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Notch inhibition overcomes resistance to tyrosine kinase inhibitors in EGFR-driven lung adenocarcinoma

EGFR mutated lung adenocarcinoma patients treated with gefitinib and osimertinib showed a therapeutic benefit limited by the appearance of secondary mutations, such as EGFR T790M and EGFR C797S . It is generally thought that these secondary mutations render EGFR completely unresponsive to such inhibitors. Here, we found that gefitinib and osimertinib increased STAT3 phosphorylation (pSTAT3) in lung adenocarcinoma cells harboring the EGFR T790M and the EGFR C797S mutations. Moreover, concomitant treatment with a Notch inhibitor and gefitinib or osimertinib strongly reduced the expression of the transcriptional repressor HES1, in a pSTAT3-dependent manner.

Importantly, we show that tyrosine kinase inhibitor resistant tumors, with EGFR T790M and EGFR C797S mutations, are highly responsive to treatment with the combination of Notch inhibitors and gefitinib or osimertinib, respectively. Finally, in patients with lung adenocarcinoma harboring EGFR mutations treated with tyrosine kinase inhibitors, HES1 protein levels increased during relapse, and high HES1 expression level correlated with shorter progression-free survival. Our results offer a proof of concept for a novel alternative to treat patients with lung adenocarcinoma after disease progression following osimertinib treatment.

INTRODUCTION

Lung cancer kills about a million people every year worldwide being the leading cause of death by cancer in the world. There are two main types of lung cancer: small cell lung carcinoma (about 20% of all lung cancers) and non-small-cell lung carcinoma that includes lung adenocarcinoma (40%), lung squamous carcinoma (30%), and large cell carcinoma (about 10% of all lung cancers) [START_REF] Herbst | Lung cancer[END_REF]. EGFR gene alterations are detected in about 20% of patients with lung adenocarcinoma in Western countries, and in up to 50% in some Asian countries, such as Korea. The most common EGFR alterations in lung adenocarcinoma are exon 19 deletion and the activating EGFR L858R mutation [START_REF] Rosell | Genetics and biomarkers in personalisation of lung cancer treatment[END_REF].

The life expectancy of patients has improved dramatically thanks to the development of EGFR tyrosine kinase inhibitors (TKI) [START_REF] Reck | Management of nonsmall-cell lung cancer: recent developments[END_REF]. Most of the patients treated with firstgeneration TKIs (i.e., gefitinib and erlotinib) initially respond well; however, their tumors rapidly develop resistance. This is explained, in about 60% of cases, by acquisition of the so-called 'gatekeeper' mutation EGFR T790M [START_REF] Tan | Treatment approaches for EGFR-inhibitorresistant patients with non-small-cell lung cancer[END_REF]. More recently, thirdgeneration TKIs that target EGFR T790M , such as osimertinib, have shown a very good therapeutic effect in patients with this mutation [START_REF] Janne | AZD9291 in EGFR inhibitor-resistant non-small-cell lung cancer[END_REF]. Unfortunately, tumors from patients treated with osimertinib also become resistant to this drug. In about 30% of cases, this is due to appearance of new gatekeeper mutations, such as EGFR C797S [START_REF] Thress | Acquired EGFR C797S mutation mediates resistance to AZD9291 in non-small cell lung cancer harboring EGFR T790M[END_REF][START_REF] Le | Landscape of EGFR -dependent and -independent resistance mechanisms to osimertinib and continuation therapy post-progression in EGFR-mutant NSCLC[END_REF]. Thus, treatment of EGFR-driven lung adenocarcinoma with a single TKI might have limited value, and strategies based on combinational drug therapies could be more effective for controlling the effects of gatekeeper mutations.

The EGFR T790M gatekeeper mutation confers resistance to TKIs through different mechanisms, such as weaker drug binding due to steric hindrance and increased ATP affinity of mutated EGFR [START_REF] Yun | The T790M mutation in EGFR kinase causes drug resistance by increasing the affinity for ATP[END_REF]. However, gefitinib binding to EGFR T790 protein is reduced, but not totally inhibited [START_REF] Yun | The T790M mutation in EGFR kinase causes drug resistance by increasing the affinity for ATP[END_REF]. Moreover, X-ray structure analysis indicates that Bousquet Mur et al., submitted to Journal of Clinical Investigation 5 gefitinib binds in a similar manner to wild type EGFR and to EGFR T790M proteins [START_REF] Yoshikawa | Structural basis for the altered drug sensitivities of non-small cell lung cancer-associated mutants of human epidermal growth factor receptor[END_REF].

Therefore, we hypothesized that in tumors with gatekeeper EGFR mutations, gefitinib could still affect EGFR downstream signaling pathways, although not reaching therapeutic effect, and that this could be exploited by concomitantly inhibiting other signaling pathways.!

The Notch signaling pathway is highly conserved among metazoans, and it is important during embryonic development as well as adult tissue homeostasis. In mammals, there are four NOTCH receptors (NOTCH1 to 4) that are activated upon interaction with their transmembrane ligands (DELTA and JAGGED). For this activation to occur, an intramembrane protease called γ-secretase, releases the Notch intracytoplasmic domain (NICD). Upon nuclear translocation and binding to its DNA binding partner RBPJ, NICD modulates the expression of target genes of the canonical Notch pathway, such as HES1 [START_REF] Bray | Notch signalling in context[END_REF]. Therefore, the Notch pathway can be inhibited by γsecretase inhibitors (GSIs), or by antibodies against the Notch ligands and receptors [START_REF] Takebe | Targeting Notch, Hedgehog, and Wnt pathways in cancer stem cells: clinical update[END_REF].

