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to enhance clinical efficacy in ALK-rearranged non-small
cell lung cancer
Fernando Martín 1,2,3, Clara Alcon 3, Elba Marín4,5,6, Paula Morales-Sánchez 3, Albert Manzano-Muñoz 1,3, Sherley Díaz7,
Mireia García7, Josep Samitier 1,2,8, Albert Lu3, Alberto Villanueva 9, Noemí Reguart4,5,6,10, Cristina Teixido 5,6,7,10 and
Joan Montero 2,3✉

© The Author(s) 2025

ALK (anaplastic lymphoma kinase) rearrangements represent the third most predominant driver oncogene in non-small cell lung
cancer (NSCLC). Although ALK inhibitors are the tyrosine kinase inhibitors (TKIs) with the longest survival rates in lung cancer, the
complex systemic clinical evaluation and the apoptotic cell death evasion of drug-tolerant persister (DTP) cancer cells may limit
their therapeutic response. We found that dynamic BH3 profiling (DBP) presents an excellent predictive capacity to ALK-TKIs, that
would facilitate their use in a clinical setting and complementing the readout of standard diagnostic assays. In addition, we
revealed novel acute adaptive mechanisms in response to ALK inhibitors in cell lines and patient-derived tumor cells. Consistently,
all our cell models confirmed a rapid downregulation of the sensitizer protein NOXA, leading to dependence on the anti-apoptotic
protein MCL-1 after treatment with ALK-TKIs. In some cases, the anti-apoptotic protein BCL-xL may contribute equally to this anti-
apoptotic response. Importantly, these acute dependencies could be prevented with BH3 mimetics in vitro and in vivo, blocking
tumor adaptation to treatment. Finally, we also demonstrated how dual reactivation of PI3K/AKT and MAPK signaling pathways can
impair lorlatinib response, which could be overcome with specific inhibitors of both signaling pathways. In conclusion, our findings
propose several therapeutic combinations that should be explored in future clinical trials to enhance ALK inhibitors efficacy and
improve the clinical response in a broad NSCLC patient population.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related mortality, with
a five-year survival rate that barely reaches 22% [1]. Among the
patients diagnosed, 85% belong to the histological group known
as non-small cell lung cancer (NSCLC) [2]. This high incidence and
advances in next-generation sequencing (NGS) led to a broad
NSCLC molecular characterization, revealing multiple genomic
alterations and potential targets in the development of small-
molecule tyrosine kinase inhibitors (TKIs) [3]. Specifically, up to
64% of patients present targetable alterations in driver oncogenes,
although not all of them have clinically available treatments [4].
The most frequent are KRAS and EGFR oncogenes, that are
mutated in 30% and 15% of cases, respectively. The third most
predominant driver oncogene in NSCLC is ALK (anaplastic
lymphoma kinase), which is present in around 5% of patients [2,

5]. In contrast to KRAS and EGFR, constitutive activation of ALK
usually originates from a fusion with another gene, predominantly
EML4 (90%), which promotes autophosphorylation and down-
stream activation of MAPK and PI3K/AKT signaling pathways. The
first targeted therapy approved for the treatment of ALK-positive
NSCLC was crizotinib [6]. However, several subsequent next-
generation ALK-TKIs, including alectinib, brigatinib, and lorlatinib,
demonstrated superior clinical efficacy [7–9], but the discussion
over the selection of the optimal first-line therapy is still active [3].
ALK inhibitors are the TKIs conferring longer survival rates in

NSCLC, but the response is not durable and treatment options
against cell resistance are limited [4]. A hallmark of these drug-
tolerant persister (DTP) cancer cells is apoptotic cell death evasion
controlled by the BCL-2 family, which plays a key role in the
mitochondrial outer membrane permeabilization, considered the
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point of no return for apoptosis [10, 11]. The BCL-2 family is
classified into four groups according to their involvement in this
programmed cell death. Briefly, pro-apoptotic effectors BAK and
BAX oligomerize and permeabilize the mitochondrial outer
membrane. Activators BIM and BID promote BAX and BAK
oligomerization. Anti-apoptotic proteins BCL-2, BCL-xL, and MCL-
1, among others, prevent apoptosis by sequestering both activator
and effector proteins. Finally, sensitizers such as BAD, NOXA, and
HRK exert a pro-apoptotic effect by binding to anti-apoptotic
members, displacing the activators and effectors sequestered by
anti-apoptotic proteins [12, 13]. Therefore, upregulation of anti-
apoptotic proteins, together with genetic/epigenetic alterations
and post-translational modifications in pro-apoptotic members,
predominantly promote cell death resistance and consequent
cellular adaptation to anticancer therapy [10, 11]. Nonetheless,
these dynamic dependencies could potentially be prevented with
BH3 mimetics, novel small molecules that block with high
specificity anti-apoptotic proteins [14]. BH3 mimetics’ potential
for NSCLC treatment has already been tested in KRAS and EGFR-
mutated tumors [15–17], but alterations in the BCL-2 family in ALK-
rearranged NSCLC is still not fully understood.
NGS and other molecular analyses made possible to routinely

guide clinical decisions, increasing the life expectancy of NSCLC
patients by 3–4 years [18–21]. However, these strategies often fail
to predict the cytotoxic effect and, especially, dynamic anti-
apoptotic resistances to anticancer therapy, since they study the
molecular components of dead cancer cells and do not evaluate
dynamic responses to perturbations [12, 22]. In contrast, the
functional assay dynamic BH3 profiling (DBP) allows the prediction
of anticancer therapy cytotoxicity and selective dependencies on
anti-apoptotic proteins in DTPs by measuring net changes in
mitochondrial apoptotic signaling using synthetic BH3 peptides
that mimic the BCL-2 family of proteins [22–28]. We here
demonstrate the potential use of DBP to determine the
cytotoxicity of ALK inhibitors and the anti-apoptotic programs
involved in DTP cancer cell survival in ALK-rearranged NSCLC that
we believe could impact its treatment in the future.

RESULTS
DBP predicts the sensitivity to ALK inhibitors in a
representative NSCLC cell lines panel
Current molecular analyses are highly effective in detecting ALK
rearrangements, but often do not distinguish between different
genetic variants of translocation, which may alter the patient’s
clinical response [29]. In this sense, we believe that the functional
assay DBP could benefit patients by predicting the cytotoxicity of
different ALK inhibitors in living tumor cells, complementing the
readout of standard diagnostic assays. To demonstrate DBP’s
applicability as a biomarker for ALK-TKIs response, we employed a
panel of eight NSCLC cell lines that carried the most common
oncogenic drivers in NSCLC patients (KRAS, EGFR, ALK, and MET),
and two other cell lines without detected alterations in these
oncogenes [2, 5]. First, we analyzed the increase in Δ% priming
using the BIM BH3 peptide after 16 h incubation with crizotinib,
alectinib, brigatinib, and lorlatinib. As expected, all ALK-TKIs
substantially increased Δ% priming in the two cell lines presenting
ALK rearrangements, H3122 (EML4-ALK gene fusion) [30] and
H2228 (EML4-ALK and PTPN3-ALK gene fusions) [30, 31]. These
agents did not increase Δ% priming in the other cell lines, with the
notable exception of brigatinib in cell lines presenting EGFR
mutations (PC9 and H1975), given its inhibitory capacity against
this oncogenic protein [32] (Fig. 1A). To validate these DBP
predictions, we then confirmed the cytotoxicity of ALK-TKIs in the
same panel of cells using Annexin V and DAPI cell death
determinations at 96 h (Fig. 1B). Statistical analysis comparing Δ
% priming at 16 h and % cell death at 96 h revealed a significant
correlation between these two measurements (Fig. 1C). Finally, we

carried out a Receiver Operating Characteristic (ROC) Curve
analysis to further evaluate the predictive capacity of DBP in
NSCLC, reporting an area under the curve (AUC) of 0.94 (Fig. 1D),
and demonstrating that DBP was an excellent binary predictor in
this representative subset of cell lines and ALK inhibitors.

