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MEK and MCL-1 sequential inhibition synergize to enhance
rhabdomyosarcoma treatment
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Targeted agents have emerged as promising molecules for cancer treatment, but most of them fail to achieve complete tumor
regression or attain durable remissions due to tumor adaptations. We used dynamic BH3 profiling to identify targeted agents
effectiveness and anti-apoptotic adaptations upon targeted treatment in rhabdomyosarcoma. We focused on studying the use of
BH3 mimetics to specifically inhibit pro-survival BCL-2 family proteins, overwhelm resistance to therapy and prevent relapse. We
observed that the MEK1/2 inhibitor trametinib rapidly depleted the pro-apoptotic protein NOXA, thus increasing MCL-1 availability.
Indeed, we found that the MCL-1 inhibitor S63845 synergistically enhanced trametinib cytotoxicity in rhabdomyosarcoma cells
in vitro and in vivo. In conclusion, our findings indicate that the combination of a BH3 mimetic targeting MCL-1 with trametinib
improves efficiency on rhabdomyosarcoma by blocking tumor adaptation to treatment.
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INTRODUCTION
Rhabdomyosarcoma (RMS) constitutes the most frequent form of
soft tissue sarcoma during childhood, accounting for 5–8% of
malignant tumors in children and adolescents [1–5]. RMS is
classified based on histological characteristics into four different
subtypes: embryonal (ERMS), alveolar (ARMS), spindle cell/
sclerosing, and pleomorphic [5]. The two major subtypes are
ARMS accounting for 20% and ERMS accounting for 60% of cases
in children [1, 6]. ARMS commonly occurs in the extremities and
has a high propensity for metastasis, while ERMS is more likely to
present as localized disease in genitourinary or head/neck regions
and have a better prognosis [6]. All risk-groups of RMS are treated
with a multi-modal approach that includes chemotherapy,
radiation, and surgery [7]. However, the cure rates for high-risk
metastatic patients have not achieved significant progress in
years [7]. RMS treatment continues to be based on combinations
of conventional cytotoxic agents developed in the late 1960s [8]
which are accompanied by therapy-related toxicities and a
decrease in patients’ quality of life [9]. Targeted therapies have
gained interest in the past years as an approximation to increase
survival and decrease secondary effects in RMS patients
[2, 8, 10, 11] mainly due to a better understanding of genetic
and molecular alterations in patients’ tumors [1, 8, 10, 12].
Nevertheless, despite that targeted therapies have revolutionized
treatment for some adult cancers [13] and pediatric hematolo-
gical malignancies [14, 15], less significant progress has been

achieved in pediatric solid tumors. Regarding RMS, preclinical
studies have reported increased cytotoxicity when combining
different targeted therapies with conventional chemotherapeu-
tics [12], since single targeted agents alone would not be
sufficient to reach clinical efficacy due to acquired resistances to
those treatments [12].
Evasion of apoptosis represents a common feature of cancer

persister cells that become resistant to treatments, and can be
partially mediated by an increased expression of anti-apoptotic
proteins [16, 17]. Apoptosis is a type of programmed cell death
controlled by the BCL-2 family of proteins [18]. Members of this
family are classified based on their structure, BCL-2 homology
domains, and function [18, 19]. Alterations in different BCL-2
family members have been reported in RMS patients [2], including
the overexpression of the anti-apoptotic proteins BCL-2 and MCL-
1 [20, 21]. This could be of special interest to develop new
therapeutic strategies targeting these anti-apoptotic proteins to
treat high-risk or relapsed RMS patients [17, 22]. BH3 mimetics,
small molecule inhibitors that mimic the action of sensitizer BH3-
only proteins and selectively inhibit anti-apoptotic BCL-2 family
members, are currently being exploited to overcome apoptosis
resistance [19]. The functional assay dynamic BH3 profiling (DBP)
can determine in less than 24 h how effective a treatment will be
to engage apoptosis and it also allows us to identify cancer cells’
selective dependence on anti-apoptotic proteins to guide BH3
mimetics’ use and overcome therapy-induced resistance
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[19, 23–27, 28]. Specifically in RMS, using this approach we
recently described novel rational combinations of chemother-
apeutic agents with BH3 mimetics, that were effective both
in vitro and in vivo [28]. Different molecular pathways implicated
in the disease were identified as regulators of anti-apoptotic
proteins’ transcription [2, 29]. However, therapeutic combinations
of targeted agents with BH3 mimetics for RMS are understudied.
We hypothesized that we could use DBP to evaluate the efficacy
of targeted agents to determine treatment-associated anti-
apoptotic adaptations and how to overcome them with BH3
mimetics.