By making use of genetically engineered mouse models, we and others demonstrated that KRAS-driven lung adenocarcinoma is dependent on Notch activity [START_REF] Licciulli | Notch1 is required for Kras-induced lung adenocarcinoma and controls tumor cell survival via p53[END_REF][START_REF] Baumgart | Opposing role of Notch1 and Notch2 in a Kras-driven murine non-small cell lung cancer model[END_REF][START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF]. Moreover, seminal in vitro and in vivo (mouse xenografts) studies using lung cancer cell lines showed that the combination of Notch inhibitors and EGFR TKIs gives a better anti-tumor response than single treatments in sensitive cells [START_REF] Konishi | Notch3 cooperates with the EGFR pathway to modulate apoptosis through the induction of bim[END_REF][START_REF] Arasada | EGFR blockade enriches for lung cancer stem-like cells through Notch3-dependent signaling[END_REF][START_REF] Hu | Antagonism of EGFR and Notch limits resistance to EGFR inhibitors and radiation by decreasing tumorinitiating cell frequency[END_REF]. However, the underlying mechanism is not fully understood, and the role of the Notch pathway in lung adenocarcinoma after relapse due to acquisition of gatekeeper mutations in EGFR remains largely unknown.

Here, to find some answers to these questions, we first performed a transcriptomic analysis in human lung adenocarcinoma PC9GR cells harboring the EGFR T790M gatekeeper mutation, and found that after gefitinib treatment, several pathways, including the KRAS signaling pathway, were downregulated. Therefore, based on our previous results concerning the importance of Notch in KRAS-driven lung adenocarcinoma [START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF], we tested the combined effect of TKI and Notch inhibition in different preclinical mouse models of lung adenocarcinoma with the EGFR T790M/L858R mutations. We found that in vivo Notch inhibition overcame resistance to gefitinib in human and murine lung adenocarcinoma cells via pSTAT3 binding to the HES1 promoter and HES1 decreased expression. Similarly, Notch inhibition re-sensitized also in vivo human lung adenocarcinoma cells harboring the EGFR C797S mutation, that cause resistance to osimertinib, which might become soon the first-line treatment for patients with EGFR-driven lung adenocarcinoma. Altogether, our data show that concomitant Notch inhibition with TKI, could be a potent strategy to treat EGFR-driven lung adenocarcinoma patients after TKI relapse. 

RESULTS

Gefitinib treatment in human lung adenocarcinoma cells with the gatekeeper mutation EGFR T790M induces changes in several cancer-associated genetic signatures

To identify molecular changes upon gefitinib treatment in lung cancer cells harboring the EGFR T790M mutation that confers resistance to first-generation TKIs, we used the already described human EGFR-driven lung adenocarcinoma PC9GR cell line (EGFR T790M ) resistant to gefitinib [START_REF] Mancini | An oligoclonal antibody durably overcomes resistance of lung cancer to thirdgeneration EGFR inhibitors[END_REF]. Gene set enrichment analysis using the 1). Accordingly, among the eight downregulated gene sets in gefitinib-treated cells, we found "HALLMARK_KRAS_SIGNALING_UP" (Figure 1A and Supplemental Table 1).

This suggests that in PC9GR cells, gefitinib decreases the activity of the KRAS signaling pathway, a well-known EGFR downstream pathway [START_REF] Arteaga | ERBB receptors: from oncogene discovery to basic science to mechanism-based cancer therapeutics[END_REF].

We previously reported that the Notch pathway plays a major role in KRASdriven lung adenocarcinoma, and that its inhibition fully stops tumor growth in this setting [START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF]. Therefore, we hypothesized that gefitinib effects in PC9GR cells harboring the EGFR T790M gatekeeper mutation could be enhanced by Notch inhibition.

Inhibition of Notch signaling hampers tumor growth in EGFR T790M/L858R mice

Before directly testing this hypothesis, we studied the Notch pathway activation in EGFR-driven lung tumors in vivo, by crossing EGFR T790M/L858R [START_REF] Li | Bronchial and peripheral murine lung carcinomas induced by T790M-L858R mutant EGFR respond to HKI-272 and rapamycin combination therapy[END_REF] and lung-specific CCSP-rtTA transgenic mice [START_REF] Tichelaar | Conditional expression of fibroblast growth factor-7 in the developing and mature lung[END_REF] to obtain mice in which EGFR T790M/L858R expression in lungs can be induced by treatment with doxycycline (EGFR T790M/L858R mice, hereafter).

After 8 weeks of doxycycline treatment, mice developed bronchial and peripheral EGFR T790M/L858R -driven tumors that are resistant to first-generation EGFR TKIs, such as gefitinib [START_REF] Li | Bronchial and peripheral murine lung carcinomas induced by T790M-L858R mutant EGFR respond to HKI-272 and rapamycin combination therapy[END_REF]. Western blot analysis showed that N1ICD, the processed and active form of NOTCH1, and HES1, a Notch target gene, were strongly expressed in EGFR T790M/L858R -driven tumors compared with normal lung tissue from control mice (either littermates with the same genotype but not treated with doxycycline, or CCSP-rtTA transgenic mice treated with doxycycline) (Figure 1B). This finding is similar to what observed in the Kras G12V mouse model ( 14), and suggests that the Notch pathway may play a similar role in both tumor types.