The rapid increase in BIM expression determines the response
to ALK inhibitors
The early detection in the increase of Δ% priming is feasible
because ALK inhibitors rapidly induced an increase in BIM
expression in H3122 and H2228 cell lines (Fig. 2A, B), similarly as
previously described for other anticancer agents [33, 34]. Given
that accumulation of this activator protein preceded the
subsequent apoptotic cell death, treatment-induced BIM accumu-
lation is crucial in cell fate. To investigate if BIM upregulation is
also associated with ALK-rearranged NSCLC patient-derived cells,
we used public RNA-seq data [35] to evaluate changes in BCL2L11
(BIM gene) mRNA in four EML4-ALK-positive patient-derived
NSCLC cell lines. All four patient-derived cell lines (CUTO8, CUTO9,
CUTO29, and YU1077) exhibited a clear trend in the increase of
BCL2L11 mRNA after 24 h of treatment with alectinib, brigatinib,
and lorlatinib (Fig. 2C), correlating with the H3122 and H2228 cell
lines data. Finally, to investigate if BIM accumulation also occurs in
patients, we performed immunohistochemistry (IHC) analyses of
formalin-fixed and paraffin-embedded (FFPE) ALK+ NSCLC sam-
ples before and during treatment with the ALK inhibitor lorlatinib.
Consistent with our in vitro results, tumor tissue prior to ALK
inhibition therapy showed negative BIM staining, whereas the
histological section removed during lorlatinib treatment showed
some areas with a slight increase in BIM expression, although this
increment was not as high as expected (Supplementary Fig. S1).
Nevertheless, this patient did not survive after 3 months of
lorlatinib treatment, which could be explained by the low increase
in BIM expression detected. Collectively, these results point to the
expression of BIM as a potential predictive biomarker, and support
the applicability of DBP in NSCLC patient-derived cells to rapidly
identify BIM-mediated apoptotic cell death.

NOXA downregulation after ALK inhibition leads to anti-
apoptotic MCL-1 resistance
The complete clinical response is not always achieved due to
apoptotic cell death evasion in DTP cancer cells [10, 11].
Importantly, DBP can identify these dynamic anti-apoptotic
protein dependencies using synthetic BH3 peptides that mimic
sensitizer BCL-2 family proteins (an increase in priming using the
BAD BH3 peptide would indicate BCL-2/BCL-xL tumor depen-
dence; the HRK BH3 peptide, BCL-xL dependence; and the MS1
BH3 peptide, MCL-1 dependence) [12, 22, 27, 36, 37]. These pro-
survival adaptations can then be overcome with specific BH3
mimetics such as ABT-199 (or venetoclax, a selective BCL-2
inhibitor) [38], A-1331852 (BCL-xL inhibitor) [39] or S63845 (MCL-1
inhibitor) [40]; or using alternative strategies such as DT2216 (BCL-
xL PROTAC) [41] or dinaciclib (a CDK9 inhibitor that downregulates
the expression of short half-life RNAs such as MCL1) [42–44]. All
these agents are now explored in preclinical studies and clinical
trials [38–50].
We first focused on deciphering the anti-apoptotic adaptations

in response to ALK-TKIs in the H3122 cell line using DBP. In this cell
line, we observed an increase in % priming with BAD, HRK and
MS1 BH3 peptides after treatment with ALK inhibitors for 16 h.
However, the highest Δ% priming was clearly obtained with MS1
BH3 peptide (Fig. 3A), suggesting that MCL-1 is the most
predominant anti-apoptotic protein involved in the dynamic
adaptation against ALK-TKIs in this H3122 cell line, although BCL-
xL and/or BCL-2 may play a minor role.
The BCL-2 family represents a complex interactome controlled

by dynamic interactions that ultimately mediate the apoptotic
response of the cell [14]. To understand the interactions leading to
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MCL-1 dependence, we analyzed protein expression changes after
16 h of exposure to ALK inhibitors. Surprisingly, MCL-1 expression
remained unaltered despite the reported dependence on this anti-
apoptotic protein. However, we identified a dramatic decrease in
NOXA expression (Fig. 3B, C), a BH3-only sensitizer protein that
specifically binds to the anti-apoptotic MCL-1 blocking it.
Interestingly, RNA-seq analysis of patient-derived cell lines also
revealed a trend in the decrease of PMAIP1 (NOXA gene) mRNA
(Fig. 3D), whereas MCL1 mRNA levels remained stable (Supple-
mentary Fig. S2). Consistently with other anticancer treatments
[27, 51–53], NOXA downregulation after ALK inhibition frees MCL-
1 to block BIM accumulation and the apoptotic process engaged
by ALK-TKIs, leading to apoptotic cell death protection (Fig. 3E).
Finally, we sequentially combined ALK-TKIs with BH3 mimetics

(or aforementioned alternative strategies) to prevent anti-
apoptotic adaptations in DTP cancer cells. In this context, we
observed a significant reduction in the number of cells when ALK

inhibitors were combined with the MCL-1 inhibitor S63845
(Supplementary Fig. S3). These observations were especially
notable with crizotinib and brigatinib, that presented limited
cytotoxic effect as single agents. In contrast, alectinib and
lorlatinib induced a robust reduction in the number of cells, but
their combination with S63845 was even more effective. These
results demonstrated a reduction in cell proliferation, but did not
confirm if these treatments actively killed cancer cells. Since the
objective of anticancer therapies is to eliminate malignant cells,
we also measured the % cell death by Annexin V and DAPI
staining at 96 h. After these combinations, we only found a
synergistic and statistically significant Combinatorial Index (CI) in
the sequential combination of ALK inhibitors with the MCL-1
inhibitor S63845 or the CDK9 inhibitor dinaciclib (Fig. 3F),
correlating with previous results. Therefore, the sequential
inhibition of ALK and MCL-1 is able to prevent BIM and MCL-1
binding and restore apoptotic cell death (Fig. 3E).

Fig. 1 Dynamic BH3 profiling correctly predicts sensitivity to ALK inhibitors in NSCLC cell lines. A DBP results in a representative panel of
NSCLC (8 cell lines harboring oncogenic driver mutations [KRAS, EGFR, ALK, and MET] and 2 cell lines without detected alterations in these
oncogenes [WT]). All the cell lines were incubated for 16 h with 1 µM of crizotinib, alectinib, brigatinib and lorlatinib. Results expressed as Δ%
priming, representing the higher difference in cytochrome c released compared with control condition. Final concentrations of BIM BH3
peptide: 3, 1, 0.3, 0.1, 0.03 and 0.01 µM. B Results of cell death assay performed with Annexin V and DAPI staining after 96 h incubation with
the same therapies and concentrations. C Correlation between % cell death at 96 h and Δ% priming at 16 h. D Receiver Operating
Characteristic (ROC) curve analysis; treatments that exceeded the threshold of Δ% cell death > 20% were considered responders. The values
obtained are from at least three independent experiments.
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Inter-tumor variability in the anti-apoptotic response to ALK
inhibitors
To determine whether there is inter-tumor variability in the anti-
apoptotic response to ALK-TKIs, we also explored anti-apoptotic
adaptations in the H2228 cell line. In contrast with the H3122 cell
line, the increase in % priming after ALK inhibitor treatment was
quite similar with all three synthetic BH3 peptides (Fig. 4A).
Several reports indicate that solid tumors predominantly adapt
to therapy through BCL-xL and MCL-1 [54]. In this sense, our
analyses with the HRK BH3 peptide (showing a similar Δ%
priming as the BAD BH3 peptide) suggested that this increase in
Δ% priming indicated a BCL-xL-mediated adaptation. Similar
increase was observed with the MS1 peptide, pointing to MCL-1
adaptation and concluding that BCL-xL and MCL-1 are the main
anti-apoptotic proteins involved in the resistance to ALK-TKIs in
this cell line.
In this case, MCL-1 adaptation was again driven by NOXA

downregulation (Fig. 4B, C), emphasizing the significance of this
sensitizer protein in the response to ALK inhibitors. In addition, we
also detected an upregulation of MCL-1 in the H2228 cell line,
further reinforcing this anti-apoptotic adaptation (Fig. 4B, C). As for
BCL-xL adaptation, the downregulation of HRK (Fig. 4B, C), a
sensitizer BH3-only protein that binds to BCL-xL [12, 51], would
liberate this anti-apoptotic protein and sensitize cells to specific
BCL-xL inhibitors similarly to the MCL-1:NOXA axis. Although
BCL-xL expression did not increase after treatment with ALK-TKIs
(Figs. 3B and 4B), the difference in basal levels could also explain
the BCL-xL adaptation in the H2228 but not in the H3122 cell line
(Supplementary Fig. S2). In patient-derived cell lines, we did not
observe a clear trend in BCL2L1 (BCL-xL gene) nor HRK mRNAs
(Supplementary Fig. S2), probably due to higher inter-tumor
variability compared to the MCL-1:NOXA adaptation.

Lastly, we also evaluated if the sequential combination with
BH3 mimetics could prevent these anti-apoptotic adaptations.
Most ALK inhibitors (with the exception of lorlatinib) significantly
reduced the number of cells. Nevertheless, the combinations
with A-1331852 and S63845 were the most effective decreasing
the number of cells in all cases (Supplementary Fig. S4),
correlating with previous results. To corroborate if these
strategies also eliminated cancer cells, we performed cell death
analyses. The results showed that most of these dynamic
resistances in DTP cancer cells could be overcome by the
sequential treatment of ALK inhibitors with A-1331852 (or
DT2216) and S63845 (or dinaciclib). However, lorlatinib did not
induce cell death even after the inhibition of anti-apoptotic
proteins (Fig. 4D), suggesting a potential reactivation of another
survival signaling pathway that will be explored in the last
section of this study.