RESULTS
Identification of new potential targeted agents to treat RMS
using DBP
The discovery of oncogenes and tumor suppressors shed light on
our understanding around molecular mechanisms leading to
cancer [30, 31], aiming to improve treatment efficacy and reduce
secondary effects in the clinic [32]. We used DBP to test some
candidate targeted agents, that were chosen based on signaling
pathways known to be altered in RMS [33], together with the BH3
mimetics S63845 (MCL-1 inhibitor) [34] and ABT-199 (BCL-2
inhibitor) [15] as increased BCL-2 and MCL-1 expression was
previously reported in RMS patients [20, 21]. We observed an
increase in Δ% priming upon 16 h of treatment with the MEK1/2
inhibitor trametinib [35] and the IGF-1R inhibitor BMS-754807 [36]
in CW9019 cells (Fig. 1A). Moreover, trametinib also caused an
increase in priming in RD cells (Fig. 1C). In contrast, RH4 cells
showed a minor increase in Δ% priming after the treatment with
the BH3 mimetics S63845 and ABT-199 and the EGFR inhibitor
gefitinib [37]; and a higher response to the histone demethylase
LSD1 inhibitor SP2509 [38] and to BMS-754807 treatments
(Supplementary Fig. 1A). To determine the cytotoxic effectiveness
of these targeted agents, we validated DBP predictions in vitro
with Annexin V/propidium iodide (PI) cell death analyses by flow
cytometry at 96 h. As shown, the most effective treatments
identified by DBP in CW9019 cells after 16 h (trametinib and BMS-
754807) correlated with the highest cytotoxicity (Fig. 1B).
Furthermore, we could observe that the top treatments identified
by DBP in RD and RH4 also caused the highest % of cell death
assessed at 96 h (Fig. 1D and Supplementary Fig. 1B). When we
statistically compared Δ% priming and % cell death in RMS cell
lines, we observed a significant correlation between both
measurements (Fig. 1E, left panel). It is important to highlight
that neither S63845 nor ABT-199 induced significant cytotoxic
effects as single agents in RMS cells (Fig. 1) which could be due to
a cross-compensating effect of anti-apoptotic BCL-2 family
proteins [39]. To determine DBP’s predictive capacity for targeted
agents’ efficacy in RMS, we performed a Receiver Operating
Characteristic (ROC) curve analysis [40]. Our results indicated an
AUC of 0.81 (Fig. 1E, right panel), thus DBP was a good binary
predictor for the subset of RMS cell lines and agents tested. The
inhibition of MEK1/2 was previously reported as a potential
molecular target for RMS [2, 10] and trametinib has been pointed
as a potential therapeutic candidate in preclinical studies [12].
Moreover, the levels of IGF-1R have been associated with inferior
survival rates of RMS patients [41] and the inhibition of the histone
demethylase LSD1 [42] has been described as a potential
molecular target for new therapies to treat RMS [12, 43, 44],
matching our initial findings (Fig. 1).