As the NOTCH1 and NOTCH3 receptors promote Kras G12V -driven lung adenocarcinoma, whereas NOTCH2 has a tumor suppressive role [START_REF] Licciulli | Notch1 is required for Kras-induced lung adenocarcinoma and controls tumor cell survival via p53[END_REF][START_REF] Baumgart | Opposing role of Notch1 and Notch2 in a Kras-driven murine non-small cell lung cancer model[END_REF][START_REF] Zheng | A rare population of CD24(+)ITGB4(+)Notch(hi) cells drives tumor propagation in NSCLC and requires Notch3 for self-renewal[END_REF], we analyzed their expression in EGFR T790M/L858R -driven lung adenocarcinoma. The transmembrane forms of NOTCH1 and NOTCH3 (i.e., before γ-secretase cleavage)

were strongly expressed in tumor samples compared with controls (Figure 1B), whereas NOTCH2 expression was comparable in both groups (Figure 1B). Although the level of the transmembrane forms of NOTCH receptors does not reflect Notch activity, and NOTCH3 can be a direct target of NOTCH1 in some circumstances, this finding suggests that both NOTCH1 and NOTCH3 are mediators of the Notch pathway in EGFR-driven tumors in vivo.

To test whether Notch pathway activity is necessary for the growth of EGFRdriven tumors, we treated EGFR T790M/L858R mice with doxycycline for 8 weeks to induce tumor formation, and then randomly assigned them to three groups: i) control group, treated with vehicle and IgG antibody control; ii) GSI group, treated with dibenzazepine (DBZ), a potent and selective GSI; and iii) anti-NRR1/NRR3 group, treated with blocking antibodies against NOTCH1 and NOTCH3, according to previously described treatment regimens [START_REF] Choy | Constitutive NOTCH3 Signaling Promotes the Growth of Basal Breast Cancers[END_REF][START_REF] Rivera-Torres | Targeting gamma-secretases protect against angiotensin II-induced cardiac hypertrophy[END_REF][START_REF] Wu | Therapeutic antibody targeting of individual Notch receptors[END_REF]. After five weeks of treatment, tumors represented more than 40% of the lung area in the control group, but only 20% and 10% in the DBZ and anti-NRR1/NRR3 groups, respectively (Figure 1C). This indicates that the Notch pathway is required for EGFR T790M/L858R -driven tumor growth. Body weight was comparable in the three groups (Supplemental Figure 1A), suggesting the absence of the intestinal toxicity reported by other studies using regimens that led to stronger Notch inhibition [START_REF] Van Es | Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into goblet cells[END_REF].

As expected, analysis of protein expression by immunohistochemistry (IHC) of tumors from anti-NRR1/NRR3-or DBZ-treated mice showed fewer HES1positive cells than in the vehicle-treated control group, implying that these treatments effectively inhibited the Notch pathway (Figure 1D). Moreover, the percentage of Ki67positive cells was lower in tumors from the anti-NRR1/NRR3 and DBZ groups than the control group, indicating that Notch activity promotes cell proliferation in EGFR T790M/L858R -driven tumors (Figure 1D). As the MAPK and AKT pathways are crucial downstream players of the EGFR signaling pathway [START_REF] Arteaga | ERBB receptors: from oncogene discovery to basic science to mechanism-based cancer therapeutics[END_REF], we also analyzed the expression of pERK and pAKT in the same samples. The percentage of pERK-positive cells was similarly reduced by treatment with the anti-NRR1 and -NRR3 antibodies and with DBZ compared control (Figure 1D), consistent with previous observations [START_REF] Baumgart | Opposing role of Notch1 and Notch2 in a Kras-driven murine non-small cell lung cancer model[END_REF][START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF]. Conversely, the percentage of pAKT-positive cells was comparable in all groups (Supplemental Figure 1B).

Notch inhibition overcomes resistance to gefitinib in EGFR T790M/L858R -driven lung adenocarcinoma

To study whether pharmacological inhibition of the Notch pathway in vivo had any impact on the resistance to gefitinib conferred by the gatekeeper mutation EGFR T790M , we randomized EGFR T790M/L858R mice (after 8 weeks of doxycycline treatment) in four treatment groups: i) vehicle (control), ii) gefitinib, iii) DBZ, and iv) gefitinib + DBZ.

For simplicity we decided to inhibit the Notch pathway hereafter only with a GSI.

As before, body weight was comparable in the different groups after the five weeks of treatment, suggesting that these drugs were well tolerated alone or in combination (Supplemental Figure 2A). In agreement with the previous findings (Figure 1C), tumor tissue occupied 42% of the lung in the control group, whereas it was decreased to 23% in the DBZ group (Figure 2A). As expected, gefitinib alone did not have any anti-tumor effect in EGFR T790M/L858R mice (52% of lung was tumor tissue).

Conversely, the DBZ and gefitinib combination led to a very significant reduction of the tumor area compared with DBZ alone (tumor tissue covered only 10% of the total lung area) (Figure 2A).

Histopathological analysis of lung adenocarcinoma samples (i.e., non-benign tumors, Supplemental Figure 2B) showed that the single treatments had no effect on the lung adenocarcinoma number compared with control (i.e., vehicle-treated mice) (Figure 2B). Importantly, animals treated with the combination of gefitinib and Notch inhibition had significantly fewer lung adenocarcinomas than vehicle-treated ones (a mean of 10 lung adenocarcinoma per mouse vs 31 in the control, Figure 2B).

