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Liver kinase B1 (LKB1/STK11) is the second tumor suppressor gene most frequently mutated in non-small-cell lung cancer (NSCLC) and its activity is impaired in about half KRAS-mutated NSCLCs. Nowadays, no effective therapies are available for patients having these mutations. To highlight new vulnerabilities of this subgroup of tumors exploitable to design specific therapies we screened an US FDA-approved drug library using an isogenic system of wild-type (WT) or deleted LKB1. Among eight hit compounds, Birinapant, an inhibitor of the Inhibitor of Apoptosis Proteins (IAPs), was the most active compound in LKB1-deleted clone only compared to its LKB1 WT counterpart. We validated the Birinapant cells response and its mechanism of action to be dependent on LKB1 deletion. Indeed, we demonstrated the ability of this compound to induce apoptosis, through activation of caspases in the LKB1-deleted clone only. Expanding our results, we found that the presence of KRAS mutations could mediate Birinapant resistance in a panel of NSCLC cell lines. The combination of Birinapant with Ralimetinib, inhibitor of p38α, restores the sensitivity of LKB1- and KRAS-mutated cell lines to the IAP inhibitor Birinapant. Our study shows how the use of Birinapant could be a viable therapeutic option for patients with LKB1-mutated NSCLCs. In addition, combination of Birinapant and a KRAS pathway inhibitor, as Ralimetinib, could be useful for patients with LKB1 and KRAS-mutated NSCLC.
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Introduction

Non-small-cell lung cancer (NSCLC) is the leading cause of cancer-related death worldwide (1). In the recent decades, with the discovery of the molecular heterogeneity and oncogene addiction of some NSCLC subtypes, the use of targeted therapies and immunotherapy has improved the outcomes for patients affected by these malignancies (2). Nowadays, in spite of this progress, some mutations frequently present in NSCLCs remain untargetable and the available therapies seem to be not very effective (2, 3). Among these, NSCLC mutated in Liver kinase B1 (LKB1/STK11) gene represent one-third of the cases and LKB1/STK11 is considered the third most commonly mutated gene in NSCLC adenocarcinomas, after TP53 and KRAS (4). LKB1 mutations were found in about 50% of KRAS-mutated NSCLC and it was demonstrated that the co-occurrence of LKB1/KRAS mutations significantly increases the tumor burden, mediated by increased resistance to classical anticancer and immunotherapeutic drugs thus corresponding with poor prognosis for patients carrying these alterations (5, 6). Moreover, mutations in LKB1 is mutually exclusive with mutations in those genes for which a targeted therapy already exists. LKB1 is a master kinase that, acting on AMPK-mTOR pathway, regulates different cellular processes as cell metabolism, cell polarity, growth and autophagy (7). Mutations in this gene almost invariably lead to protein loss of function that reflects in a series of cellular abnormalities (8).

Birinapant is a SMAC mimetic compound and an IAP inhibitor (9). Similar to the endogenous SMAC protein, Birinapant is able to bind IAPs promoting their degradation. In particular, it binds with high affinity to the cellular IAP 1 (c-IAP1) and with a lesser extent to the cellular IAP 2 (c-IAP2) and XIAP (10). IAPs belong to the class of proteins that inhibit the apoptotic process. Indeed, in normal cell conditions, they block the extrinsic apoptotic pathway and promote cell survival and cell growth (11, 12).

Ralimetinib is a selective molecule able to inhibit α and β isoforms of p38 mitogen-activated protein kinase (MAPK), in an ATP-competitive way (13). P38 MAPK belongs to MAPK family, which also includes JNK and ERK (14), and it is downstream the MAPKKK proteins, as KRAS protein. P38 MAPK protein phosphorylates multiple substrates in response to external stimuli. Inhibition of this protein decreases prosurvival, proangiogenic, and proinflammatory soluble factors (15).

In the present study, after an FDA-approved drug library screening, we analyzed the activity of Birinapant alone, or in combination with Ralimetinib, in LKB1-mutated NSCLC cell lines.