Combination of S63845 with MEK1/2 inhibitors to overcome
therapy-induced resistance in RMS
Using DBP with specific BH3 peptides that mimic sensitizer BCL-2
family proteins we can identify which anti-apoptotic protein
cancer cells employ to survive a specific treatment [19]. For
instance, the contribution of BCL-2/BCL-xL could be measured

using the BAD BH3 peptide, BCL-xL dependence with the HRK BH3
peptide and finally, MCL-1 dependence with the MS1 BH3 peptide
[19, 45–48]. We can then determine how to overcome these
adaptations using specific BH3 mimetics such as S63845 (MCL-1
inhibitor) [34], ABT-199 (BCL-2 inhibitor) [15] or A-1331852 (A-133)
(BCL-xL inhibitor) [49].
We focused on deciphering why the three RMS cell lines

(CW9019, RD and RH4) [50] responded differently to trametinib as
single agent (Fig. 1). Interestingly, we observed that trametinib
caused an increase in % priming with the MS1 peptide in all RMS
cell lines (Fig. 2A, C and Supplementary Fig. 2A), being the highest
increase the one detected in CW9019 cells (Fig. 2A). This indicated
that all RMS cells exerted a rapid pro-survival adaptation through
the anti-apoptotic protein MCL-1 after trametinib treatment. We
then evaluated the sequential treatment of the MCL-1 inhibitor
S63845 after trametinib administration in RMS cells. We observed
a synergy in both CW9019 cells (Fig. 2B) and RD cells (Fig. 2D) with
combination indexes (CI) of 0.79 and 0.69 respectively, indicating
that MCL-1 inhibition significantly enhanced trametinib cytotoxic
effect. A more modest effect was observed in the ARMS cell line
RH4 that exerted an additive effect (CI= 1) (Supplementary Fig.
2B), that could be explained by its lower initial response to the
MEK1/2 inhibitor (Supplementary Fig. 1). To further validate this
MCL-1 mediated resistance to MEK1/2 inhibition, we tested a
second inhibitor, the clinically used selumetinib, in CW9019 cells,
obtaining similar results (Supplementary Fig. 3A, B).

BCL-xL and MCL-1 are key players in RMS cell death resistance
We then wanted to further study how RMS cells adapt to anti-
apoptotic inhibition as previously described in pediatric cancer
[39]. Therefore, we sought to pharmacologically inhibit one anti-
apoptotic protein using a specific BH3 mimetic and study
potential pro-survival adaptations through other BCL-2 family
members using DBP. In this regard, CW9019 cells showed a similar
increase in % priming with BAD and HRK peptides after MCL-1
inhibition with S63845 (Fig. 3A) indicating a predominant acquired
resistance through BCL-xL, but with a possible minor contribution
from BCL-2 as well (Fig. 3A). When we performed cell death
measurements at 96 h, we could observe that sequential
treatment with A-133 after S63845 caused a strong synergy in
these cells (CI= 0.43) (Fig. 3B) as predicted by DBP (Fig. 3A), and as
previously observed in breast cancer [51]. The sequential addition
of ABT-199 to S63845 also improved the cytotoxic effects
compared to single agents but to a lower extent (CI= 0.91) (Fig.
3B), in accordance with DBP predictions (Fig. 3A). As MCL-1
appears to be a key protein in RMS progression [20, 21],
particularly for CW9019 cells, its inhibition could not be
compensated by just one anti-apoptotic protein and requires an
increased activity of both BCL-2 and BCL-xL. When CW9019 cells
were treated with A-133, we could observe an increase in %
priming with the MS1 peptide, indicating an acquired resistance
through MCL-1 (Fig. 3C). This prediction was also confirmed by
in vitro cell death measurements where we detected a strong
synergy when sequentially combining A-133 followed by S63845
(CI= 0.37) (Fig. 3D) as we previously described in another solid
tumor [51]. Finally, CW9019 cells showed increased % priming
with the MS1 peptide when treated with ABT-199 (Fig. 3E)
indicating an acquired resistance through MCL-1 that was further
corroborated by the synergistic combination (CI= 0.54) of ABT-
199 and S63845 (Fig. 3F), although exerting a modest cytotoxicity.
These results showed that BCL-xL and MCL-1 are the most
important proteins within the BCL-2 anti-apoptotic members
mediating the acquisition of resistance in RMS, validating previous
findings by Kehr and colleagues [39], and we believe that BH3
mimetics could be used sequentially to minimize undesired
secondary effects. Interestingly, when we analyzed the anti-
apoptotic adaptations induced by S63845 as single agent or by
trametinib + S63845, in both cases we observed a significant and
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comparable BCL-xL adaptation as indicated by HRK Δ% priming
(Supplementary Fig. 4B, C). Taking into consideration that
trametinib, with or without S63845 increased overall BIM Δ%
priming (Supplementary Fig. 4A), but as single agent had a minor
contribution on BCL-xL adaptation (Fig. 4A), we conclude that
S63845 is the main agent inducing this pro-survival change. When
we performed cell death analysis comparing all the possible
combinations, we observed that trametinib + S63845, the
sequential combination of S63845 with A-133 or the sequential
combination of trametinib + S63845 followed by A-133 showed