IHC analysis showed that the percentage of HES1-, Ki67-, pERK-and pAKTpositive cells was comparable in tumors from the gefitinib group and from controls (Figure 2C). By contrast, the percentage of HES1-, Ki67-and pERK-positive cells was reduced in tumors from DBZ-treated mice (Figure 2C), as before (Figure 1D), although in this case the difference was not significant for pERK. The percentage of HES1-, Ki67-and pERK-positive cells tended to be lower in mice treated with the gefitinib and DBZ combination compared with DBZ-treated mice, particularly for pERK. Finally, the percentage of pAKT-positive cells was comparable in the DBZ, gefitinib and control groups, but interestingly, it was significantly reduced in the gefitinib + DBZ group compared with control mice (Figure 2C).

Altogether, these data demonstrate that inhibition of Notch signaling by DBZ restores sensitivity to treatment with gefitinib in EGFR T790M/L858R -driven lung adenocarcinoma in vivo.

Notch inhibition overcomes resistance to gefitinib in lung adenocarcinoma patientderived xenografts with EGFR T790M/L858R mutations

These results were very encouraging; however, it is considered that the best strategy for testing new cancer treatments is the combination of genetic mouse models and patientderived xenograft (PDX) preclinical models [START_REF] Day | Preclinical mouse cancer models: a maze of opportunities and challenges[END_REF]. Therefore, we developed a lung adenocarcinoma PDX that harbors the EGFR T790M/L858R mutations, like our transgenic mouse model. One week after subcutaneous grafting of the PDX, nude mice were randomized in four groups as before: i) vehicle alone (control), ii) gefitinib, iii) DBZ, and iv) gefitinib + DBZ. Tumor growth was monitored for 30 days (i.e., the treatment duration). As expected, the EGFR T790M mutation conferred resistance to gefitinib. On the other hand, DBZ inhibited tumor growth, and strikingly, the DBZ and gefitinib combination almost totally blocked tumor growth (Figure 3A).

As before, IHC analysis of tumors showed that DBZ (alone or in combination with gefitinib) efficiently decreased the percentage of HES1-positive cells compared with control (Figure 3B). Tumor cell proliferation (Ki67-positive cells) was reduced by DBZ alone, and this effect was increased by addition of gefitinib. Similarly, the 

Combining EGFR TKIs and Notch inhibitors synergistically decreases HES1 expression

Our previous analysis showed that the DBZ and gefitinib combination is more efficient than each single treatment in reducing MAPK and AKT pathways. Previous reports, including work from our laboratory, identified HES1 as an important positive MAPK regulator in KRAS-driven lung adenocarcinoma [START_REF] Baumgart | Opposing role of Notch1 and Notch2 in a Kras-driven murine non-small cell lung cancer model[END_REF][START_REF] Maraver | Notching up a new therapeutic strategy for Non-Small Cell Lung Carcinoma (NSCLC)[END_REF]. Even more, HES1 has a similar effect on AKT signaling in T-cell acute lymphoblastic leukemia (T-ALL) [START_REF] Palomero | Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia[END_REF].

Therefore, we hypothesized that HES1 could be an important mediator of pERK and pAKT upon treatment with the DBZ and gefitinib combination. As the percentage of HES1-positive cells was similar in tumors from mice treated with DBZ alone and the DBZ and gefitinib combination in both preclinical models (Figure 2C and Figure 3B), we analyzed HES1 signal intensity in the same samples. Importantly, HES1 signal intensity was significantly lower in tumors from mice treated with the DBZ and gefitinib combination than from mice treated with DBZ alone in the PDX model, and followed a similar trend in EGFR T790M/L858R mice (Figure 4, A and B).

To further validate our data, we analyzed HES1 expression by western blotting in PC9GR cells (previously used for the RNA-seq analysis, Figure 1A and Supplemental Table 1) after incubation with the different drugs alone or in combination.

In accordance to our in vivo observation, HES1 expression was strongly reduced in cells exposed to the DBZ and gefitinib combination (Figure 4C).

Then, to explore HES1 role in PC9GR cells, we depleted HES1 using a pool of siRNAs targeting HES1 mRNA (siHES1) (Supplemental Figure !3). Of note, proliferation of siHES1-treated cells was impaired compared with control cells transfected with the non-targeted siRNA (siNT), and this effect was potentiated in the presence of gefitinib (Figure 4D).

To test whether gefitinib effect was EGFR-mediated, we used the Chinese hamster ovary (CHO) cell line that is a natural null for EGFR, and was previously used for EGFR gain of function analyses [START_REF] Lo | Nuclear interaction of EGFR and STAT3 in the activation of the iNOS/NO pathway[END_REF]. Interestingly, HES1 expression was not affected by co-treatment with DBZ and gefitinib in CHO cells transfected with empty vector, but was reduced in CHO cells that express EGFR T790M/L858R protein (Figure 4E).

We concluded that EGFR is needed for HES1 expression reduction by the DBZ and gefitinib combination.

Taken together, our data indicate that the DBZ and gefitinib combination synergistically reduces the expression of HES1, a major driver in lung adenocarcinoma.

pSTAT3 directly binds to the HES1 promoter and inhibits its expression

Previous studies have shown a benefit of combining EGFR TKIs and Notch inhibitors in TKI-sensitive cells, but the underlying mechanism was not fully described [START_REF] Konishi | Notch3 cooperates with the EGFR pathway to modulate apoptosis through the induction of bim[END_REF][START_REF] Arasada | EGFR blockade enriches for lung cancer stem-like cells through Notch3-dependent signaling[END_REF][START_REF] Hu | Antagonism of EGFR and Notch limits resistance to EGFR inhibitors and radiation by decreasing tumorinitiating cell frequency[END_REF].