ALK and MCL-1 sequential inhibition enhance cancer
treatment in vivo
MCL-1 dependence is the most common anti-apoptotic mechan-
ism observed in our cell lines. If this adaptation to therapy were
to occur in patients, MCL-1 inhibitors could improve the
treatment of ALK-rearranged NSCLC. In this context, we detected
an increase in MCL-1 expression in an ALK+ NSCLC patient
sample after lorlatinib treatment (Fig. 4E). This patient did not
respond to therapy, and we hypothesize that MCL-1 could be a
potential pro-survival contributor. This finding points to an
important role of this anti-apoptotic protein in relapsed tumors,
requiring a more extensive analysis to comprehend the implica-
tions of this resistance mechanism in cancer patients. In view of
these results, we also evaluated whether the combination of ALK
inhibitors with S63845 enhanced the treatment in vivo. Similar to

Fig. 2 Rapid increase in BIM expression in ALK-positive NSCLC cell lines and patient-derived tumor cells in response to ALK inhibitors.
A Representative images from Western blot analysis of H3122 and H2228 cell lysates after 1 µM of crizotinib, alectinib, brigatinib, and lorlatinib
for 16 h. B Optical density quantification normalized to tubulin and represented as fold change compared to control. C External validation
using RNA-seq data of four EML4-ALK-positive patient-derived NSCLC cell lines after 24 h of incubation with alectinib, brigatinib, and lorlatinib.
Values indicate mean values ± SEM from at least three independent experiments. *p < 0.05 and **p < 0.01. For RNA-seq data, values indicate
Log2 (FC) ± IfcSE, where IfcSE represents the Standard Error Estimate for the Log2 Fold Change Estimate; adjusted *p < 0.05.
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cell lines, brigatinib+ S63845 caused a significant reduction in
the tumor volume compared to single agents in H2228
xenografted tumors (Fig. 4F). Importantly, no treatment sig-
nificantly reduced the weight of the mouse, demonstrating an
acceptable toxicity profile (Supplementary Fig. S5). This antic-
ancer improvement could prevent some relapses with ALK
inhibitors, but, since no MCL-1 inhibitors are approved yet for the
clinic, further analyses will be required to demonstrate the
potential of this combination in patients.

Reactivation of PI3K/AKT and MAPK signaling pathways
impairs lorlatinib cytotoxicity by insufficient BIM
accumulation
The mechanism of resistance to lorlatinib observed in previous cell
death analyses in the H2228 cell line could mimic some relapses
observed in the clinic. Thus, we sought to study alterations in
downstream ALK signaling pathways that could provide informa-
tion on adaptation and survival to lorlatinib. Accordingly, we
evaluated changes in protein phosphorylation in downstream

Fig. 3 NOXA downregulation induced by ALK inhibition leads to anti-apoptotic MCL-1 resistance. A Contribution of each anti-apoptotic
protein on the induction of cytochrome c release in response to 1 µM of crizotinib, alectinib, brigatinib, and lorlatinib in H3122 cell line. BAD
BH3 peptide correlates with BCL-2/BCL-xL tumor dependence; HRK BH3 peptide, with BCL-xL dependence; and MS1 BH3 peptide, with MCL-1
dependence. Results are expressed as Δ% priming, representing the higher difference in cytochrome c released compared with control
condition. The final concentrations of each peptide solution were: 10 µM of BAD BH3 peptide, 100 µM of HRK BH3 peptide, 10 µM or 1 µM of
MS1 BH3 peptide. B Representative images from Western blot analysis of H3122 cell lysates after 1 µM of crizotinib, alectinib, brigatinib, and
lorlatinib for 16 h. C Optical density quantification normalized to tubulin and represented as fold change compared to control. D External
validation using RNA-seq data of four EML4-ALK-positive patient-derived NSCLC cell lines after 24 h of incubation with alectinib, brigatinib, and
lorlatinib. E Graphical scheme of MCL-1 release through NOXA downregulation and sensitization to specific MCL-1 inhibitors. Created in
BioRender. Montero, J. (2025) https://BioRender.com/c82p948. F Results of cell death assay in H3122 cell line carried out with Annexin V and
DAPI staining after 96 h of incubation with crizotinib 0.1 µM, alectinib 0.1 µM, brigatinib 0.01 µM, lorlatinib 0.01 µM, ABT-199 0.1 µM, A-133
0.1 µM, DT2216 0.1 µM, S63845 1 µM, and dinaciclib 0.01 µM. Values indicate mean values ± SEM from at least three independent experiments.
*p < 0.05 and **p < 0.01, and # indicates CI < 1 and statistically significant difference (p < 0.05) between the combination treatment and single
agents. The value above the # represents the CI. For RNA-seq data, values indicate Log2 (FC) ± IfcSE, where IfcSE represents the Standard Error
Estimate for the Log2 Fold Change Estimate; adjusted *p < 0.05.
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PI3K/AKT and MAPK pathways at short (16 h) and longer time
points (48 h) of exposure to brigatinib (an effective treatment) and
lorlatinib therapies. Immunoblotting analyses revealed a drastic
reduction of p-AKT after 16 h of treatment with brigatinib and
lorlatinib, which remained constant after 48 h of exposure to
brigatinib, but it increased significantly with lorlatinib. Surprisingly,

ERK1/2 phosphorylation remained stable through the first 16 h,
but incremented significantly after 48 h of treatment with both
ALK-TKIs (Fig. 5A, B). These results suggest that the reactivation of
both signaling pathways leads to lorlatinib resistance and
consequent cell survival, whereas the increase in p-ERK1/2 alone
is not sufficient to prevent brigatinib-induced cell death. To

Fig. 4 Overcoming anti-apoptotic resistance to ALK inhibitors in vitro and in vivo. A Contribution of each anti-apoptotic protein on the
induction of cytochrome c release in response to 1 µM of crizotinib, alectinib, brigatinib, and lorlatinib in H2228 cell line. BAD BH3 peptide
correlates with BCL-2/BCL-xL tumor dependence; HRK BH3 peptide, with BCL-xL dependence; and MS1 BH3 peptide, with MCL-1 dependence.
Results are expressed as Δ% priming, representing the higher difference in cytochrome c released compared with control condition. The final
concentrations of each peptide solution were: 10 µM of BAD BH3 peptide, 100 µM of HRK BH3 peptide, 10 µM or 1 µM of MS1 BH3 peptide.
B Representative images from Western blot analysis of H2228 cell lysates after 1 µM of crizotinib, alectinib, brigatinib, and lorlatinib for 16 h.
C Optical density quantification normalized to tubulin and represented as fold change compared to control. D Results of cell death assay in
H2228 cell line carried out with Annexin V and DAPI staining after 96 h of incubation with crizotinib 1 µM, alectinib 1 µM, brigatinib 1 µM,
lorlatinib 1 µM, ABT-199 0.1 µM, A-133 0.1 µM, DT2216 0.1 µM, S63845 1 µM, and dinaciclib 0.1 µM. E Representative images from
immunohistochemistry analysis of formalin-fixed and paraffin-embedded (FFPE) ALK+ NSCLC patient samples before and during lorlatinib
treatment. 20× magnification. F Tumor size (mm3) quantification in H2228 xenograft mouse models after treatment with vehicle, brigatinib
10mg/kg, S63845 20mg/kg, and brigatinib+ S63845. Measurements represent days after initiation of treatment. Values indicate mean
values ± SEM from at least three independent experiments. *p < 0.05 and **p < 0.01, and # indicates CI < 1 and statistically significant
difference (p < 0.05) between the combination treatment and single agents. The value above the # represents the CI.
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further understand the differential cell death between treatments,
we also analyzed the expression of BIM, the main activator of
apoptosis in this context whose degradation is regulated by both
AKT and ERK1/2 signaling [55–58]. Interestingly, upregulation of

the MAPK pathway did not prevent BIM accumulation after
brigatinib treatment, which significantly increased its expression
from 16 h to 48 h. However, lorlatinib treatment initially incre-
mented BIM expression, but did not further increase over time

Fig. 5 Lorlatinib resistance in the H2228 cell line and use of MAPK and PI3K/AKT pathway inhibitors to overcome it. A Representative
images from Western blot analysis of H2228 cell lysates after 1 µM of brigatinib and lorlatinib for 16 h and 48 h. B Optical density
quantification normalized to tubulin and represented as fold change compared to control. C Graphical scheme representing the molecular
mechanism of lorlatinib resistance in the H2228 cell line. Created in BioRender. Montero, J. (2025) https://BioRender.com/l16s752. D Results of
cell death assay in H2228 cell line carried out with Annexin V and DAPI staining after 96 h of incubation with brigatinib 1 µM, lorlatinib 1 µM,
dabrafenib 1 µM and AZD8186 1 µM. Values indicate mean values ± SEM from at least three independent experiments. *p < 0.05 and
**p < 0.01, and # indicates CI < 1 and statistically significant difference (p < 0.05) between the combination treatment and single agents. The
value above the # represents the CI.