similar cytotoxicities (Supplementary Fig. 4D). This data suggests
that this triple combination does not improve the efficacy of dual
MEK and MCL-1 inhibition, or MCL-1 and BCL-xL co-inhibition.
Finding new targeted agents to specifically engage tumor cells

while sparing non-cancer cells to avoid undesired side effects still
represents an unmet need for RMS patients. To address this issue,
we tested the cytotoxic effect of the targeted therapies previously
described in the non-tumoral murine and human myoblast cell
lines C2C12 and HSMM. We observed that neither C2C12 cells nor
HSMM were affected by single agents, indicating specific toxicity

Fig. 1 Dynamic BH3 profiling predicts sensitivity to targeted agents in CW9019 and RD cell lines. A Results from the DBP assay after 16 h
incubation with treatments in CW9019 cells. Results expressed as Δ% priming represents the increase in priming compared to control cells.
B Cell death results from Annexin V and propidium iodide staining and FACS analysis after 96 h incubation with the same targeted agents in
CW9019 cells. C Results from the DBP assay after 16 h incubation with treatments in RD cells. Results expressed as Δ% priming represents the
increase in priming compared to control cells. D Cell death results from Annexin V and propidium iodide staining and FACS analysis after 96 h
incubation with the same targeted agents in RD cells. E Left plot showing the correlation between Δ% priming at 16 h and % cell death at
96 h. Receiver Operating Characteristic curve analysis showed at right. Values indicate mean values ± SEM from at least three independent
experiments. ** p < 0.01 and * p < 0.05. All experiments were performed at least three times.
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for cancer cells (Supplementary Fig. 5A). Furthermore, we tested in
HSMM the most promising combinations previously identified and
we could not detect significant cytotoxicity (Supplementary Fig.
5B). In summary, these newly identified therapies against this
pediatric disease did not seem to affect non-tumoral cells.

Trametinib promotes a protective decrease in NOXA: MCL-1
binding
To better understand how RMS cells acquire resistance to
trametinib and why its combination with S63845 is synergistic,
we analyzed protein expression changes in CW9019. We observed
an increased expression of BIM after MEK1/2 inhibition (Fig. 4A), as
described elsewhere [52, 53]. As expected, we observed a
dramatic decrease in phospho-ERK1/2 in cells treated with
trametinib compared to control cells (Supplementary Fig. 6).
Surprisingly, we did not observe major changes in the anti-
apoptotic proteins BCL-2, BCL-xL, and MCL-1 (Fig. 4A and
Supplementary Fig. 6), despite previous in vitro observations
(Fig. 2). As reported in the literature, MCL-1 can be blocked by the
sensitizer BH3-only protein NOXA, impeding its pro-survival
activity and therefore promoting apoptosis [19, 54]. Based on

recent studies [46], we hypothesized that this sensitizer protein
could explain MCL-1 dependence in RMS cells after trametinib
treatment. We immunoprecipitated MCL-1 from drug-treated
CW9019 and analyzed its binding to NOXA. After exposing cells
to this targeted agent, we could observe a decrease in NOXA
binding (Fig. 4B) while MCL-1 expression remained unaltered (Fig.
4A). MCL-1 can also bind to the pro-apoptotic activator protein
BIM, so we assessed this interaction and detected an increased
binding between these two proteins after MEK1/2 inhibition (Fig.
4B). In brief, fast NOXA downregulation after trametinib exposure,
liberates MCL-1 that can then capture more BIM to prevent BAX
and BAK activation (and the induction of apoptosis). As previously
reported, S63845 promoted the stabilization and accumulation of
MCL-1 [55, 56] that could be observed in total cell lysates (Fig. 4A).
This BH3 mimetic also caused the displacement of the remaining
NOXA bound to MCL-1 and its proteasomal degradation [57],
explaining its dramatic reduction in total cell lysates (Fig. 4A).
More importantly, the sequential inhibition of MCL-1 after
trametinib treatment released BIM and restored apoptosis
(Fig. 4B), explaining the observed synergy between this targeted
agent and the BH3 mimetic S63845.