On the basis of the EGFR-dependent HES1 decrease in EGFR T790M/L858R -expressing CHO cells upon incubation with the DBZ and gefitinib combination, we hypothesized that a common mechanism could be involved in the response to TKI treatment in TKIsensitive and -resistant lung adenocarcinoma cells. An increase in the phosphorylation of STAT3 protein (pSTAT3), dependent on both JAK and FGFR activities, is reported in sensitive lung adenocarcinoma cells upon treatment with first-generation (erlotinib)

and second-generation (afatinib) TKIs [START_REF] Kim | Activation of IL-6R/JAK1/STAT3 signaling induces de novo resistance to irreversible EGFR inhibitors in non-small cell lung cancer with T790M resistance mutation[END_REF][START_REF] Lee | Drug resistance via feedback activation of Stat3 in oncogene-addicted cancer cells[END_REF][START_REF] Codony-Servat | Activation of signal transducer and activator of transcription 3 (STAT3) signaling in EGFR mutant non-small-cell lung cancer (NSCLC)[END_REF], hence, we investigated whether this occurred also in TKI-resistant cells.

Indeed, analysis of STAT3 phosphorylation status in PC9GR cells showed an increase in pSTAT3 levels upon gefitinib treatment (Figure 5A). This effect was partially inhibited by co-treatment with PD173074 or ruxolitinib, pan-inhibitors of FGFR and JAK pathways respectively. Even more, the combination of both inhibitors reduced pSTAT3 to levels lower than in control non-treated cells (Supplemental Figure 4). Moreover, we found that in the human HES1 and mouse Hes1 gene promoters, consensus binding sites for pSTAT3 (i.e., TTNNNNNAA) [START_REF] Darnell | STATs and gene regulation[END_REF] are close to RBPJ sites (i.e., where the Notch transcription complex binds) (Supplemental Figure 5, A and B).

To test whether pSTAT3 binds directly to the human HES1 promoter in PC9GR cells, we performed chromatin immunoprecipitation (ChIP) experiments using antibodies against pSTAT3 and against NOTCH1, which is known to bind to the HES1 promoter (positive control). NOTCH1 bound to the HES1 promoter, and this interaction was reduced by incubation with DBZ (Figure 5B). Importantly, pSTAT3 bound to the HES1 promoter only when cells were co-incubated with gefitinib and DBZ (Figure 5B). To determine whether pSTAT3 binding was critical for HES1 downregulation (Figure 4C), we incubated PC9GR cells with the various drug combinations after siSTAT3 treatment that efficiently reduced both pSTAT3 and STAT3 expression (Figure 5C). Co-incubation with gefitinib and DBZ strongly reduced HES1 protein level in control siNTtreated cells (Figure 5C), but strikingly, the same co-treatment kept HES1 levels in siSTAT3-treated cells (Figure 5C).

Altogether, these findings support that pSTAT3 decreases HES1 protein level by acting as a transcriptional repressor at the HES1 promoter.

Notch inhibition overcomes resistance to osimertinib in human lung adenocarcinoma cells harboring the EGFR C797S mutation

As various TKIs increase pSTAT3 levels in lung adenocarcinoma cells [START_REF] Kim | Activation of IL-6R/JAK1/STAT3 signaling induces de novo resistance to irreversible EGFR inhibitors in non-small cell lung cancer with T790M resistance mutation[END_REF][START_REF] Lee | Drug resistance via feedback activation of Stat3 in oncogene-addicted cancer cells[END_REF][START_REF] Codony-Servat | Activation of signal transducer and activator of transcription 3 (STAT3) signaling in EGFR mutant non-small-cell lung cancer (NSCLC)[END_REF], we asked whether the pSTAT3-dependent mechanism observed for gefitinib applied also to osimertinib. To this aim, we used the PC9GROR cell line (previously generated from PC9GR cells) that is resistant to osimertinib and harbor the gatekeeper mutation EGFR C797S [START_REF] Mancini | An oligoclonal antibody durably overcomes resistance of lung cancer to thirdgeneration EGFR inhibitors[END_REF].

First, western blot analysis of PC9GROR cells incubated with DBZ and/or osimertinib showed that pSTAT3 levels increased upon osimertinib treatment.

Accordingly, the combination of DBZ and osimertinib reduced HES1 protein levels (Figure 6A).

To test whether DBZ re-sensitized EGFR C797S mutant human lung adenocarcinoma cells to osimertinib in vivo, we grafted PC9GROR cells subcutaneously in mice, and two weeks later, we treated them with DBZ and/or osimertinib for 3 weeks.

Body weight remained comparable in the different treatment groups (Supplemental Figure 6A). Osimertinib alone had no significant effect on growth of PC9GROR cell xenografts (Figure 6B), while it strongly inhibited the growth of PC9GR xenografts (Supplemental Figure 6B). Similarly, DBZ showed no effect on growth of PC9GROR cell xenografts, but importantly, tumor growth was strongly inhibited in mice treated with the osimertinib and DBZ combination (Figure 6B).

This finding demonstrates that treatment with DBZ restores sensitivity to osimertinib in human lung adenocarcinoma cells harboring the EGFR C797S mutation, confirming and extending our previous observations that DBZ sensitizes TKI-resistant tumors to TKIs.

