

Caspase-8 activity assay. Cells were cultured in 96-well white plates with clear bottom (Corning). 

Twenty-four hours later, cells were treated, and caspase-8 activity was measured using the Caspase-

Glo® 8 kit (Promega), which uses the specific caspase-8 substrate LETD sequence, following the 

manufacturer’s instructions. Luminescence was measured in a Spark microplate reader (TECAN). 

In vitro radiochemical ERK5 kinase activity assay. Lysates from HEK293 cells overexpressing 

FLAG-tagged wild typeTP53INP2 or the TP53INP2-3A were affinity-purified with anti-FLAG-M2 affinity 

beads (Merck). Then, beads containing the immunoprecipitated TP53INP2 proteins were incubated with 

200 ng of active ERK544 in kinase buffer. Reactions (total volume 50 L) were started by adding a 

mixture of 10 mM MgCl2, 200 M [-32P]-ATP (400 cpm/pmol). Assays were carried out at 30ºC for 15-

30 min and terminated by adding 5x Laemmli buffer. Finally, samples were boiled for 5 min at 95ºC, 

resolved by SDS/PAGE gel electrophoresis, and radioactivity detected by autoradiography. 

In vivo TP53INP2 ubiquitination assay. HEK293T cells overexpressing His-Tagged Ubiquitin, FLAG-

TP53INP2 and/or GST-ERK5 and HA-MEK5DD (constitutively active), were resuspended in 1 ml of 

Buffer A (6M guanidinium-HCl, 100 mM Na2HPO4/NaH2PO4, 10 mM Imidazole, pH 8), sonicated for 1 

minute, passed through a 25G syringe, and finally centrifuged for 15 min at 15.000 g. The resulting 
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supernatants were incubated with 25 ul of Ni2+-NTA-agarose beads for 2 h at room temperature with 

rotation. Beads were successfully washed as follows: twice with Buffer A, four times with Buffer B (buffer 

A diluted 1:3 in buffer C (25 mM Tris-HCl, 20 mM Imidazole, pH 6.8), and twice with buffer C. 

Ubiquitylated proteins were eluted with Buffer C containing 250 mM Imidazole for 15 min at 37ºC. After 

adding Laemmli buffer, eluted proteins were boiled for 5 min at 95ºC, resolved in a SDS/PAGE gel and 

immunoblotted using anti-TP53INP2 antibody. 

Phosphoproteomic analysis. Purified FLAG-tagged TP53INP2 was incubated with 200 ng of active 

ERK5 in kinase buffer with 200 µM ATP for 30 min at 30°C, in a total reaction volume of 50 µl. The 

reaction was terminated by adding 5x Laemmli buffer, samples resolved in SDS/PAGE gel 

electrophoresis and stained with Coomassie Blue. The band corresponding to TP53INP2 was excised 

and digested with sequencing grade modified trypsin (Promega), using LFASP digestion protocol. 

Extracted peptides were analyzed by label-free liquid chromatography-tandem mass spectrometry (LC-

MS/MS) at the LP-CSIC/UAB Service facility. LC-MS/MS was performed using an Agilent 1200 nanoflow 

system (Agilent Technologies) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher 

Scientific) equipped with a nanoelectrospray ion source (Proxeon Biosystems). Peptides were identified 

using Proteome Discoverer v1.4 and SwissProt human database, and analyzed using MASCOT 

database search (matrixscience.com) to identify phospho-Ser/Thr and phospho-Tyr. 

Generation of EC Patient-Derived Xenograft Organoids (PDXOs). Each tumor tissue from EC PDXs 

was transferred into a 50-ml Falcon tube containing washing medium (DMEM/F12 supplemented with 

1% L-glutamine, Penicillin-Streptomycin and 10 mM HEPES) and kept on ice until the start of the 

isolation. Tissues were minced using scalpels, followed by sedimentation with washing medium 

supplemented with 0.1% BSA during 2-3 min, to wash away any potential microorganisms or cell types 

not contributing to the establishment of organoids. Enzymatic digestion was done with 1.25 U/ml dispase 

II (Merck), 0.4 mg/ml collagenase from Clostridium histolyticum type V (Merck), and ROCK inhibitor Y-

27632, on an orbital shaker for 60 min at 37 °C. Undigested tissue was discarded using a 100 μm cell 

strainer, and red blood cell lysis buffer (Merck) was subsequently added to the pellet. Single cells were 

then resuspended in BME (basement membrane extract, Bio-Techne) and seeded (20 μl droplets) onto 

non-treated 12-well culture plates. The suspension of organoids and BME was solidified at 37 °C for 10-