F. Martín et al.

7

Cell Death and Disease          (2025) 16:194 

https://BioRender.com/l16s752


(Fig. 5A, B), consequence of p-AKT and p-ERK1/2 upregulation. This
difference in BIM accumulation may explain the observed
resistance to lorlatinib, which fails to achieve sufficient BIM
accumulation to induce cell death (Fig. 5C).
Understanding lorlatinib resistance is relevant to elucidate

potential therapies to prevent relapse in the clinic. To this end, we
next inhibited PI3K/AKT and MAPK pathways after 24 h of
lorlatinib treatment, before p-AKT and p-ERK1/2 upregulation.
Importantly, the sequential combination of lorlatinib with the
BRAF inhibitor dabrafenib or the PI3K inhibitor AZD8186
significantly and synergistically increased the % cell death, while
the combination with brigatinib did not enhance the cytotoxicity
of this ALK inhibitor as single agent (Fig. 5D). Surprisingly, the
combination of lorlatinib with dabrafenib or AZD8186 did not
restore BIMEL accumulation, but it increased the amount of BIML

and BIMS, two isoforms with pro-apoptotic activity (Supplemen-
tary Fig. S6). Finally, crizotinib and alectinib induced a similar
response to brigatinib, confirming that the dual reactivation of
PI3K/AKT and MAPK signaling pathways were specific to lorlatinib
(Supplementary Fig. S7). These results confirm that preventing the
reactivation of one downstream ALK signaling pathways is
sufficient to synergistically enhance the effectiveness of lorlatinib,
and we propose its evaluation in future clinical trials.

DISCUSSION
The therapeutic landscape of NSCLC treatment has drastically
changed with the advancement of NGS technologies, which made
possible to routinely detect most genomic alterations for
personalized treatment decision-making [21]. However, in contrast
to other oncogenic proteins, constitutive activation of ALK usually
originates from a translocation with another gene. Although in
most cases it translocates with EML4, other fusion partner genes
(such as KIF5B, KLC1, TGF, TPR, or PTPN3) have not yet been fully
characterized. This complexity can compromise its systematic
evaluation and the therapeutic response to ALK-TKIs [59]. For this
reason, fluorescence in situ hybridization (FISH) and IHC have
been established as the primary methods for the detection of ALK
rearrangements, but its accurate application in the clinical setting
may be hampered by the need for trained personnel, lack of
automation, or the difficulty of identifying some fusion partner
genes [29, 59]. In this study, we propose to use the functional
assay DBP to complement FISH or IHC techniques by directly
evaluating the cytotoxicity of ALK inhibitors on living tumor cells.
To this end, we confirmed that DBP was an excellent binary
predictor of ALK inhibitor response in NSCLC cell lines comparing
DBP predictions with cell death analyses (Fig. 1). Although this
study provides a foundation for potential future applications,
additional research is required to confirm the predictive capacity
of DBP in NSCLC patient samples.
DBP can rapidly predict the cytotoxicity of ALK inhibitors

because they induce an increase in the activator protein BIM that
subsequently leads to apoptotic cell death. Interestingly, although
the molecular information available in ALK+ NSCLC patients after
ALK inhibitor treatment is limited, we also observed a robust trend
in therapy-induced BIM upregulation in patient-derived cancer
cells (Fig. 2), in agreement with other studies in EGFR-mutant
NSCLC that propose BIM as a predictive biomarker of response
[60]. These findings, together with its previously demonstrated
predictive capacity in murine models and patient biopsies [61],
support the use of DBP in a clinical setting to complement current
molecular analyses [62].
The precise use of next-generation ALK inhibitors has con-

solidated them as the TKIs with the longest therapeutic response
in NSCLC [4, 63]. However, chronic resistance mechanisms, such as
mutations in the kinase domain or off-target alterations, are
limiting their therapeutic efficacy [4, 5, 18]. Several studies have
shown that chronic resistance may be partially explained by acute

adaptations involving anti-apoptotic BCL-2 family proteins; and
their pharmacological inhibition could restore sensitivity to
apoptosis and prevent disease progression and long-term
resistance [61]. In KRAS-mutated NSCLC tumors, Nangia et al.
described that concurrent blockade of MEK and MCL-1 synergis-
tically increased cytotoxicity in vitro and in vivo [17]; and in EGFR-
mutated tumors, Hata et al. revealed that EGFR inhibitor-resistant
cells responded to dual inhibition of BCL-xL and BCL-2 in patient-
derived tumor cells [16]. Unfortunately, these anti-apoptotic
adaptations have been only superficially explored in other driver
oncogenes such as ALK or MET [64, 65]. In this study, we identified
the anti-apoptotic MCL-1 adaptation in response to ALK inhibitors
in cell lines and patient-derived cancer cells. This MCL-1
dependence was driven by a significant downregulation of the
sensitizer NOXA, which frees MCL-1 after treatment with ALK-TKIs
to block therapy-induced apoptosis, as previously demonstrated
in other solid tumors such as melanoma and rhabdomyosarcoma
[25, 27]. In some cases, this anti-apoptotic adaptation can also be
strengthened by an increase in MCL-1 expression, or coexist with
BCL-xL dependence (Figs. 3 and 4). Although BCL-2 is one of the
main anti-apoptotic proteins, especially in hematological malig-
nancies, immunoblotting analyses did not reveal the presence of
this protein (data not shown). These findings highlight the
elevated variability in response to the same anticancer agents,
which might be determined by the basal protein expression, post-
translational modifications, EML4-ALK variants or the fusion
partner gene, among other reasons. This high heterogeneity
supports the need for functional assays such as DBP to accurately
determine the anti-apoptotic proteins involved in this rapidly-
acquired resistance.
A potential strategy typically proposed to prevent these acute

adaptations are BH3 mimetics. To date, venetoclax (ABT-199) has
already been approved for the clinic, while BCL-xL and MCL-1
inhibitors are showing clinical efficacy but may be associated with
undesired secondary effects such as thrombocytopenia or cardiac
toxicity, respectively [14]. To avoid potential side effects, we
suggested the alternative use of DT2216, a PROTAC targeting BCL-
xL for degradation in tumor cells but not in platelets [41, 50], and
dinaciclib, a CDK9 inhibitor that potently suppresses MCL-1
[42, 44]. Our initial data supports that most acute anti-apoptotic
adaptations can be prevented in vitro and in vivo (Figs. 3 and 4),
demonstrating their potential for future clinical trials such as the
combination of navitoclax with the MEK inhibitor trametinib
(NCT02079740) or with the EGFR inhibitor osimertinib
(NCT02520778) in advanced NSCLC tumors.
Importantly, we also observed a strong resistance to lorlatinib in

the H2228 cell line. This finding may correlate with some relapses
observed in NSCLC patients, so understanding this molecular
mechanism would help to improve treatment and clinical
response. Interestingly, we revealed a dual reactivation of PI3K/
AKT and MAPK pathways after lorlatinib treatment. Despite
previous findings suggesting that ERK-dependent phosphoryla-
tion did not regulate the pro-apoptotic activity of BIM in
hematopoietic cells [66], several studies in other cell types have
demonstrated how AKT and ERK proteins regulate BIM expression
by directly phosphorylating this activator protein and leading to
its ubiquitination and proteasomal degradation [55–58]. Conse-
quently, lorlatinib did not induce enough BIM accumulation to
trigger cell death in contrast to other ALK inhibitors (Fig. 5,
Supplementary Fig. S7). In NSCLC tumors with other oncogenic
alterations, this aberrant activation of PI3K/AKT or MAPK pathways
has already been described as a mechanism of resistance to
chemotherapy, targeted therapies, and radiotherapy [67–70], but
to our knowledge this is the first time that this dual reactivation is
described as a resistance mechanism to ALK inhibitors. These
discoveries have converged in clinical trials exploring different
rational therapeutic strategies, such as the combination of the
EGFR inhibitor osimertinib with the MEK inhibitor selumetinib
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(NCT02143466) or the inhibition of the PI3K/AKT pathway in
combination with sunitinib, a multitargeted TKI (NCT00555256).
We here demonstrate that the PI3K inhibitor AZD8186 and the
BRAF inhibitor dabrafenib synergistically and significantly
increased the cytotoxicity of lorlatinib in vitro (Fig. 5). Both
inhibitors have been evaluated in NSCLC patients, revealing an
acceptable tolerability and safety profile [71–73]. These novel
combinations have the potential to prevent lorlatinib resistance in
the clinic and significantly reduce mortality in a broad population
of NSCLC patients with ALK rearrangements.
In conclusion, this study demonstrates an excellent DBP

predictive capacity for ALK inhibitors cytotoxicity, which is feasible
because ALK-TKIs induce a rapid increase of the activator BIM in cell
lines and patient-derived tumor cells, fostering the employment of
this functional assay in a clinical setting. Additionally, we revealed
the predominant anti-apoptotic MCL-1 adaptation in response to
ALK inhibitors in ALK+ tumors, although some of them may also
acquire BCL-xL dependence. Interestingly, most of these dynamic
adaptations can be prevented with BH3 mimetics in vitro and
in vivo. Finally, we showed that the dual reactivation of PI3K/AKT
and MAPK signaling can lead to lorlatinib resistance in specific cases
by insufficient BIM accumulation. Importantly, this resistance can be
partially prevented with AZD8186 or dabrafenib. All therapeutic
combinations explored in this study have great clinical potential to
prevent the accumulation of DTP cancer cells and future relapses,
and we believe should be further explored in clinical trials.