Materials and Methods


2D Cell Culture and Treatments

The NSCLC cell lines used (H1299, H520, H1975, H2009, H358, LU99, H727, H460, H2030, A549, H23) were obtained from American Type Culture Collection (ATCC) and RIKEN BRC cell bank. They were grown in RPMI1640 (Gibco) with the addition of 10% fetal bovine serum (FBS) (Euroclone) and 2 mM L-Glutamine (Gibco). Two LKB1-deleted clones H1299-LKB1 KO 1 and 2 were derived from H1299 through the Crispr-Cas9 technique, as previously described (16). They were maintained in selection by adding 3 µg/ml of Puromycin to the medium. The NCI-H1299 cells were also genetically manipulated to generate the KRAS G12C mutated (K) and LKB1WT and KRAS G12C-mutated and LKB1-deleted (KL) clones (17–20). For the K and KL clones, 500 µg/ml of Geneticin (G418) were added to the medium. Cell lines were routinely tested for mycoplasma contamination by polymerase chain reaction (PCR), and authenticated with the PowerPlex 16 HS System (Promega) every 6 months by comparing the short tandem repeat (STR) profiles to those deposited in the ATCC and/or in the German Collection of Microorganisms and Cell Cultures (DSMZ) databases.

The day of the treatment, dimethyl sulfoxide (DMSO) stock solutions of all the drugs used (10 mM) were diluted in complete medium at the desired concentrations with a final DMSO concentration of 0.05% for single treatment or 0.15% in combination treatment. In all the cytotoxicity experiments, either single or combination treatments, cells were continuously treated for 72 h.

Cell viability assays were performed independently. For the MTS cell viability assay, MTS was added to each well. Then, plates were incubated at 37°C for about 3 h and the absorbance at 490 nm was read using plate-reading instrument (GloMax discover, Promega). For the CellTiter-Glo viability assay, a volume of CellTiter-Glo reagent equal to the volume present in each well was added and luminescence was read through GloMax instrument. Finally, the sulforhodamine B assay was performed following the manufacturer’s instructions and the absorbance was measured at 560 nm.

For each experiment, starting from the absorbance/luminescence values, the mean of at least six biological replicates and the percentage of cell viability (where the 100% of viability were control-treated samples values) were calculated for each dose. The average of at least three independent experiments was then plotted in dose-response curves. The concentration that inhibits 50% of cell viability (IC50) was calculated with PRISM software.



3D Spheroids Culture and Treatments

Procedures involving animals were conducted in conformity with the following laws, regulations, and policies governing the care and use of laboratory animals: Italian Governing Law (D. lg 26/2014; authorization no.19/2008-A issued 6 March 2008 by the Ministry of Health); Mario Negri Institutional Regulations and Policies providing internal authorization for persons conducting animal experiments (Quality Management System Certificate: UNI EN ISO 9001:2008, reg. no. 6121); An institutional review board and the Italian Ministry of Health approved the in vivo experiments performed (project authorization #9F5F5.69.EXT.37).

Three dimensional spheroids models were derived from excised H1299 and H1299-LKB1 KO xenografts, obtained by subcutaneously injecting the cell lines in nude mice. When the tumor weight was about 1 mg, the mice were euthanized with CO2, then, tumors were excised, rinsed with saline solution, mechanically minced and incubated in a flask at 37°C with collagenase. After 30 min, all the flask content was filtered, the tumor mass was recovered and another cycle with collagenase was performed for 60 min. Successively, after filtration, the tumor mass was transferred into a 50 ml falcon where it was resuspended in 10 ml of wash buffer (Supplementary Material) and incubated at room temperature for 20 min. The supernatant was removed and the passage was repeated until the solution became clear. After the last wash, the pellet was spun down in 10 ml of wash buffer. The pellet was resuspended in wash buffer and counted with Neubauer chamber. Cells, at a density of 20000 cells/ml, were then resuspended in 50 µl/well of Basement Membrane Extract (BME, RGF BME, Type 2 PathClear, CULTREX) and seeded in 24-well plate. Once BME was solidified, 500 µl of culture medium (Supplementary Material) was added. Spheroids formed in about 1 week and were subsequently subcultured once a week. The procedure of subculture consisted in mechanical detachment of BME with spheroids from the substrate and trypsin addition (TrypLE Express, GIBCO) to favor the disruption of the 3D aggregates. The suspension was then incubated at 37°C for 5 min under mild shaking and trypsin activity was stopped by adding cold basal medium (Supplementary Material). Single cells were resuspended in BME and plated in 24-well plates. After BME solidification, warm culture medium was added. Spheroids were replaced with fresh stocks from liquid nitrogen after 4 to 5 months of culture.