15 min before covering each well with 750 μl of standard organoid medium containing washing medium 

supplemented with 100 ng/ml recombinant human EGF (Bio-Techne), recombinant human Noggin (100 
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ng/ml, Stemcell Technologies), B-27 supplement (ThermoFisher), 10 μM Y-27632 (Miltenyi Biotec), 100 

nM SB202190 (Merck), 10 nM 17-β Estradiol (Merck), 10 μM Nicotinamide (Merck), 500 nM A83-01 

(Merck) and N-acetyl-L-cysteine 1.25mM (Merck). 

Viability assays in 3D cultures and EC PDXOs. Cells were seeded in 96-well white plates with clear 

bottom (Corning). When the 3D cultures or organoids were formed, they were treated for the indicated 

times and viability was assessed using the CellTiter-Glo® 3D Cell viability kit (Promega), following the 

manufacturer’s instructions. The CellTiter-Glo® 3D Cell viability kit measures the intracellular ATP 

content of the 3D cultures which is directly related to the viability of the cells. Luminescence was 

measured in a Spark microplate reader (TECAN). In parallel experiments, viability measurement was 

performed using a LIVE/DEAD viability/cytotoxicity kit assay (Thermofisher), as described before65. 

EC PDXOs immunofluorescence microscopy. Organoids were extracted from their BME matrix by 

adding ice-cold cell recovery solution (Corning) for 30-60 minutes. This procedure enables the 

dissolution of BME without damaging the organoids, and allows an optimal penetration of the antibody. 

Then, organoids were fixed with 4% (w/v) paraformaldehyde at 4°C for 45 min. Throughout the protocol, 

samples were washed extensively to avoid background or loss of signal. Primary antibodies E-cadherin 

(Abcam), Vimentin (Abcam) and EpCAM (Cell Signalling) were incubated overnight at 4°C on a 

horizontal shaker (40 rpm). Secondary antibodies Mouse IgG Alexa Fluor 555 (Abcam), Rabbit IgG 

Alexa Fluor 488 (Abcam) and the Phalloidin-iFluor 647 (Abcam) were added to each well and incubated 

overnight in the same conditions. Antibodies used in this process are listed in Suppl. Table 2. Optical 

clearing was accomplished by resuspending the organoids with homemade fructose-glycerol clearing 

solution. For slide preparation, a slice of double-sided tape was added on both sides of the slide to lift 

the coverslip, thereby maintaining the 3D structure of the organoids. The slide was then visualized by 

fluorescence confocal microscopy (Zeiss LSM980). 

RNA-seq analysis. Ishikawa cells were treated with either vehicle or JWG-071 for 24 h, and then lysed 

for RNA purification. RNA was purified from Ishikawa cells using RNeasy kit (Qiagen). RNA quality was 

evaluated using a Bioanalyzer 2100 (Agilent), and samples with a RIN value higher than 7 were 

selected. Then, libraries were prepared using TruSeq Kit (Illumina). RNA-sequencing (30 million reads 

per sample) was carried out at the DNBseq™ NGS technology platform with the Ilumina HiSeq4000 at 

the Beijing Genomics Institute (BGI). Finally, functional enrichment analyses were performed using Dr. 
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Tom software (BGI), the gene set enrichment analysis (GSEA) software and the gene ontology (GO) 

collection (MSigDB v7.1). 

Natural killer cell amplification and immunophenotyping characterization. Freshly isolated PBMCs 

(peripheral blood mononuclear cells) from healthy human donors were co-cultured with irradiated (40 

Gy) RPMI 8866 B lymphoblastoid cell line in a ratio 3:1 (3x106 PBMCs and 1x106 8866 cells per well in 

a 12 well-plate) in RPMI 1640 GlutaMax (Thermo Fisher Scientific) supplemented with penicillin (100 

U/ml), streptomycin (100 μg/ml), sodium pyruvate (1 mM), and 10% FBS. Cultures were split and fed 

every 3-4 days, adding IL-2 (200 U/ml) from day 7. On day 12, cultures were harvested and expanded 

natural killer (eNK) cells (CD56+/CD3-) were purified (Human NK Cell Isolation kit, Miltenyi). Expression 

of cytotoxic markers (Granzyme B, Perforin, TRAIL and FasL), activating (NKG2D, NKp46, NKp30, 

CD16) and inhibitory (KIRs, ILT2, NKG2A) NK cell receptors (NKR), as well as the CD57 marker was 

assessed. Briefly, PBMC or eNK cells were treated with blocking buffer (2% FBS, 2mM EDTA, 10 µg/mL 

aggregated human IgG in PBS) and stained with the indicated labelled antibodies listed in 

Supplementary table 2. For intracellular staining, cells were fixed and permeabilized with Fix/Perm kit 

(BD Biosciences) and stained for intracellular antigens. Samples were acquired on a BD-LSRII (BD 

Biosciences) and analyzed with FlowJo software (vX.0.7, TreeStar). Antibodies used in this process are 

listed in Suppl. Table 3. 