Fig. 2 Dynamic BH3 profiling predicts MCL-1 anti-apoptotic adaptation as a resistance mechanism after trametinib treatment in RMS cell
lines. A, C Results from the contribution of each anti-apoptotic protein (BCL-2/BCL-xL dependence BAD peptide, BCL-xL dependence HRK
peptide and MCL-1 dependence MS1 peptide) in acquiring resistance to trametinib 0.1 µM treatment in CW9019 and RD respectively. Results
expressed as Δ% priming represents the increase in priming compared to control cells. MS1 BH3 peptide showed a significant increase,
indicating MCL-1 adaptation after treatment. B, D Cell death by Annexin V and propidium iodide staining and FACS analysis after 96 h
incubation of CW9019 and RD cells with the single agents alone or the combination of trametinib with the BH3 mimetic S63845 for 96 h.
Values indicate mean values ± SEM. ** p < 0.01, * p < 0.05 compared to single agents and # indicates CI < 1. All experiments were performed at
least three times.
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Effective therapeutic combination of trametinib with the MCL-
1 inhibitor S63845 in a PDX model of RMS
We sought to test this promising therapeutic combination in vivo
as trametinib was already assessed in clinical trials for the
treatment of pediatric glioma and plexiform neurofibroma

[58, 59]. In fact, MEK1/2 inhibition for the treatment of pediatric
solid tumors is under evaluation in clinical trials (NCT02285439,
NCT02285439), and several MCL-1 inhibitors for adult cancer
treatment [60]. We performed DBP analyses on RMS PDX tumor-
isolated cells. After disaggregating the cells, we exposed them for

Fig. 3 Dynamic BH3 profiling predicts different anti-apoptotic adaptation as a resistance mechanism after BH3 mimetics treatment in
CW9019 cell line. A, C, E Results from the contribution of each anti-apoptotic protein (BCL-2/BCL-xL dependence BAD peptide, BCL-xL
dependence HRK peptide and MCL-1 dependence MS1 peptide) in acquiring resistance to S63845 1 µM, A-133 0.1 µM and ABT-199 0.1 µM
treatment respectively in CW9019 cells. Results expressed as Δ% priming represents the increase in priming compared to control cells.
B, D, F Cell death by Annexin V and propidium iodide staining and FACS analysis after 96 h incubation of CW9019 cells with the single agents
alone or the combination with the other BH3 mimetics for 96 h. Values indicate mean values ± SEM. ** p < 0.01, * p < 0.05 compared to single
agents and # indicates CI < 1. All experiments were performed at least three times.
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16 h to trametinib, detecting an increase in priming with the BIM
peptide (Fig. 5A). In parallel, this same treatment produced a rapid
increase in the MS1 signal, indicating MCL-1 adaptation (Fig. 5A),
as previously observed in vitro (Fig. 2A, C and Supplementary Figs.
2A, 3A). Thus, DBP can predict both treatment effectiveness and
anti-apoptotic adaptations in cell lines and RMS PDX-isolated cells.
To further study the effectiveness of the combination of
trametinib and S63845 in vivo, we treated PDX mice with the
MCL-1 inhibitor as a single agent, or right after trametinib
treatment to overcome the detected anti-apoptotic resistance.
The sequential combination of both drugs caused a significant
reduction of the tumor volume and weight, compared to single
agents (Fig. 5B–D). These results demonstrate that DBP can be
used to design more effective treatment combinations by
overcoming the swift anti-apoptotic resistance acquired right
after targeted agents’ treatment to stop cancer progression. We
postulate the trametinib and S63845 combination as a potential
new treatment for RMS.