Nirogacestat overcomes resistance to gefitinib in human lung adenocarcinoma cells harboring the EGFR T790M mutation

To strengthen the translational impact of our work, we wanted to confirm the Notch inhibitor sensitizing effect using a GSI under clinical trials. We chose nirogacestat because a recently finished phase 2 trial, showed that it has promising effects in patients with desmoid tumors, is well tolerated, and can be used for long-term treatments [START_REF] Kummar | Clinical Activity of the gamma-Secretase Inhibitor PF-03084014 in Adults With Desmoid Tumors (Aggressive Fibromatosis)[END_REF].

We randomized mice with subcutaneous PC9GR cell xenografts in six treatment groups: i) vehicle, ii) DBZ, iii) nirogacestat, iv) gefitinib, v) DBZ + gefitinib, vi) and nirogacestat + gefitinib. As gefitinib has some effect in PC9GR cells in vitro (Figure 4D), we used 10 mg/kg instead of the previously used dose of 20mg/kg. This lower concentration had a mild, non-significant effect on tumor growth compared with vehicle. Like in PC9GROR cells, the GSIs alone (DBZ and nirogacestat) did not have any effect. Conversely, gefitinib in combination with DBZ or nirogacestat strongly inhibited tumor growth (Figure 7A), as observed in mice harboring PDX and EGFR T790M/L858R -driven tumors treated with the gefitinib and DBZ combination.

Moreover, Kaplan-Meier survival analysis of mice treated or not with nirogacestat and/or gefitinib showed that survival rate was comparable in mice treated with vehicle, nirogacestat or gefitinib alone, although it tended to be higher in the gefitinib group (Figure 7B). By contrast, the nirogacestat with gefitinib combination increased survival compared with all other groups (median survival after treatment started: 24, 26.5, 32, and 39 days for vehicle, nirogacestat, gefitinib, and nirogacestat + gefitinib, respectively). For this analysis, we used only nirogacestat because at the used dose we could administer DBZ only for 5 weeks (26), while nirogacestat is well tolerated in patients for more than 2 years [START_REF] Kummar | Clinical Activity of the gamma-Secretase Inhibitor PF-03084014 in Adults With Desmoid Tumors (Aggressive Fibromatosis)[END_REF]. As before, body weight was not significantly different in all groups during the experiment (Supplemental Figure 7).

These results show that the combination of gefitinib and nirogacestat increases the survival of mice xenografted with human lung adenocarcinoma cells that carry the EGFR T790M mutation conferring resistance to EGFR TKIs.

High HES1 protein levels correlate with poor progression-free survival and relapse in patients with EGFR mutated lung adenocarcinoma treated with TKIs

Our findings showed that HES1 has a key role in the resistance of EGFR-driven lung adenocarcinoma to TKI therapy. To strengthen this observation, we analyzed the correlation between progression-free survival (PFS) and nuclear HES1 protein levels in 75 patients with lung adenocarcinoma harboring EGFR mutations and treated with TKIs. We found that patients with low nuclear HES1 expression had a median PFS of 14 months, whereas patients with high nuclear HES1 expression had a median PFS of 7 months (hazard ratio 2.77, 95% CI [1.4-5.5], p = 0.006) (Figure 7C). Moreover, analysis of HES1 protein in tumor biopsy samples from patients with lung adenocarcinoma harboring EGFR activating mutations and treated with TKIs taken at diagnosis and after disease progression showed that HES1 nuclear levels were increased in samples obtained at relapse in six of the seven patients (p = 0.034) (Figure 7D and Supplemental Figure 8).

These findings extend our previous study [START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF], and suggest a crucial role for HES1 in the relapse of patients with EGFR-driven lung adenocarcinoma under treatment with TKIs.

DISCUSSION

In this study, we confirmed and extended the observation that HES1 is a crucial mediator of the Notch pathway oncogenic activity in lung adenocarcinoma and uncovered its crucial role in resistance to EGFR TKIs.

We first observed that in mouse models of EGFR-driven lung adenocarcinoma, treatment with GSIs leads to decreased HES1 expression and pERK levels. This is consistent with studies in KRAS-driven lung adenocarcinoma mouse models showing that HES1-induced repression of DUSP1 increases pERK levels [START_REF] Baumgart | Opposing role of Notch1 and Notch2 in a Kras-driven murine non-small cell lung cancer model[END_REF][START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF]. Therefore, we hypothesize that this is the same mechanism for the antitumor effect of Notch inhibitors when used as single treatment in EGFR-driven tumors.