Natural killer cell cytotoxicity assay. Ishikawa cells were pre-treated with either JWG-071 or vehicle 

(0.05% v/v DMSO) for 12h and detached. In parallel, eNK cells were pre-treated with 1 µM 

Concanamycin-A (MedChemExpress) or vehicle (0.1% v/v DMSO) for 2 hours. eNK cells were co-

cultured with Ishikawa EC cells at 1:5 (effector:target) ratio in the presence of 1 µM Concanamycin A or 

vehicle for 4 hours in U-bottom 96-well plates (Corning), and active-caspase-3 in Ishikawa cells was 

analyzed by flow cytometry. Briefly, samples were stained with mAbs specific for CD45-BV510 (clone 

HI30) and EpCAM-AF647 (clone 9C4), together with Near IR-fluorescent reactive dye (Invitrogen) to 

exclude dead cells, permeabilized with wash/perm buffer, stained with anti-cleaved caspase-3-FITC 

antibody (BD Pharmingen, clone C92-605), acquired on a BD-LSRII flow cytometer (BD Biosciences) 

and analyzed with FlowJo software (vX.0.7, TreeStar). Percentages of active Caspase 3+ cells were 

assessed in viable Ishikawa cells (EpCAM+/CD45-). Antibodies used in this process are listed in Suppl. 

Table 3. 
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Schematics and statistical analysis. The schemes in figures 6F, 8C and 9 were created with 

PowerPoint (Microsoft). Individual data points are displayed in all the bar plots. Data are presented as 

the mean ± standard deviation (S.D.) of at least n=3 independent experiments. The statistical tests used 

are reported in the figure legends. Significance was established using one-way ANOVA followed by 

Bonferroni multiple comparison test, two-tailed Student’s test or two-way ANOVA followed by Tukey 

multiple comparison test (individual p-values are represented in each figure). All the analyses were 

performed with GraphPad Prism 8. 

Data availability. The RNA sequencing datasets generated in this study have been deposited in the 

GEO database repository under accession code (pending). The remaining data are available within the 

Article, Supplementary Information or Dataset files.  
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Figure legends 

Figure 1. ERK5 inhibition sensitizes cancer cells to DR ligands-induced apoptosis by favoring 

Caspase-8 activation. A, ERK5 inhibition sensitizes EC cells to TRAIL-induced cytotoxicity. EC cells 

were pre-incubated with ERK5i JWG-071 for 12 h, previous treatment with TRAIL for 24 h (mean ± SD, 

n = 4 independent biological experiments, one-way ANOVA). Lower tables show cell viabilities (%) of 

each pairwise combination of drug doses (blue color, maximum cell viability; red color, minimum cell 

viability). B, Inhibitors of the MEK5-ERK5 pathway sensitize Ishikawa EC cells to TRAIL-induced 

cytotoxicity. EC cells were pre-incubated with different ERK5i (JWG-071 and AX-15836) or MEK5i 

(BIX02188 and BIX02189) for 12 h, previous treatment with TRAIL for 24 h (mean ± SD, n = 3 

independent biological experiments, one-way ANOVA). C. ERK5 inhibition sensitizes EC cells to TNF-

α and anti-Fas activating antibody. EC cells were pre-incubated with ERK5i JWG-071 for 12 h, previous 

treatment with TNF-α or anti-Fas for 24 h (mean ± SD, n = 4 independent biological experiments, one-

way ANOVA). Lower tables show cell viabilities (%) of each pairwise combination of drug doses (blue 

color, maximum cell viability; red color, minimum cell viability). D, ERK5 inhibition sensitizes different 

human cancer cell lines to TRAIL-induced cytotoxicity. Cell viability experiments were performed as in 

A. E, ERK5 inhibition enhances caspase-8 activation induced by DR ligands. Ishikawa cells pre-treated 

with 5 M JWG-071 (12 h) were treated (4 h) with TRAIL, TNFα or anti-Fas activating antibody. 