To perform cytotoxicity experiments, 3D spheroids were mechanically detached from the 24-well plate and spheroid-derived single cells were then counted by Neubauer chamber and resuspended in an appropriated volume of BME to obtain 100,000 cells/ml as final concentration. They were then seeded in white 96-well plates, 10 µl of BME per well, and 50 µl of culture medium was added to each well. Four days after seeding, they were treated and 72 h after treatment start, CellTiter glo assay was performed, as previously described.



FDA-Approved Drug Library Screening

The FDA approved drug library (Z208828, Selleckchem) is a collection of 1,443 inhibitors belonging to different classes like oncology, anti-inflammation, immunology, neuropsychiatry, analgesia and so on. The library comprises some drugs already approved by FDA and some undergoing clinical trials (21). The compounds were dissolved in DMSO or water at a concentration of 10 mM. Original stock solutions of the library compounds were then diluted in water to a final concentration of 100 μM for each compound.

To perform the screening, cells were detached from flasks by trypsin-EDTA, resuspended at the desired concentration in RPMI1640 medium plus Penicillin and Streptomycin (Pen/Strep, Gibco) and seeded in a volume of 76 µl/well in 384-wells plates by automatic liquid handling (epMotion 5075, Eppendorf). The next day, the plates were treated with the FDA-approved drug library by an automatic liquid handling. Four µl of each drug were transferred to 384-well plates, thus reaching a final concentration of 5 µM for each drug and 0.05% for DMSO. Medium (80 μl/well) was used as a blank. Negative control was composed of 4 μl of H2O or 4 μl of H2O + DMSO 0.05% without drug treatment. Finally, a positive control group was composed of adding 4 μl of a drug known to be active only in LKB1-deleted clone. After 72 h of continuous treatment, the cytotoxicity of each compound was evaluated with MTS cell viability assay, as previously described. For each cell line, the absorbance of drug-treated cells (T) was normalized to control-treated cells (C), thus obtaining the T/C ratio.



Western Blot Molecular Analysis

Cells were seeded in petri dishes and, after 48 h, they were treated with drug at the desired concentration. Pellets were collected 24 and 48 h after treatment start. To prepare the pellets, cells were washed twice with ice-cold PBS and then mechanically detached from the plates with scrapers. The suspension was then centrifuged and the pellet resuspended in lysis buffer and incubated on ice for 1 h to permit cells lysis. Successively, insoluble cellular debris were pelleted at 10,000 rpm for 15 min at 4°C and the total protein amount in the supernatant was recovered. An aliquot was used to determine protein concentration at 595 nm at the spectrophotometer Ultrospec 2100 pro (Amersham Bioscences). Protein concentration was obtained using a BSA calibration curve.

Thirty µg of protein total extracts were separated according to their molecular weight with an electrophoretic run in denaturing conditions at about 100V. Then, proteins were transferred on activated PVDF membrane (Millipore) for 2 h at 60V. PVDF membrane was colored with Red Ponceau dye (Sigma) to verify the presence of proteins.

The proteins of interest were detected by exposing PVDF membranes overnight at 4°C to protein-specific primary antibodies diluted in 5% BSA-TBS-T or non-fat dry milk-TBS-T. The next day, the membrane was exposed to the secondary antibodies labelled with horseradish-peroxidase. After several washings, the horseradish-peroxidase substrate (ECL Western Blotting Detection, Amersham-Life Science) was added and the signal revealed through Odyssey Fc instrument (LI-COR). C-IAP1, LKB1, and PARP primary antibodies were purchased from Cell Signaling while XIAP, Caspase-3, Actin, Ran, and Lamin B from Santa Cruz Biothecnology. The anti-mouse and anti-rabbit secondary antibodies were purchased from Biorad whereas the anti-goat secondary antibody was purchased from Santa Cruz Biotechnology.