MATERIALS AND METHODS
Cell lines and targeted therapies
H3122, H522, H1437, A549, H23, H596, PC9, and H1975 cell lines were
kindly provided by Dr. Noemí Reguart from August Pi i Sunyer Biomedical
Research Institute (IDIBAPS). H2228 and H1993 cell lines were purchased at
ATCC (ATCC® CRL-5935TM and ATCC® CRL-5909TM, ATCC, Manassas, Virginia,
USA). All cell lines were cultured in RPMI 1640 medium (31870, Thermo
Fisher, Gibco, Paisley, Scotland) supplemented with 10% heat-inactivated
fetal bovine serum (10270, Thermo Fisher, Gibco), 1% of L-glutamine
(25030, Thermo Fisher, Gibco), and 1% of penicillin and streptomycin
(15140, Thermo Fisher, Gibco). These cells were maintained at 37 °C in a
humidified atmosphere of 5% CO2 and routinely tested for mycoplasma.
Crizotinib, alectinib, brigatinib, lorlatinib, dinaciclib, and dabrafenib were

purchased at Selleckchem (Munich, Germany); ABT-199, A-1331852,
S63845 and AZD8186 were obtained from MedChemExpress (Monmouth
Junction, NJ, USA); and DT2216 was acquired from AbMole BioScience
(Houston, Texas, USA). Targeted therapies were added directly in the
culture media at doses (ranged from 0.01 to 1 μM) and time points
indicated in each single experiment.

Dynamic BH3 profiling
Dynamic BH3 profiling was performed as described in previous publica-
tions [24, 25]. Briefly, 3 × 105 cells per condition (ALK inhibitors or DMSO)
were incubated for 16 h at 37 °C. Cells were then collected, stained with
the viability marker Zombie Violet (423113, BioLegend, Koblenz, Germany)
for 10min at room temperature (R.T.), washed with PBS and resuspended
in MEB buffer (150mM mannitol, 10 mM hepes-KOH pH 7.5, 150 mM KCl,
1 mM EGTA, 1 mM EDTA, 0.1% BSA, 5 mM succinate). In parallel, solutions
of synthetic BH3 peptides were prepared in MEB with 0.002% digitonin
(D141, Sigma-Aldrich). The final concentrations of each peptide solution
were: 3, 1, 0.3, 0.1, 0.03, and 0.01 μM of BIM BH3 peptide, 10 μM of BAD
BH3 peptide, 100 μM of HRK BH3 peptide, 10 μM or 1 μM of MS1 BH3
peptide, 25 μM of alamethicin (BML-A 150-0005, Enzo Life Sciences,
Lörrach, Germany) and DMSO in the control condition. Subsequently, each
peptide solution was incubated with cell suspensions in a 96-well plate
(3795, Corning, Madrid, Spain) for 1 h at R.T. Finally, cells were fixed with
formaldehyde, neutralized with N2 buffer (1.7 M tris base, 1.25 M glycine at
pH 9.1) and stained with cytochrome c antibody (Alexa Fluor® 647 anti-
Cytochrome c - 6H2.B4, 612310, BioLegend). Values expressed represent
the mean of at least three independent experiments performed with a
high-throughput Flow cytometry SONY instrument (SONY SA3800, Surrey,
United Kingdom) or Cytek® Aurora Spectral Flow cytometer (Cytek
Bioscience, Freemont, CA, USA). Δ% priming represents the difference in
% priming (cytochrome c release) between untreated and treated cells.

Cell death assay
Quantification of apoptotic cell death was carried out by Annexin V/DAPI
staining. Briefly, 5 × 104 cells per condition were incubated for 96 h at
37 °C. Cells were then collected and stained with fluorescent conjugates of
Annexin V (Alexa Fluor® 647 Annexin V, 640912, BioLegend) and DAPI
(62248, Thermo Fisher). The values expressed represent the mean of at
least three independent experiments performed with a flow cytometry
Gallios instrument (Beckman Coulter, Nyon, Switzerland). Viable cells are
Annexin V negative and DAPI negative, and % cell death was calculated as
100 - % viable cells.

Proliferation assay
Cell proliferation was evaluated by measuring the number of alive cells
using flow cytometry. The values expressed represent the mean of at least
three independent experiments performed with a flow cytometry BD
LSRFortessaTM Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA) or
CytoFLEX Flow Cytometer (Beckman Coulter, Brea, CA, USA).

Protein extraction and quantification
Proteins were extracted with RIPA cell lysis buffer (150mM NaCl, 5 mM
EDTA, 50mM Tris-HCl pH= 8, 1% Triton X-100, 0.1% SDS, EDTA free
Protease Inhibitor Cocktail (4693159001 Roche, Mannkin, Germany)) for
30min at 4 °C, followed by centrifugation at 16000 × g for 10 min.
Determination of protein concentration was performed using PierceTM

BCA Protein Assay Kit (23227, Thermo Fisher).

Immunoblotting
Protein immunodetection was performed as previously described [61].
Briefly, proteins were first separated using SDS-PAGE gels (Mini-Protean
TGX Precast Gel 12%, 456–1045, Bio-Rad), and subsequently transferred to
PVDF membranes (10600023, Amersham Hybond, Pittsburgh, PA, USA).
The membranes were blocked in 5% dry milk dissolved in Tris Buffer Saline
with 1% Tween 20 (TBS-T) for 50min and incubated overnight at 4 °C with
the following primary antibodies: rabbit anti-BCL-2 (CST4223, Cell
Signaling), rabbit anti-BCL-xL (CST2764, Cell Signaling), rabbit anti-MCL-1
(CST5453, Cell Signaling), rabbit anti-HRK (ab45419, Abcam), rabbit anti-
NOXA (CST14766, Cell Signaling), rabbit anti-BIM (CST2933, Cell Signaling),
rabbit anti-ERK1/2 (CST137F5, Cell Signaling), rabbit anti-phospho-ERK1/2
(CST4376, Cell Signaling), rabbit anti-AKT (CSTC67E7, Cell Signaling), rabbit
anti-phospho-AKT (CST4060S, Cell Signaling), and mouse anti-γ-tubulin
(T6557, Sigma-Aldrich). The following day, membranes were incubated
with anti-rabbit IgG HRP-linked secondary antibody (CST7074, Cell
Signaling) or anti-mouse IgG HRP-linked secondary antibody (CST7076,
Cell Signaling) for 1 h. Immunoblots were developed using Clarity ECL
Western substrate (1705060, Bio-Rad) and digital imaging was done using
the LAS4000 imager (GE Healthcare BioSciences AB, Uppsala, Sweden) or
ChemiDoc imager (Bio-Rad Laboratories, Hercules, California, USA). ImageJ
software was then used to quantify the integrated optical density of bands,
and the bars represent the mean of at least three independent
experiments. Full length original western blots are included as Supple-
mentary Information.

Patient samples
Patient samples were retrospectively included in our study with prior fully
informed patient consent and approval from the Local Ethical Committee
(HCB/2019/0995 V.4 11/12/2019). The study was conducted in accordance
with the principles of the Declaration of Helsinki. Information on therapy
and outcomes was collected. Biopsies were obtained from a 51-year-old
male patient that had a 5-year history of an adenocarcinoma tumor
harboring ALK rearrangements. The biopsies were removed before therapy
with ALK inhibitors and during treatment with lorlatinib. The patient did
not survive more than 3 months from the initiation of therapy with the
third-generation ALK inhibitor lorlatinib.