Caspase-8 and Caspase-3 activation was monitored by immunoblot analysis. F, Inhibition of caspases 

prevents sensitization to TRAIL induced by ERK5i. Ishikawa cells pre-treated (2 h) with pan-caspase 

inhibitor Q-VD-OPH were treated with 5 M JWG-071 (12 h) and further exposed to 100 ng/ml TRAIL 

for 24h. Histograms show the % of cell viability. Statistical significance was calculated using one-way 

ANOVA followed by Bonferroni multiple comparison test. Unless indicated, p-values refer to statistical 

difference of combined (TRAIL and ERK5i) vs TRAIL single treatment. 

Figure 2. ERK5 kinase activity confers resistance to TRAIL-induced apoptosis in cancer cells. A, 

Active ERK5 protects AN3CA EC cells to TRAIL-induced apoptosis. AN3CA EC cells were transfected 

with either ERK5 or a ERK5 kinase-dead mutant (D200A, ERK5-KD) together with a constitutively active 

form of MEK5 (MEK5-DD). Twenty-four hours after transfection cells were treated with 25 ng/ml TRAIL 

(8 h), and apoptosis was analyzed by flow cytometry (Annexin-V and PI staining). Left panel shows 

representative results of flow cytometry analysis. Right histograms show the quantification of apoptotic 

cells (early apoptotic Annexin-V+/PI- and late apoptotic Annexin-V+/PI+ cells). B-C, ERK5 kinase 
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activity impairs caspase-8 activation in response to TRAIL in AN3Ca (B) and Ishikawa (C) cells. 

Immunoblot analysis.  Right histograms show the quantification of cleaved caspase-8 and -3 bands 

(mean ± SD, n = 3 independent biological experiments, one-way ANOVA followed by Bonferroni multiple 

comparison test). ***p < 0.001. 

Figure 3. ERK5 or MEK5 genetic deletion sensitizes Ishikawa EC cells to DR agonists-induced 

apoptosis by favoring Caspase-8 activation. A, Ishikawa wild type, MEK5-KO or ERK5-KO cells were 

treated for 24 h with 50 ng/ml TRAIL, 20 ng/ml TNF or 100 ng/ml Anti-Fas activating antibody, and 

apoptotic cells were analyzed by flow cytometry (Annexin-V and PI staining). Right histograms show the 

quantification of apoptotic cells (mean ± SD, n =3 independent biological experiments, one-way 

ANOVA). B-C, MEK5 or ERK5 genetic deletion enhances caspase-8 activation in response to DR 

ligands. Ishikawa wild type, ERK5-KO (B) or MEK5-KO (C) cells were treated for 4 h with 50 ng/ml 

TRAIL, 20 ng/ml TNF or 100 ng/ml Anti-Fas activating antibody. Caspase-8 and caspase-3 activation 

was monitored by immunoblot analysis. D, MEK5 genetic deletion sensitizes 3D cultures of Ishikawa 

cells to DR ligands. 3D cultures were treated with 50 ng/ml TRAIL, 20 ng/ml TNF or 100 ng/ml Anti-

Fas activating antibody for 24 h, and cell viability was analyzed with LIVE/DEAD reagent (alive cells, 

green; dead cells, red). B-C, similar results were obtained in three independent experiments. 

Figure 4. ERK5 inhibition sensitizes PDX-derived organoids (PDX-Os) from endometroid cancer 

patients to TRAIL-induced cytotoxicity. A-B, PDX-Os recapitulates the morphological organization 

of endometrial tumors. Confocal immunofluorescence imaging of PDX-Os from patients 440 and 1297 

stained with epithelial (EpCAM and E-cadherin), mesenchymal (vimentin), cytoskeleton (F-actin) and 

nuclei (DAPI) markers. Scale bars are represented in the bright field photos. C-D, ERK5 inhibition 

sensitize EC PDX-Os to TRAIL-induced cytotoxicity. PDX-Os from patients 440 and 1297 were pre-

treated with either vehicle or 5 µM JWG-071 for 12 h, previous treatment with TRAIL (48 h). Cytotoxicity 

was assessed by measuring intracellular ATP levels in PDXOs (C), or by LIVE/DEAD staining of PDX-

Os (D) (alive cells, green; dead cells, red). Statistical significance was calculated using one-way ANOVA 

followed by Bonferroni multiple comparison test. Individual p-values are indicated in each figure. 