Realtime-Glo Annexin V Apoptosis Assay

Cells were seeded in white 96-well plates and treated with the drug at the desired concentrations after 24 h. The Realtime-Glo Annexin V detection reagent was added to all wells (the detection reagent was prepared following the datasheet instructions). Plates were maintained at 37°C and luminescence was read at different time points: 0, 24, 48, and 72 h after treatment start. At each concentration and time point, luminescence data were normalized to blank values and the average of six biological replicates was calculated. Control-treated cells were used as reference samples. Results were plotted as histograms, which represented the mean of at least three independent experiments.



Caspase-Glo 3/7 Assay

Cells were seeded in white 96-well plates and, after 24 h, treated with the drug at the desired concentrations. Seventy-two hours after treatment, the Caspase Glo reagent was then added to all wells (the reagent was prepared following the datasheet instructions). Plates were incubated at 37°C and, after 1 h, luminescence was read. Data were analyzed as for Annexin V assay and statistical analysis was performed with PRISM software.



Statistical Analysis

The statistical analyses for each experiment were performed through GraphPad Prism 7.01 software (GraphPad Software, San Diego California USA, www.graphpad.com). The different tests used are reported in the legends of the figures. Differences with a p-value < 0.05 were considered statistically significant.




Results


FDA-Approved Drug Library Screening and Independent Validation of the Hit Compounds

To find new vulnerabilities of LKB1-mutated NSCLCs, potentially exploitable to design new therapies, we performed a high throughput screening with an FDA-approved drug library. We used NCI-H1299 cell line (LKB1 WT) and a LKB1-deleted clone (H1299-LKB1 KO 1) previously obtained with Crispr-Cas9 technique (16) from H1299. To select compounds more active on LKB1-deleted clone than on the parental cell line, for each compound of the library, the ratio between H1299-LKB1 KO 1 T/C and H1299 T/C was calculated and a cut-off of 0.6 was established (Supplementary Table 1). This cut-off permitted to select compounds able to induce at least 40% more cell killing in LKB1-deleted clone than in the WT cell line. Fourteen compounds have achieved the cut-off value but three of them were excluded from hit compounds because of their high toxicity in both cell lines (Figure 1A). Among hits, two MEK inhibitors, three antimetabolites, a SYK inhibitor and an ALDH inhibitor, an HMG-CoA reductase inhibitor, an antiseptic, an antibacterial and an IAP inhibitor were present (Table 1).




Figure 1 | (A), Distribution of the FDA-approved drug library’s compounds according to their different activity in H1299 and H1299 LKB1 KO 1 cells. Y-axis refers to H1299-LKB1 KO 1 T/C and H1299 T/C ratio. Each single triangle represents a compound. The eleven hit compounds are below the chosen cut-off value of 0.6 and they are colored in green. The three excluded compounds are in red. (B) Dose-response curves of H1299 and H1299-LKB1 KO 1 isogenic system treated with increasing concentrations of Birinapant. The response to the drug was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 2.




Table 1 | Table summarizing the H1299 and H1299-LKB1 KO 1 clone (here reported as LKB1 KO 1) IC50 of the eleven hit compounds from the drug library screening.