Next, as a proof of concept of sensitizing cells with EGFR gatekeeper mutations to TKIs upon Notch inhibition, we found that murine and human EGFR-driven lung tumors harboring the EGFR T790M gatekeeper mutation sensitized to gefitinib when it is administered in combination with the GSI DBZ. Concomitantly, pAKT and pERK were further decreased upon combined treatment with gefitinib and DBZ, compared with the other treatments. It is known that HES1 represses PTEN and increases AKT activity in T-ALL [START_REF] Palomero | Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia[END_REF], and represses DUSP1 and increases pERK levels in lung adenocarcinoma [START_REF] Maraver | Notching up a new therapeutic strategy for Non-Small Cell Lung Carcinoma (NSCLC)[END_REF]. Interestingly, we found in preclinical mouse models a higher HES1 decreased expression after treatment with the DΒΖ and gefitinib combination compared with DBZ alone. Moreover, HES1 loss of function sensitized human lung adenocarcinoma cells harboring the EGFR T790M mutation to gefitinib through a still unknown mechanism. In T-ALL, HES1 directly represses the BBC3 gene that encodes PUMA, an inducer of apoptosis [START_REF] Schnell | Therapeutic targeting of HES1 transcriptional programs in T-ALL[END_REF]. Therefore, it is tempting to speculate that in lung adenocarcinoma cells, HES1 could repress BBC3 or other genes encoding apoptosis-related factors, such as BCL2L11 (i.e., BIM), crucial for gefitinib-induced cell death (39-41). The EGFR T790M mutation does not totally inhibit gefitinib binding to EGFR [START_REF] Yun | The T790M mutation in EGFR kinase causes drug resistance by increasing the affinity for ATP[END_REF][START_REF] Yoshikawa | Structural basis for the altered drug sensitivities of non-small cell lung cancer-associated mutants of human epidermal growth factor receptor[END_REF], and mutated EGFR is needed in CHO cells to reduce HES1 expression upon coincubation with gefitinib and DBZ compared with DBZ alone. As the level of active, phosphorylated STAT3 is increased upon treatment with first-and second-generation TKIs [START_REF] Kim | Activation of IL-6R/JAK1/STAT3 signaling induces de novo resistance to irreversible EGFR inhibitors in non-small cell lung cancer with T790M resistance mutation[END_REF][START_REF] Lee | Drug resistance via feedback activation of Stat3 in oncogene-addicted cancer cells[END_REF][START_REF] Codony-Servat | Activation of signal transducer and activator of transcription 3 (STAT3) signaling in EGFR mutant non-small-cell lung cancer (NSCLC)[END_REF], we hypothesized that this feature could explain the decreased levels of HES1 in our experimental setting. Indeed, incubation of EGFR T790M lung adenocarcinoma cells with gefitinib increased pSTAT3 levels in an FGFR-and JAKdependent manner. Moreover, pSTAT3 directly interacted with the HES1 promoter by ChIP analysis only when cells were gefitinib and DBZ co-treated. Finally, in PC9GR cells transfected with siRNAs against STAT3, HES1 levels were comparable in cells incubated with the combination of gefitinib and DBZ and with DBZ alone. These findings indicate that pSTAT3 represses HES1 expression effectively only when NOTCH processing is concomitantly inhibited, probably because the NOTCH transcriptional complex binds more efficiently to the HES1 promoter than pSTAT3. A previous study showed that in sensitive EGFR-driven lung adenocarcinoma cells, erlotinib promotes Notch pathway induction after several days [START_REF] Arasada | EGFR blockade enriches for lung cancer stem-like cells through Notch3-dependent signaling[END_REF]. We did not observe such induction, and this discrepancy could be due to the different treatment kinetics and/or the resistant background of PC9GR cells. Our data are in accordance with previous studies showing that pSTAT3 acts as a transcriptional repressor [START_REF] Zhang | STAT3 restrains RANK-and TLR4-mediated signalling by suppressing expression of the E2 ubiquitin-conjugating enzyme Ubc13[END_REF], and has a tumor suppressive role in prostate cancer [START_REF] Pencik | STAT3 regulated ARF expression suppresses prostate cancer metastasis[END_REF], glioblastoma [START_REF] Peixoto | HDAC7 inhibition resets STAT3 tumorigenic activity in human glioblastoma independently of EGFR and PTEN: new opportunities for selected targeted therapies[END_REF], and importantly, KRAS-driven lung adenocarcinoma [START_REF] Grabner | Disruption of STAT3 signalling promotes KRAS-induced lung tumorigenesis[END_REF]. On the basis of these findings, the STAT3 inhibitors currently in clinical trials [START_REF] Johnson | Targeting the IL-6/JAK/STAT3 signalling axis in cancer[END_REF] should be used with caution, at least in tumors where the Notch pathway and consequently HES1 have a pro-tumorigenic role, as for instance in lung adenocarcinoma.

Our findings provided the proof of concept that lung adenocarcinoma cells with between HES1 mRNA levels and PFS in a cohort of 64 patients with EGFR mutated non-small cell lung carcinoma treated with TKIs (49).

Our findings might be very relevant for patients with EGFR-driven lung adenocarcinoma that becomes resistant to osimertinib through acquisition of gatekeeper mutations, such as EGFR C797S , and for whom treatment possibilities are limited to conventional therapies, because checkpoint inhibitors are mostly ineffective in this context. A phase 1 clinical trial should now be put in place to confirm the efficacy of the GSI-TKI combination in patients. Interestingly, a phase I/II trial in 16 patients with lung adenocarcinoma showed that the TKI erlotinib and GSI RO4929097 (Roche) combination is safe and feasible [START_REF] Gold | A phase I/II trial combining erlotinib with gamma secretase inhibitor RO4929097 in advanced non-small cell lung cancer (NSCLC)[END_REF]. As the side effects associated with erlotinib are higher than those with osimertinib (47), the osimertinib and GSI combination also might be safe in patients, particularly when using nirogacestat. Indeed, this GSI displays longterm efficacy and is well tolerated by patients [START_REF] Kummar | Clinical Activity of the gamma-Secretase Inhibitor PF-03084014 in Adults With Desmoid Tumors (Aggressive Fibromatosis)[END_REF]. Moreover, the present study showed that similarly to DBZ, nirogacestat also overcomes resistance to TKIs in human lung adenocarcinoma cells harboring gatekeeper mutations.