Immunohistochemistry
Formalin-fixed and paraffin-embedded (FFPE) samples were cut and
heated at 60 °C for 40min. The tissues were treated with histological
clearing agent Histoclear II and a decreasing alcohol gradient for
deparaffinization and hydration. The slides were then incubated in sodium
citrate buffer (10mM sodium citrate, 0.05% Tween 20, pH 6) for 40min,
washed with TBS 0.025% Triton X-100, and blocked with TBS 1% Normal
Serum 1% BSA for 1 h. Tissues were incubated overnight at 4 °C with the
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following primary antibodies diluted in TBS 1% BSA: rabbit anti-BIM
(CST2933, Cell Signaling) and rabbit anti-MCL-1 (CST39224, Cell Signaling).
The next day, the slides were washed and incubated with TBS 3% H2O2 for
20min. The biotinylated secondary antibody (goat anti-rabbit IgG
Antibody (H+ L), BA-1000-1.5, Vector Laboratories) diluted in TBS 1%
BSA was applied for 1 h. The tissues were then washed and incubated with
Vectastain® Elite® ABC-HRP Kit (PK-6100, Vector Laboratories) for 30 min
and with DAB substrate (11718096001, Roche, Mannkin, Germany) for
10min. Nuclei were counterstained with modified Harris hematoxylin.
Finally, the sections were dehydrated with an increasing alcohol gradient
and the histological clearing agent Histoclear II. BIM and MCL-1 were
visualized with brightfield illumination using an Olympus upright
microscope (BX43, Olympus) with a 20× objective. Immunohistochemistry
(IHC) studies were evaluated by a specialist from the pathology
department (Cristina Teixido).

In vivo experiments
In vivo experiments were conducted on 6- to 8-week-old female Crl:NU-
Foxn1nu mice (Envigo). H2228 cell line was injected subcutaneously
(3.5 × 106 cells in 150 μl PBS). When tumors reached a homogeneous size
around 350–500mm3, mice were randomly allocated into the different
treatment groups (n= 7/group): (i) placebo; (ii) S63845 (20mg/kg diluted in
10% DMSO, 40% PEG300, 5% Tween 80); (iii) brigatinib (10mg/kg diluted in
50% DMSO, 50% corn oil); and (iv) combined S63845+ brigatinib using the
same single doses schedule. Brigatinib was administered by oral gavage
(p.o) following a 5-day treatment, 2-day rest schedule for 3 weeks. S63845
was intravenously administrated via tail vein injection (i.v.) for three
consecutive days, following a 3-day treatment, 4-day rest schedule for
3 weeks. To minimize the risk of developing drug-induced toxicity in
combined treatments, drugs were administered spaced in time (S63845
was administered first, followed by brigatinib 1 h later). Tumors were
measured using a caliper every 2–3 days and tumor volume was calculated
using the formula v= (w² × l)/2, where l is the longest diameter and w the
width. After 21 days of treatment, mice were euthanized and tumors
collected, measured, and processed for histologic examination. Animals
were housed in a sterile environment, in cages with autoclaved bedding,
food, and water. Mice were maintained on a daily 12 h light, 12 h dark cycle.
The Institutional Ethics Committees approved the study protocol, and the
animal experimental design was approved by the IDIBELL animal facility
committee (AAALAC Unit1155) under approved procedure 11973. All
experiments were performed in accordance with the guideline for Ethical
Conduct in the Care and Use of Animals as stated in The International
Guiding Principles for Biomedical Research Involving Animals, developed by
the Council for International Organizations of Medical Sciences.

Statistical analysis
All statistical analyses and graphs were generated with GraphPad Prism9.
For ROC curve analysis, treatments that exceeded the threshold of Δ%
cell death >20% were considered responders. Drug synergies were
established based on the previously described Bliss Independent model
[74]. Briefly, the Combinatorial Index (CI) was calculated as CI= ((DA+ DB)
−(DA × DB))/DAB (D represents cell death of compound A or B or the
combination of both). A synergistic combination was considered when
CI < 1 and there was statistical significance (p < 0.05) between the
combination regimen and single agents. When both conditions were
given, it was represented with # in the Figures. Statistical significance of
the results was performed using Student’s t-tail test, considering
significant *p < 0.05 and **p < 0.01. SEM represents the Standard Error
of the Mean. Finally, external validation of our in vitro results was
performed with RStudio using RNA-seq data deposited in ArrayExpress
with the accession number E-MTAB-11342, considering significant when
adjusted p-value < 0.05. IfcSE represents the Standard Error Estimate for
the Log2 Fold Change Estimate.

DATA AVAILABILITY
All data are available from the corresponding author upon reasonable request.

REFERENCES
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin.

2022;72:7–33.

2. Herbst RS, Morgensztern D, Boshoff C. The biology and management of non-
small cell lung cancer. Nature. 2018;553:446–54.

3. Tan AC, Tan DSW. Targeted therapies for lung cancer patients with oncogenic
driver molecular alterations. J Clin Oncol. 2022;40:611–25.

4. Bearz A, De Carlo E, Del Conte A, Spina M, Da Ros V, Bertoli E, et al. The change in
paradigm for NSCLC patients with EML4–ALK translocation. Int J Mol Sci.
2022;23:7322.

5. Yoda S, Dagogo-Jack I, Hata AN. Targeting oncogenic drivers in lung cancer:
recent progress, current challenges and future opportunities. Pharmacol Ther.
2019;193:20–30.

6. Shaw AT, Kim DW, Nakagawa K, Seto T, Crinó L, Ahn MJ, et al. Crizotinib versus
chemotherapy in advanced ALK-positive lung cancer. N Engl J Med.
2013;368:2385–94.

7. Camidge DR, Kim HR, Ahn MJ, Yang JCH, Han JY, Lee JS, et al. Brigatinib versus
crizotinib in ALK-positive non–small-cell lung cancer. N Engl J Med.
2018;379:2027–39.

8. Shaw AT, Bauer TM, de Marinis F, Felip E, Goto Y, Liu G, et al. First-line lorlatinib
or crizotinib in advanced ALK-positive lung cancer. N Engl J Med.
2020;383:2018–29.

9. Peters S, Camidge DR, Shaw AT, Gadgeel S, Ahn JS, Kim DW, et al. Alectinib versus
crizotinib in untreated ALK-positive non-small-cell lung cancer. N Engl J Med.
2017;377:829–38.

10. Pfeffer CM, Singh ATK. Apoptosis: a target for anticancer therapy. Int J Mol Sci.
2018;19:448.

11. Goldar S, Khaniani MS, Derakhshan SM, Baradaran B. Molecular mechanisms of
apoptosis and roles in cancer development and treatment. Asian Pac J Cancer
Prev. 2015;16:2129–44.

12. Montero J, Letai A. Why do BCL-2 inhibitors work and where should we use them
in the clinic? Cell Death Differ. 2018;25:56–64.

13. Brunelle JK, Letai A. Control of mitochondrial apoptosis by the Bcl-2 family. J Cell
Sci. 2009;122:437–41.

14. Montero J, Haq R. Adapted to survive: targeting cancer cells with BH3 mimetics.
Cancer Discov. 2022;12:1217–32.

15. Song KA, Hosono Y, Turner C, Jacob S, Lochmann TL, Murakami Y, et al. Increased
synthesis of Mcl-1 protein underlies initial survival of EGFR-mutant lung cancer to
EGFR inhibitors and provides a novel drug target. Clin Cancer Res. 2018;24:5658–72.

16. Hata AN, Niederst MJ, Archibald HL, Gomez-Caraballo M, Siddiqui FM, Mulvey HE,
et al. Tumor cells can follow distinct evolutionary paths to become resistant to
epidermal growth factor receptor inhibition. Nat Med. 2016;22:262–9.

17. Nangia V, Siddiqui FM, Caenepeel S, Timonina D, Bilton SJ, Phan N, et al.
Exploiting MCL1 dependency with combination MEK + MCL1 inhibitors leads to
induction of apoptosis and tumor regression in KRAS-Mutant non-small cell lung
cancer. Cancer Discov. 2018;8:1598–613.

18. Meador CB, Hata AN. Acquired resistance to targeted therapies in NSCLC: updates
and evolving insights. Pharmacol Ther. 2020;210:107522.

19. Hendriks LE, Kerr K, Menis J, Mok TS, Nestle U, Passaro A, et al. Oncogene-
addicted metastatic non-small-cell lung cancer: ESMO Clinical Practice Guideline
for diagnosis, treatment and follow-up. Ann Oncol. 2023;34:339–57.

20. Reck M, Rabe KF. Precision diagnosis and treatment for advanced non-small-cell
lung cancer. N Engl J Med. 2017;377:849–61.