The activity of selected drugs was confirmed by generating, for each compound, a complete dose-response curve on both H1299 and H1299-LKB1 KO 1 cell lines and by calculating the IC50, where it was possible. In addition, the ratio between H1299 IC50 and H1299-LKB1 KO 1 IC50 was calculated. Eight compounds, out of eleven, confirmed a higher cytotoxicity on the LKB1-deleted clone compared to the parental cell line (Table 1, Supplementary Figure 1). The antiseptic and antibacterial drugs showed an opposite behavior compared to the screening, while the ALDH inhibitor did not show significant differences between the two cell lines. Although the H1299-LKB1 KO 1 showed a higher sensitivity to MEK inhibitors than the LKB1 WT cell line, drug concentrations chosen for these inhibitors were too low to reach the IC50 in both cell lines. Birinapant, an IAP inhibitor, gave the best different responses: H1299-LKB1 KO 1 showed a significant sensitivity to this drug compared to the parental cell line and only for the LKB1-mutated clone we were able to calculate the IC50 (0.53 µM; CI: 0.47–0.60 µM) (Figure 1B, Table 1, and Supplementary Table 2).

Therefore, the study continued characterizing the different response observed with this drug.



Analysis of Birinapant Activity With Different Cell Viability Assays and in 3D Models

Birinapant activity was further validated on our isogenic system by two additional cell viability assays. The use of CellTiter-Glo and the sulforodamine B assay confirmed the high sensitivity of the LKB1-deleted clone to Birinapant (IC50 0.52 μM; CI: 0.46–0.58 μM and 0.53 μM; CI: 0.41–0.67 μM, respectively), while the parental cell line remained resistant, with an IC50 not calculable for the first assay and equal to 2.58 μM (CI: 2.0–3.4 μM) for the second (Figures 2A, B and Supplementary Table 3). Moreover, the Birinapant activity was confirmed in another independent H1299-derived clone (H1299-LKB1 KO 2) previously obtained with the Crispr-Cas9 technique (Figure 2C, Supplementary Table 4) (16).




Figure 2 | (A, B) Evaluation of the H1299 isogenic system response to Birinapant treatment through different cell viability assays: (A) CellTiter-Glo viability assay and (B) Sulforhodamine B assay. Dose-response curves were generated by treating the H1299 isogenic system with increasing concentrations of Birinapant. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 3. (C–E) Dose-response curves of H1299 and two H1299-LKB1 KO clones treated with increasing concentrations of (C) Birinapant, (D) AT406, and (E) GDC0152. The response to the drug was evaluated with the MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 4. (F) Western Blot analysis of LKB1 expression levels in H1299 and H1299-LKB1 KO 1 spheroids (3D). Actin was used as a loading control. (G) Dose-response curves of H1299 and H1299-LKB1 KO 1 spheroids (3D) treated with increasing concentrations of Birinapant. The response to the drug was evaluated with the CellTiter-Glo viability assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 5.



In order to verify that Birinapant activity was correlated to its specific mechanism of action as IAP inhibitor, we treated the cell lines with increasing doses of other two IAP inhibitors, AT406 and GDC0152. For each drug, it was possible to calculate the IC50 in both the two LKB1-deleted clones, whereas the drug concentrations used did not permit to reach the 50% of viability inhibition in the LKB1 WT cell line (Figures 2D, E and Supplementary Table 4).

Finally, we increased the complexity of our cellular model: 3D spheroids expressing or not LKB1 were generated (Figure 2F) and treated with Birinapant. Even in this model, it was possible to calculate the IC50 just for the clone lacking LKB1 (1.3 µM; CI: 0.8–2.0 µM) while the WT cells resulted resistant (Figure 2G and Supplementary Table 5).



Analysis of Apoptosis at Different Levels After Birinapant Treatment

We first excluded that the differences in the sensitivity of H1299 and H1299-LKB1 KO 1 cells to the drug were due to differences in the achievement of its targets. We analyzed the expression of c-IAP1 and XIAP, the two main Birinapant targets, after 24 and 48 h from treatment start with a sub-toxic concentration of 0.5 µM. In both cell lines, at the two time points considered, the drug reached its targets but, while the c-IAP1 was completely degraded, the XIAP levels were only (again equally in both cell lines) downregulated (Figure 3A).