MATERIAL AND METHODS

Mice

Tet-on-EGFR T790M/L858R and CCSP-rtTA mice were described previously [START_REF] Li | Bronchial and peripheral murine lung carcinomas induced by T790M-L858R mutant EGFR respond to HKI-272 and rapamycin combination therapy[END_REF][START_REF] Tichelaar | Conditional expression of fibroblast growth factor-7 in the developing and mature lung[END_REF]. For in vivo PC9GROR lung adenocarcinoma cell xenograft growth assays, 3.5 x 10 6 PC9GR or PC9GROR cells were injected subcutaneously in the flank of 6-week-old, female athymic Nude-Foxn1 mice (Envigo). Drug treatments were started when tumors reached the volume of 200 mm 3 . For Kaplan-Meier analyses, mice were killed when tumors reached the volume of 1200 mm 3 .

Animal procedures were performed according to protocols approved by the French national committee of animal care.

Western blotting

Western blotting was performed as previously described [START_REF] Maraver | Therapeutic Effect of gamma-Secretase Inhibition in Kras(G12V)-Driven Non-Small Cell Lung Carcinoma by Derepression of DUSP1 and Inhibition of ERK[END_REF]. The following antibodies were used for the analysis: anti-N1ICD, -HES1, -NOTCH1, -NOTCH2, -NOTCH3 and -pSTAT3 (Cell Signaling Technology), -STAT3 (BD), and -tubulin (Sigma). Secondary antibodies were horseradish peroxidase-linked anti-rabbit or anti-mouse (Cell Signaling Technology). Tubulin was used as loading control for all blots.

Treatments in mice

Dibenzazepine (DBZ) (Syncom) was administered 4 days per week (3.3 mg/kg/day) by intraperitoneal (IP) injection. Gefitinib and osimertinib (Cliniscience) were administered by gavage 4 days per week (20 mg/kg/day) and 5 days per week (5 mg/kg/day), respectively. Antibodies against NOTCH1 (NRR1) and NOTCH3 (NRR3)

were administered by IP injection: NRR1 at 5 mg/kg/day every 5 days, and NRR3 at 15 mg/kg/day every Monday and Thursday (Genentech).

Histopathology and immunohistochemistry

Lung lobes were fixed, embedded in paraffin and stained with hematoxylin and eosin (HE) or used for immunohistochemistry. Tumor area and total lung area were measured using the Image J software. For pathological analysis of HE-stained tissue sections, classical cytological and architectural features (tumor cell invasion and high mitotic rate) were evaluated by our expert pathologist (M.C.). For immunohistochemistry, the following antibodies were used: anti-HES1 (Cell Signaling Technology), -Ki67

(Agilent), -pERK (Cell Signaling Technology), and -pAKT (Novus Biologicals). For each tumor, five 10X magnification fields were scored using the Image J software.

Signal intensity in murine and human tissue samples was scored as follows: 0 = lowest intensity, and 5 = highest intensity.

Cell culture and transfection reagents

PC9GR (resistant to gefitinib), and PC9GROR (resistant to gefitinib and osimertinib) cells were obtained from Yarden's laboratory [START_REF] Mancini | An oligoclonal antibody durably overcomes resistance of lung cancer to thirdgeneration EGFR inhibitors[END_REF]. The control siRNA (non-targeting, siNT), and the siRNAs against HES1 (siHES1) and STAT3 (siSTAT3) (Dharmacon) were transfected at 20 nM with Dharmafect1 following the manufacturer's instructions.

For western blotting, RNA-seq or ChIP, cells were incubated with DBZ (250 nM), gefitinib (1 µM), osimertinib (250 nM), PD173074 (2µM), ruxolitinib (0.25 µM),

or DMSO (vehicle).

For the proliferation assays, siRNA-transfected cells were incubated with gefitinib (15 nM) (or DMSO). Then, cells were fixed at various time points and stained with sulforhodamine B (SRB). Absorbance was measured at 560 nm in a microplate reader (Glomax, Promega).

RNA sequencing

RNA was sequenced by Fasteris (Switzerland) using Next-Generation DNA sequencing (NGS) based on the Illumina technology. The RNA-seq data were deposited in the National Center for Biotechnology Information Gene Expression Omnibus (accession number GSE117846).

Reads were aligned against the Ensembl Homo sapiens genome assembly (GRCh38). Read counts were extracted from the STAR output file with HTSeq and only the protein-coding genome features were taken into account in the final count matrix. Sample counts were normalized by summing read counts for each sample

( 𝑠 ! , 𝑖 = 1, … ,12
), and computing a first factor for each sample

𝑓 ! = 𝑠 ! /median !!!,…,!" (𝑠 !
). These factors were normalized such that the product of all the normalized factors 𝑔 ! was equal to 1:

𝑔 ! = ! ! ! ! !!!,..,!" !/!"
. Finally, each column (each sample) of the read count matrix was divided by the corresponding 𝑔 ! . Gene set enrichment analysis [START_REF] Subramanian | Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles[END_REF] was performed using «The Molecular Signatures Database Hallmark Gene Set Collection» [START_REF] Liberzon | The Molecular Signatures Database (MSigDB) hallmark gene set collection[END_REF].

Chromatin immunoprecipitation (ChIP)

Chromatin was prepared as described previously [START_REF] Fabbrizio | Negative regulation of transcription by the type II arginine methyltransferase PRMT5[END_REF]. Statistical significance was determined with the paired two-tailed Student's t test.
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 7 Figure. 7. High HES1 protein levels correlate with poor progression-free survival
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