Figure 5. ERK5 inhibition or genetic deletion sensitize cancer cells to DR agonists by increasing 

TP53INP2 protein levels. A, ERK5 inhibition upregulates TP53INP2 protein levels in EC cancer cells. 

Ishikawa, ARK1, ARK2 and AN3CA EC cells were treated for 24 h with either vehicle or 5 M JWG-071. 

TP53INP2 and DR5 protein levels were determined by immunoblot analysis. B, ERK5 or MEK5 genetic 
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deletion upregulates TP53INP2 protein levels. C, ERK5 inhibition increases the amount of TP53INP2 

bound to Caspase-8. HEK293T cells overexpressing FLAG-TP53INP2 were treated with either vehicle 

or 3 M JWG-071 for 6 h. After immunoprecipitation of FLAG-TP53INP2, the presence of Caspase-8 in 

the immunoprecipitated fraction was detected by immunoblot analysis. D. TP53INP2 mediates the 

sensitization of EC cells to DR agonists exerted by ERK5i. Ishikawa wild type TP53INP2-KO cells were 

pre-treated 3 M JWG-071 (16 h), treated with 50 ng/ml TRAIL, 20 ng/ml TNF or 100 ng/ml Anti-Fas 

activating antibody for 24 h, and apoptotic cells were analyzed by flow cytometry (Annexin-V and PI 

staining). Lower panel shows the corresponding quantification of the results of three independent 

biological experiments (one-way ANOVA followed by Bonferroni multiple comparison test). E-F, ERK5 

inhibition favors caspase-8 activation in response to DR-ligands in a TP53INP2 protein-dependent 

manner. Caspase-8 activation was measured by a luminescent substrate (LETD) assay (E), or by 

monitoring Caspase-8 cleavage by immunoblot (F). Cells were pre-treated with JWG-071 (12 h) and 

further treated with 50 ng/ml TRAIL, 20 ng/ml TNFα or 100 ng/ml Anti-Fas activating antibody for 4 h. 

G-H, ERK5 inhibition sensitize 3D cultures of EC Ishikawa cells to TRAIL in a TP53INP2-dependent 

manner. 3D cultures of Ishikawa wild type or TP53INP2-KO cells were pre-treated 12h with JWG-071, 

and further treated with the indicated concentrations of TRAIL for 24 h. Viability of the 3D cultures was 

assessed by measuring intracellular ATP-content (G) or by LIVE/DEAD staining (H). Alive (green) and 

dead cells (red) were visualized by fluorescence microscopy. Statistical significance of E and G was 

calculated using one-way ANOVA followed by Bonferroni multiple comparison test. Individual p-values 

are indicated in each panel. 

Figure 6. ERK5 phosphorylation of TP53INP2 induces ubiquitylation and proteasomal 

degradation of TP53INP2. A, Active ERK5 overexpression induces TP53INP2 proteasomal 

degradation. HEK293T were transfected with vectors encoding for FLAG-TP53INP2 and GST-tagged 

wild type ERK5 (ERK5-WT) or ERK5 kinase-dead mutant (ERK5-KD), in combination with a vector 

encoding for a constitutively active form of MEK5 (MEK5-DD). Cells were treated with either vehicle or 

MG-132 (4 h), and protein levels monitored by immunoblot analysis. B. ERK5 kinase activity induces 

TP53INP2 ubiquitylation. HEK293T cells were transfected with plasmids encoding for FLAG-TP53INP2 

and His-tagged ubiquitin, and/or for GST-tagged ERK5 and MEK5DD (active ERK5). After incubating 

with MG-132 (4 h), ubiquitylated TP53INP2 was affinity-purified and detected by immunoblotting. C, 

Active ERK5 does not induce proteasomal degradation of the ubiquitin-deficient mutant TP53INP2-
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3K/R. Experiment was performed as in A. D, ERK5 inhibition stabilizes TP53INP2 protein levels. 

Immunoblot analysis of HEK293 cell lysates overexpressing wild type or ubiquitin-deficient mutant, 

treated with ERK5i and the protein synthesis inhibitor cyclohexamide (CHX) for 8 hours. E, ERK5 

interacts with TP53INP2. One milligram of Ishikawa cell lysates was immunoprecipitated with anti-ERK5 

antibody, and levels of pelleted TP53INP2 and ERK5 were monitored by immunoblot analysis. F-G, 

ERK5 phosphorylates TP53INP2 at Ser49, Ser65 and Thr74. F, FLAG-TP53INP2 protein expressed in 

HEK293T was affinity purified, and incubated with pure active ERK5 in the presence of [-32P]-ATP. 