Figure 3 | (A) Western Blot analysis of c-IAP and XIAP levels after Birinapant treatment, at different time points. Actin and Ran were used as loading controls. (B) RealTime-Glo Annexin V assay on H1299 and H1299-LKB1 KO 1 cell lines treated with Birinapant 5, 10, 25, and 50 nM. Annexin V exposure was followed 0, 24, 48, and 72 h from treatment start. The average of three biological replicates with standard deviations are reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 6. (C) Analysis of caspase-3 cleavage in H1299 and H1299-LKB1 KO 1. The two cell lines were treated with Birinapant 0.5 μM and protein levels were evaluated 24 and 48 h after treatment start. Actin was used as loading control. (D) Evaluation of caspase-3/7 activity in H1299 isogenic system after treatment with different concentrations of Birinapant, 24 and 48 h after treatment start with Caspase-Glo 3/7 assay. The average of two independent experiments is reported. The statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 7. (E) Analysis of PARP cleavage in H1299 isogenic system after 24 and 48 h from Birinapant treatment start. Lamin B was used as loading control. (F) Dose-response curves of H1299 and H1299-LKB1 KO 1 cell lines treated with increasing concentrations of Birinapant, alone or in combination with ZVAD 10 μM. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 8.



Being an IAP inhibitor, Birinapant exerts its cytotoxic activity by induction of apoptosis (9), so we analyzed this process at different levels. We evaluated the phosphatidylserine (PS) exposure on the outer leaflet of cell membrane, a signal of induction of apoptosis (22), by detecting Annexin V binding to it. H1299 and H1299-LKB1 KO 1 cells were treated with increasing concentrations of Birinapant and Annexin V binding was measured at different time points. We observed a higher PS exposure in H1299-LKB1 KO 1 clone compared to H1299, after 24 h of treatment. The differences in Annexin V levels between the two cell lines became more marked at 48 and 72 h (Figure 3B and Supplementary Table 6).

Then, we studied the effectors of apoptosis, Caspase 3 and 7. We observed the cleaved and active form of the Caspase 3 enzyme after treatment with a sub-toxic dose of Birinapant (0.5 µM), just in H1299-LKB1 KO cell line, while in H1299 only the uncleaved, inactive form of Caspase 3 was present (Figure 3C). Further evidence of apoptosis activation only in H1299-LKB1 KO 1 sensitive clone was given by the observation of Caspase 3/7 activity, at both 24 and 48 h from treatment. In the WT cell line, no activity of effector caspases at the two time points considered was detected (Figure 3D and Supplementary Table 7). In addition, Birinapant treatment induced cleavage of PARP, a substrate of active caspases, once again just in H1299-LKB1 KO 1 cells (Figure 3E).

To corroborate these data with a different approach, we treated cells with a combination of Birinapant and ZVAD, a pan caspases inhibitor. As expected, the co-treatment completely restored the resistance to Birinapant in H1299-LKB1 KO 1 clone while the same treatment in H1299 parental cell line did not change the viability of cells. Indeed, while the LKB1-deleted clone displayed an IC50 of about 0.5 μM, when treated with Birinapant alone, it was not possible to calculate this parameter when ZVAD was added to the treatment (Figure 3F and Supplementary Table 8).



Analysis of Birinapant Activity in NSCLC Cell Lines With Different LKB1 Status

In order to strengthen our previous results, we expanded the study to a panel of NSCLC cell lines WT or naturally mutated in LKB1 (Table 2). As already reported in literature, all the inactivating mutations found in LKB1 gene invariably lead to protein loss (Figure 4A) (7). All the cell lines chosen, together with the H1299-LKB1 KO 1 clone, used as positive control of treatment efficacy, were treated with Birinapant and dose-response curves were plotted. As shown in Figure 4B, all the cell lines were resistant to the compound (IC50 > 5 μM), independently from their LKB1 mutational status. These findings were also confirmed by treating a representative panel of cell lines, with increasing concentrations of two other IAP inhibitors previously tested, AT406 (Figure 4C) and GDC0152 (Figure 4D). Realizing that all LKB1-mutated cell lines in this panel also harbored activating KRAS mutations (Table 2) we hypothesized that these alterations could impede, in some way, Birinapant action and justify the resistance of LKB1-mutated NSCLC cell lines.