21. Marin E, Teixido C, Carmona-Rocha E, Reyes R, Arcocha A, Viñolas N, et al. Use-
fulness of two independent DNA and RNA tissue-based multiplex assays for the
routine care of advanced NSCLC patients. Cancers. 2020;12:1124.

22. Montero J, Sarosiek KA, Deangelo JD, Maertens O, Ryan J, Ercan D, et al. Drug-
induced death signaling strategy rapidly predicts cancer response to che-
motherapy. Cell. 2015;160:977–89.

23. Montero J, Letai A. Dynamic BH3 profiling-poking cancer cells with a stick. Mol
Cell Oncol. 2016;3:e1040144.

24. Manzano-Muñoz A, Alcon C, Menéndez P, Ramírez M, Seyfried F, Debatin KM,
et al. MCL-1 inhibition overcomes anti-apoptotic adaptation to targeted therapies
in B-cell precursor acute lymphoblastic leukemia. Front Cell Dev Biol.
2021;9:695225.

25. Alcon C, Martín F, Prada E, Mora J, Soriano A, Guillén G, et al. MEK and MCL-1
sequential inhibition synergize to enhance rhabdomyosarcoma treatment. Cell
Death Discov. 2022;8:172.

26. Manzano-Muñoz A, Yeste J, Ortega MA, Martín F, López A, Rosell J, et al.
Microfluidic-based dynamic BH3 profiling predicts anticancer treatment efficacy.
NPJ Precis Oncol. 2022;6:90.

27. Montero J, Gstalder C, Kim DJ, Sadowicz D, Miles W, Manos M, et al. Destabili-
zation of NOXA mRNA as a common resistance mechanism to targeted therapies.
Nat Commun. 2019;10:5157.

28. Montero J, Stephansky J, Cai T, Griffin GK, Cabal-Hierro L, Togami K, et al. Blastic
plasmacytoid dendritic cell neoplasm is dependent on BCL2 and sensitive to
venetoclax. Cancer Discov. 2017;7:156–64.

F. Martín et al.

10

Cell Death and Disease          (2025) 16:194 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11342


29. Imyanitov EN, Iyevleva AG, Levchenko EN. Molecular testing and targeted ther-
apy for non-small cell lung cancer: current status and perspectives. Crit Rev Oncol
Hematol. 2021;157:103194.

30. Koivunen JP, Mermel C, Zejnullahu K, Murphy C, Lifshits E, Holmes AJ, et al. EML4-
ALK fusion gene and efficacy of an ALK kinase inhibitor in lung cancer. Clin
Cancer Res. 2008;14:4275–83.

31. Jung Y, Kim P, Jung Y, Keum J, Kim SN, Choi YS, et al. Discovery of ALK-PTPN3
gene fusion from human non-small cell lung carcinoma cell line using next
generation RNA sequencing. Genes Chromosomes Cancer. 2012;51:590–7.

32. Uchibori K, Inase N, Araki M, Kamada M, Sato S, Okuno Y, et al. Brigatinib com-
bined with anti-EGFR antibody overcomes osimertinib resistance in EGFR-
mutated non-small-cell lung cancer. Nat Commun. 2017;8:14768.

33. Rahmani M, Anderson A, Habibi JR, Crabtree TR, Mayo M, Harada H, et al. The
BH3-only protein Bim plays a critical role in leukemia cell death triggered by
concomitant inhibition of the PI3K/Akt and MEK/ERK1/2 pathways. Blood.
2009;114:4507–16.

34. Chakraborty AR, Robey RW, Luchenko VL, Zhan Z, Piekarz RL, Gillet JP, et al.
MAPK pathway activation leads to Bim loss and histone deacetylase inhibitor
resistance: rationale to combine romidepsin with an MEK inhibitor. Blood.
2013;121:4115–25.

35. Chuang TP, Lai WY, Gabre JL, Lind DE, Umapathy G, Bokhari AA, et al. ALK fusion
NSCLC oncogenes promote survival and inhibit NK cell responses via SERPINB4
expression. Proc Natl Acad Sci USA. 2023;120:e2216479120.

36. Ryan J, Montero J, Rocco J, Letai A. IBH3: simple, fixable BH3 profiling to deter-
mine apoptotic priming in primary tissue by flow cytometry. Biol Chem.
2016;397:671–8.

37. Foight GW, Ryan JA, Gullá SV, Letai A, Keating AE. Designed BH3 peptides with
high affinity and specificity for targeting Mcl-1 in cells. ACS Chem Biol.
2014;9:1962–8.

38. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al. ABT-199,
a potent and selective BCL-2 inhibitor, achieves antitumor activity while sparing
platelets. Nat Med. 2013;19:202–8.

39. Wang L, Doherty GA, Judd AS, Tao ZF, Hansen TM, Frey RR, et al. Discovery of A-
1331852, a first-in-class, potent, and orally-bioavailable BCL-XL inhibitor. ACS Med
Chem Lett. 2020;11:1829–36.

40. Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat G,
et al. The MCL1 inhibitor S63845 is tolerable and effective in diverse cancer
models. Nature. 2016;538:477–82.

41. Khan S, Zhang X, Lv D, Zhang Q, He Y, Zhang P, et al. A selective BCL-XL PROTAC
degrader achieves safe and potent antitumor activity. Nat Med. 2019;25:1938–47.

42. Alsayegh K, Matsuura K, Sekine H, Shimizu T. Dinaciclib potently suppresses MCL-
1 and selectively induces the cell death in human iPS cells without affecting the
viability of cardiac tissue. Sci Rep. 2017;7:45577.

43. Alcon C, Manzano-Muñoz A, Montero J. A new CDK9 inhibitor on the block to
treat hematologic malignancies. Clin Cancer Res. 2020;26:761–3.

44. Varadarajan S, Poornima P, Milani M, Gowda K, Amin S, Wang HG, et al. Maritoclax
and dinaciclib inhibit MCL-1 activity and induce apoptosis in both a MCL-1-
dependent and -independent manner. Oncotarget. 2015;6:12668–81.

45. Gregory GP, Kumar S, Wang D, Mahadevan D, Walker P, Wagner-Johnston N, et al.
Pembrolizumab plus dinaciclib in patients with hematologic malignancies: the
phase 1b KEYNOTE-155 study. Blood Adv. 2022;6:1232–42.

46. Roberts AW, Davids MS, Pagel JM, Kahl BS, Puvvada SD, Gerecitano JF, et al.
Targeting BCL2 with venetoclax in relapsed chronic lymphocytic leukemia. N Engl
J Med. 2016;374:311–22.

47. Leverson JD, Phillips DC, Mitten MJ, Boghaert ER, Diaz D, Tahir SK, et al. Exploiting
selective BCL-2 family inhibitors to dissect cell survival dependencies and define
improved strategies for cancer therapy. Sci Transl Med. 2015;7:279ra40.

48. Zhang X, Zhang P, Zheng G, Thummuri D, He Y, Liu X, et al. Utilizing PROTAC
technology to address the on-target platelet toxicity associated with inhibition of
BCL-XL. Chem Commun. 2019;55:14765–8.

49. Hu C, Dadon T, Chenna V, Yabuuchi S, Bannerji R, Booher R, et al. Combined
inhibition of cyclin-dependent kinases (dinaciclib) and AKT (MK-2206) blocks
pancreatic tumor growth and metastases in patient-derived xenograft models.
Mol Cancer Ther. 2015;14:1532–9.

50. He Y, Koch R, Budamagunta V, Zhang P, Zhang X, Khan S, et al. DT2216 - A Bcl-xL-
specific degrader is highly active against Bcl-xL-dependent T cell lymphomas. J
Hematol Oncol. 2020;13:95.

51. Singh R, Letai A, Sarosiek K. Regulation of apoptosis in health and disease: the
balancing act of BCL-2 family proteins. Nat Rev Mol Cell Biol. 2019;20:175–93.

52. Gélinas C, White E. BH3-only proteins in control: specificity regulates MCL-1 and
BAK-mediated apoptosis. Genes Dev. 2005;19:1263–8.

53. Campbell KJ, Tait SWG. Targeting BCL-2 regulated apoptosis in cancer. Open Biol.
2018;8:180002.

54. Kehr S, Vogler M. It’s time to die: BH3 mimetics in solid tumors. Biochim Biophys
Acta Mol Cell Res. 2021;1868:118987.

55. Ley R, Balmanno K, Hadfield K, Weston C, Cook SJ. Activation of the ERK1/2 sig-
naling pathway promotes phosphorylation and proteasome-dependent degra-
dation of the BH3-only protein, Bim. J Biol Chem. 2003;278:18811–6.

56. Qi XJ, Wildey GM, Howe PH. Evidence that Ser87 of BimEL is phosphorylated by
Akt and regulates BimEL apoptotic function. J Biol Chem. 2006;281:813–23.