After resolving the proteins by SDS/PAGE electrophoresis, incorporation of 32P was monitored by 

autoradiography. G, Schematic representation of the TP53INP2-3A phospho-deficient mutant. H, The 

TP53INP2-3A mutant is poorly phosphorylated by ERK5. Experiment was performed as in F. I, The 

TP53INP2 mutants TP53INP2-3A and TP53INP2-3K/R have higher protein expression than wild-type 

TP53INP2, and ERK5i does not affect protein levels of TP53INP2-3A and TP53INP2-3K/R mutants. 

Immunoblot analysis. J-K, ERK5 phosphorylation induces TP53INP2 ubiquitylation and proteasomal 

degradation. J, Denaturing ubiquitylation assay of HEK293T cell lysates. Experiment was performed as 

described in B. K, Immunoblot analysis of cells expressing wild-type, 3A or 3K/R mutants of TP53INP2, 

after blocking protein synthesis with cyclohexamide for the indicated times. Right panel shows the 

quantification of three independent experiments, and the half-life values for each of the TP53INP2 

mutants. 

Figure 7. ERK5 inhibition does not alter apoptotic transcriptional programs in Ishikawa EC cells. 

A. Volcano plot of RNAseq expression data after ERK5 inhibition in EC Ishikawa cells. The plot shows 

the upregulated (in red) and downregulated (in blue) differentially expressed genes (DEGs) (Qvalue < 

0.05, log2 fold change >|1.5|). Source data is provided as a Supplementary Data file. B, ERK5 kinase 

activity positively regulates gene transcription in EC cells. Heatmap of the 260 DEGs (Qvalue < 0.05, 

log2 fold change >|1.5|) in response to ERK5 inhibition. C, Top-5 upregulated and top-5 downregulated 

hallmark genesets in response to ERK5 inhibition. D-E-F Gene set enrichment analysis (GSEA) of 

Hallmark_apoptosis (D), or GOBP-extrinsic apoptotic signaling pathway (E) or GOBP-regulation of 

extrinsic apoptotic signaling pathway (F), in response to ERK5 inhibition. Lower panels show the 

corresponding heatmaps of the DEGs (Q value < 0.05, log2 fold change >|1|). 

Figure 8. ERK5 inhibition or genetic deletion sensitizes Ishikawa EC cells to the cytotoxicity 

induced by the TRAIL and FasL expressed by eNK cells. A-B, Expanded NK cells express 
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detectable TRAIL and FasL proteins at the membrane. A, TRAIL expression at the membrane of eNKs 

was detected by flow cytometry analysis. B, eNK cells were co-cultured with Ishikawa EC cells (4 h) and 

surface FasL was detected by flow cytometry. C, Schematic representation of the experiments 

performed co-culturing eNKs and EC cancer cells. eNKs from four different healthy donors were treated 

for 2 h with either vehicle (DMSO) or concanamycin A (yellow shading) to inhibit Perforin. Concanamycin 

A was maintained during the co-culture. D, ERK5i enhances caspase-8 activation induced by eNKs 

(white shading), and caspase-8 activation induced by the eNKs TRAIL/FasL pathway (yellow shading) 

in EC cells. E, TP53INP2 mediates EC cell sensitization to eNKs TRAIL/FasL pathway exerted by 

ERK5i. Active caspase-3 flow cytometry assay. Yellow shading histograms: TP53INP2-KO Ishikawa EC 

cells show impaired activation of caspase-3 in response to the eNK TRAIL/FasL cytotoxic pathway. 

Results are the mean ± SD of four independent biological samples (donors). F, MEK5 or ERK5 genetic 

deletion sensitize Ishikawa EC cells to the cytotoxicity induced by the eNK TRAIL/FasL cytotoxic 

pathway. Flow cytometry analysis for caspase-3 activation (cleaved caspase-3). Right histograms show 

the corresponding caspase-3 quantification. Yellow shading histograms show the results obtained for 

the eNK TRAIL/FasL cytotoxic pathway. Results are the mean ± SD of four independent biological 

samples (donors). D, E and F, Statistical significance was calculated using one-way ANOVA followed 

by Bonferroni multiple comparison test. Individual p-values are indicated in each panel. 

Figure 9. Schematic representation of the proposed mechanism for the role of the ERK5-

TP53INP2 pathway in the sensitization of cancer cells to DR agonists-induced extrinsic 

apoptosis.  
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