Table 2 | LKB1 and KRAS mutational status in NSCLC cell lines.






Figure 4 | (A) Western Blot analysis of LKB1 expression levels in NSCLC cell lines. Ran was used as loading control. (B–D) Dose-response curves of NSCLC cell lines treated with increasing concentrations of (B) Birinapant, (C) AT406, and (D) GDC0152. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. (E) Dose-response curves of H1299-derived clones, K, and KL, treated with increasing concentrations of Birinapant. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons. Data were not reported because no differences were found among all the compared groups.



To assess this hypothesis, we used an ad hoc isogenic cell system composed by K clone (KRAS G12C/LKB1 WT) and its derived KL clone (KRAS G12C/LKB1-deleted). The K clone was previously obtained starting from H1299 cell line by transfecting KRAS-G12C containing vector, then LKB1 was disrupted through Crispr-Cas9 technique, thus generating KL clone (17–20). Both clones were resistant to Birinapant as indicated by IC50 values higher than 5 μM (Figure 4E).



Combination of Birinapant and Ralimetinib in Other KRAS-LKB1 Co-Mutated Cell Lines

Knowing that the unique difference between KL and H1299-LKB1 KO 1 clones is the activating mutation in KRAS, we suggested that the inhibition of proteins belonging to pathways downstream of KRAS could restore the sensitivity to Birinapant in KL clone. Therefore, we treated K and KL clones with increasing doses of Birinapant and a sub-toxic dose of some KRAS downstream protein inhibitors: ERK inhibitor, MEK inhibitor, B-RAF inhibitor, AKT inhibitor and p38α inhibitor (data not shown). Among them, only the combination of Birinapant and Ralimetinib (2 μM), the p38α inhibitor, restored the sensitivity in KL clone, with an IC50 of 1.55 μM (CI: 1.24–1.99 μM), while the K clone remained resistant (IC50 > 5 μM) (Figure 5A and Supplementary Table 9).




Figure 5 | (A) Dose-response curves of K and KL clones treated with increasing concentrations of Birinapant, alone or in combination with Ralimetinib 2 μM. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 9. (B) Histograms of KRAS mutated/LKB1 WT cell lines, H358 and LU99, treated with Birinapant 5 μM, Ralimetinib 10 μM or the combination of the two drugs. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through one-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in the graphs. *p < 0.05, ns: not statistically significant. (C) Histograms of KRAS mutated/LKB1 deleted cell lines, A549 and H23, treated with Birinapant 5 μM, Ralimetinib 10 μM or the combination of the two drugs. The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through one-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in the graphs. ****p < 0.0001. Percentage of cell viability of single treated samples was calculated reporting its value to the control-treated sample, considered 100% viable. While, for combination treatment, Ralimetinib treated sample was considered as 100% of viability hence the combination cell viability was normalized on the Ralimetinib cell viability. In this way, the minimum effect of Ralimetinib on cell viability is nulled and the potency of Ralimetinib in sensitizing cells to Birinapant is highlighted.



Having confirmed that, in our ad hoc isogenic system, the inhibition of a KRAS downstream protein with Ralimetinib restored the sensitivity to Birinapant in the LKB1-deleted KRAS mutated clone, we tried to expand this result to other LKB1 and KRAS mutated cell lines of our previous panel. We chose two KRAS mutated and LKB1 WT cell lines, the H358 and the LU99, and other two naturally mutated both in KRAS and LKB1, the A549 and the H23. All these cell lines were treated with single sub-toxic doses of Birinapant or Ralimetinib and with the combination of the two drugs. The combination treatment did not have a significant impact on cell viability in the LKB1 WT cell lines (Figure 5B), while it significantly decreased cell viability in both the LKB1-mutated cell lines (Figure 5C).