57. Luciano F, Jacquel A, Colosetti P, Herrant M, Cagnol S, Pages G, et al. Phos-
phorylation of Bim-EL by Erk1/2 on serine 69 promotes its degradation via the
proteasome pathway and regulates its proapoptotic function. Oncogene.
2003;22:6785–93.

58. Dijkers PF, Medema RH, Lammers JWJ, Koenderman L, Coffer PJ. Expression of the
pro-apoptotic Bcl-2 family member Bim is regulated by the forkhead transcrip-
tion factor FKHR-L1. Curr Biol. 2000;10:1201–4.

59. Du X, Shao Y, Qin HF, Tai YH, Gao HJ. ALK-rearrangement in non-small-cell lung
cancer (NSCLC). Thorac Cancer. 2018;9:423–30.

60. Karachaliou N, Codony-Servat J, Teixidó C, Pilotto S, Drozdowskyj A, Codony-
Servat C, et al. BIM and mTOR expression levels predict outcome to erlotinib in
EGFR-mutant non-small-cell lung cancer. Sci Rep. 2015;5:17499.

61. Alcon C, Manzano-Muñoz A, Prada E, Mora J, Soriano A, Guillén G, et al.
Sequential combinations of chemotherapeutic agents with BH3 mimetics to treat
rhabdomyosarcoma and avoid resistance. Cell Death Dis. 2020;11:634.

62. Letai A, Bhola P, Welm AL. Functional precision oncology: Testing tumors with
drugs to identify vulnerabilities and novel combinations. Cancer Cell.
2022;40:26–35.

63. Wang M, Herbst RS, Boshoff C. Toward personalized treatment approaches for
non-small-cell lung cancer. Nat Med. 2021;27:1345–56.

64. Baltschukat S, Engstler BS, Huang A, Hao HX, Tam A, Wang HQ, et al. Capmatinib
(INC280) is active against models of non–small cell lung cancer and other cancer
types with defined mechanisms of MET activation. Clin Cancer Res.
2019;25:3164–75.

65. Tanimoto A, Matsumoto S, Takeuchi S, Arai S, Fukuda K, Nishiyama A, et al.
Proteasome inhibition overcomes ALK-TKI resistance in ALK-rearranged/TP53-
mutant NSCLC via noxa expression. Clin Cancer Res. 2021;27:1410–20.

66. Clybouw C, Merino D, Nebl T, Masson F, Robati M, O’Reilly L, et al. Alternative
splicing of Bim and Erk-mediated Bim(EL) phosphorylation are dispensable for
hematopoietic homeostasis in vivo. Cell Death Differ. 2012;19:1060–8.

67. Chen K, Shang Z, Dai A, Dai P. Novel PI3K/Akt/mTOR pathway inhibitors plus
radiotherapy: strategy for non-small cell lung cancer with mutant RAS gene. Life
Sci. 2020;255:117816.

68. Ercan D, Xu C, Yanagita M, Monast CS, Pratilas CA, Montero J, et al. Reactivation of
ERK signaling causes resistance to EGFR Kinase inhibitors. Cancer Discov.
2012;2:934–47.

69. Jamme P, Fernandes M, Copin MC, Descarpentries C, Escande F, Morabito A, et al.
Alterations in the PI3K pathway drive resistance to MET Inhibitors in NSCLC
harboring MET exon 14 skipping mutations. J Thorac Oncol. 2020;15:741–51.

70. Leonetti A, Sharma S, Minari R, Perego P, Giovannetti E, Tiseo M. Resistance
mechanisms to osimertinib in EGFR-mutated non-small cell lung cancer. Br J
Cancer. 2019;121:725–37.

71. Choudhury AD, Higano CS, de Bono JS, Cook N, Rathkopf DE, Wisinski KB, et al. A
phase I study investigating AZD8186, a potent and selective inhibitor of PI3Kβ/δ,
in Patients With Advanced Solid Tumors. Clin Cancer Res. 2022;28:2257–69.

72. Kelly RJ. Dabrafenib and trametinib for the treatment of non-small cell lung
cancer. Expert Rev Anticancer Ther. 2018;18:1063–8.

73. Planchard D, Besse B, Groen HJM, Hashemi SMS, Mazieres J, Kim TM, et al. Phase
2 study of dabrafenib plus trametinib in patients with BRAF V600E-mutant
metastatic NSCLC: updated 5-year survival rates and genomic analysis. J Thorac
Oncol. 2022;17:103–15.

74. Fitzgerald JB, Schoeberl B, Nielsen UB, Sorger PK. Systems biology and combi-
nation therapy in the quest for clinical efficacy. Nat Chem Biol. 2006;2:458–66.

ACKNOWLEDGEMENTS
We would like to thank Elba Marin and Dr. Reguart for providing most of the cell lines
used in this study, and the Cytometry Facility from the University of Barcelona for
assistance with flow cytometry experiments.

AUTHOR CONTRIBUTIONS
FM performed and analyzed all the experiments. CA and AM supported the
conceptualization of this work. PM performed the bioinformatic analyses. NR, EM, SD,
and MG provided the histological sections of ALK+ NSCLC tumors. JS and AL
provided some reagents and expertise used in the article. AV performed in vivo
experiments. CT evaluated the IHC studies. FM and JM conceived, designed the work,
and wrote the manuscript with contributions from all the authors. JM supervised
the work.

F. Martín et al.

11

Cell Death and Disease          (2025) 16:194 



FUNDING
We would like to acknowledge Ministerio de Ciencia, Innovación y Universidades
Grant RTI2018-094533-A-I00 funded by MICIU/AEI/ 10.13039/501100011033 and by
“ERDF A way of making Europe”; Grant PID2021-128644OB-I00 «PROYECTOS DE
GENERACIÓN DE CONOCIMIENTO» funded by MICIU/AEI/ 10.13039/501100011033
and by “ERDF/EU; CELLEX foundation; Fundación Mari Paz Jiménez Casado V Beca
triennial; Agència de Gestió d’Ajuts Universitaris i de Recerca-Generalitat de
Catalunya 2021-SGR-00284 and Programa ICREA Acadèmia 2024. Finally, we express
our gratitude to the Instituto de Salud Carlos III (ISCIII) for funding A. Villanueva and
the in vivo experiments (FIS: PI22/00548).

COMPETING INTERESTS
JM is co-inventor of dynamic BH3 profiling (patented by Dana-Faber Cancer Institute)
and has received royalties, was a paid consultant for Oncoheroes Biosciences and
Vivid Biosciences, is an unpaid board member for The Society for Functional Precision
Medicine, and he is currently collaborating with AstraZeneca. NR reports advisory
board activities for Amgen Inc., AstraZeneca, Bayer, Janssen, MSD, Roche, Novartis,
Sanofi and Takeda; research funding from MSD, IIT, Pfizer, and Novartis; speaker’s
bureau activities for Amgen Inc., Sanofi, Roche, AstraZeneca, Novartis, Bristol-Myers
Squibb, and MSD; and membership on a board or advisory committee in MSD. CT has
received research funding from Novartis and consulting or advisory and/or speakers
bureau fees from Diaceutics, Pfizer, Novartis, AstraZeneca, Takeda, Roche, Bristol-
Myers Squibb, Merck Sharp & Dohme. No potential conflicts of interest were
disclosed by the other authors.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Patient samples were retrospectively included in our study with prior fully informed
patient consent and approval from the Local Ethical Committee (HCB/2019/0995 V.4

11/12/2019). The study was conducted in accordance with the principles of the
Declaration of Helsinki.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-025-07513-3.

Correspondence and requests for materials should be addressed to Joan Montero.

Reprints and permission information is available at http://www.nature.com/
reprints

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

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

F. Martín et al.

12

Cell Death and Disease          (2025) 16:194 

https://doi.org/10.1038/s41419-025-07513-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Novel selective strategies targeting the BCL-2 family to enhance clinical efficacy in ALK-rearranged non-small cell lung cancer
	Introduction
	Results
	DBP predicts the sensitivity to ALK inhibitors in a representative NSCLC cell lines panel
	The rapid increase in BIM expression determines the response to ALK inhibitors
	NOXA downregulation after ALK inhibition leads to anti-apoptotic MCL-1 resistance
	Inter-tumor variability in the anti-apoptotic response to ALK inhibitors
	ALK and MCL-1 sequential inhibition enhance cancer treatment in vivo
	Reactivation of PI3K/AKT and MAPK signaling pathways impairs lorlatinib cytotoxicity by insufficient BIM accumulation

	Discussion
	Materials and methods
	Cell lines and targeted therapies
	Dynamic BH3 profiling
	Cell death assay
	Proliferation assay
	Protein extraction and quantification
	Immunoblotting
	Patient samples
	Immunohistochemistry
	In vivo experiments
	Statistical analysis

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