Discussion

Mutations in STK11, the second tumor suppressor gene most frequently mutated in NSCLCs (4), lead to loss of LKB1 protein expression which precludes the possibility to directly targeting the cancer-associated, mutated product. Moreover, the frequent co-presence, in NSCLCs, of LKB1 and KRAS mutations (25) is associated with resistance to the classical anticancer drugs and immunotherapy (5). In addition, the mutual exclusivity of LKB1 mutations with other targetable mutated genes, such as EGFR and ALK (5), pose great challenges on how to treat patients affected by these tumors. Therefore, highlighting new vulnerabilities of LKB1-mutated NSCLC tumors potentially exploitable to design new therapies is urgently needed. In order to achieve this goal, we have screened an FDA-approved drug library on a NSCLC cell line LKB1 WT and its LKB1-deleted clone, previously obtained in our laboratory with Crispr-Cas9 technique. The FDA-approved library used comprises some drugs already approved by FDA and others under evaluation in clinical trials (21). The screening of FDA-approved library is an interesting technique already used in different fields by researchers (26, 27). Indeed, by examining all the drug classes on the same cellular model it is possible to find new applications for an old drug and, hence, introduce an already existing therapy to a new disease, the so called drug repurposing (28). In addition, drug repurposing allows rapid clinical impact and patient benefit at reduced cost and time requirements than de novo drug development as a result of the availability of bioactivity and safety data from clinical trials for each compound used in the screening (21). In our study, the screening and the consequent validation revealed that eight compounds were more active on the LKB1-deleted clone compared to the parental cell line. As already reported in the literature, the LKB1-deleted clone resulted sensitive to the three different MEK inhibitors included in the library (29, 30). The most active compound on LKB1-deleted clone compared to the LKB1 WT cell line was Birinapant, a phase II SMAC mimetic or IAP inhibitor compound. Our results indicate that Birinapant, as a representative compound of IAP inhibitors, inhibited c-IAP1 and XIAP in both cell lines, but just in the LKB1-deleted clone it induced apoptosis through caspase activation. Studies in literature showed that degradation or inhibition of IAPs by Birinapant does not necessarily translate in sensitivity to the drug (31). In our isogenic system, the unique difference between the cell lines is the deletion in LKB1, so we identify a potential role of this protein in determining sensitivity to IAP inhibitors.

In order to enhance the translational impact of our results, we chose to shift from this isogenic system to different LKB1 WT or naturally mutated NSCLC cell lines. All the cell lines tested were resistant to Birinapant, independently from LKB1 mutations. Due to the fact that all LKB1-deleted cell lines tested in these experiments were also KRAS-mutated, we hypothesized that the latter mutation could constitutively activate downstream pathways to interfere with the sensitivity of LKB1-deleted cell lines to IAP inhibitors. To investigate the hypothesized contribution of KRAS mutations in the resistance to Birinapant, we combined subtoxic doses of the IAP inhibitor to different KRAS downstream protein inhibitors. Among them, the combination of Birinapant and Ralimetinib, a p38α inhibitor (13, 14), was able to restore the sensitivity of Birinapant in KRAS- and LKB1-mutated cell lines. Our data are in line with those present in literature where it was shown that targeting p38α, overcomes resistance to Birinapant in primary acute myeloid leukemia (32).

In conclusion, our results highlighted a potential new strategy to specifically treat LKB1-deleted tumors. Pending the verification of our results in LKB1-mutated in vivo systems, the use of Birinapant could be a viable therapeutic option for patients with LKB1-mutated NSCLCs, where co-existing alterations which can interfere with Birinapant activity (i.e. KRAS activating mutations) have not been found. Moreover, combination of Birinapant and Ralimetinib could be also useful for that number of patients with LKB1- and KRAS-mutated NSCLC, for whom, no targeted therapies are available yet, although the recent introduction of KRAS G12C specific inhibitors could make KRAS druggable (33). Because the results observed with Ralimetinib were based on the assumption that it interferes with KRAS signaling, our data would suggest that a combination of Birinapant and KRAS specific inhibitors, (at least for those patients harboring G12C mutation) could be a further valuable strategy. Finally, considering that Birinapant has been already adopted in phase I-II clinical trials (NCT03803774, NCT01828346, and NCT01681368) (34), the new therapy could be quickly translated to the clinic.
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