DISCUSSION
The discovery of oncogenes and tumor suppressors was crucial to
understand cancer progression [30]. As a result, targeted therapies
emerged as novel approaches to treat cancer [61], and many are
now used in adult tumors [46, 62], as they often rely on pro-
tumorigenic altered kinases that activate key signaling pathways
[63]. Notably, the constitutive activation of the mitogen-activated
protein kinase (MAPK) signal transduction pathway is the most

commonly dysregulated in cancer [63]. In RMS, several receptor
tyrosine kinases (RTKs) have been identified as potential
druggable targets for RMS including IGF-1R, RAS, ALK, EGFR, and
VEGFR [12]. Their dysregulation leads to alterations in signaling
pathways such as PI3K/AKT/mTOR, MEK/ERK, and JAK/STAT3 [12].
Specifically, primary samples from RMS patients showed both
phosphorylation of ERK1/2 and AKT, indicating an overactivation
of these pathways, thus becoming promising druggable targets
for this type of pediatric cancer [64]. In this study, we used DBP to
identify that MEK1/2 inhibition with trametinib, or selumetinib,
and IGR-1R with BMS-754807, prime RMS cells to apoptosis; and
we confirmed it using cell death analyses in vitro (Fig. 1 and
Supplementary Fig. 1). However, single agent targeted therapies
were not particularly effective, mostly because cancer persister
cells acquire resistance to them [12]. It has been previously
described that a common mechanism to block treatment-induced
cell death is upregulation or activation of anti-apoptotic proteins
[28, 65]. Therefore, we hypothesized that the combination of
targeted agents with BH3 mimetics could be a good strategy to
overcome these therapeutic adaptations. However, the vast
majority of published preclinical strategies are based on
combinations of targeted agents with commonly used che-
motherapeutics [12]. Using DBP we could identify MCL-1 anti-
apoptotic adaptations [19, 45–48] upon MEK1/2 inhibition in three
RMS cell lines and a PDX-RMS model (Figs. 2 and 5A). This was
further confirmed by cytotoxicity measurements in vitro, where
we observed synergistic combinations between trametinib or
selumetinib with the MCL-1 inhibitor S63845 (Fig. 2 and

Fig. 4 Trametinib causes a decrease in NOXA-MCL-1 binding levels as a resistance mechanism in CW9019 cells. A Left panel:
Representative images from Western blot analysis of CW9019 cell lysates after the indicated treatments for 16 h (trametinib 0.1 µM, S63845
1 µM) or the sequential combination of both (trametinib 0.1 µM during 16 h followed by S63845 1 µM treatment for 2 h). Right panel: Optical
density quantification normalized to actin and represented as fold change compared to control. B Western blot results of the co-
immunoprecipitation between MCL-1 and BIM/NOXA after 0.1 µM trametinib, 1 µM S63845, or the sequential combination of both treatments.
Values indicate mean values ± SEM from at least three independent experiments. **p < 0.01, *p < 0.05. All experiments were performed at least
three times.
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Supplementary Figs. 2 and 3). The effectiveness of this therapeutic
sequence was previously reported in different adult cancers
[34, 46, 66, 67] but to our knowledge, this is the first time that this
rational combination is described for pediatric RMS. Furthermore,
we confirmed that these swift anti-apoptotic adaptations occur
mostly through MCL-1, in accordance with previous reports [39];
and that BCL-xL and MCL-1 compensate each other when blocked
with specific BH3 mimetics. For instance, CW9019 cells acquire
resistance to S63845 mainly through BCL-xL in CW9019 (Fig. 3A,
B). In contrast, the blockade of BCL-xL with A-133 caused an
adaptation through MCL-1 in CW9019 (Fig. 3C, D). The sequential
combination of both BH3 mimetics caused a significant increase in
cell death in CW9019, indicating that these two proteins are the
main regulators of therapy-acquired resistances in CW9019 cells
(Fig. 3B, D). The therapeutic potential of simultaneously blocking
BCL-xL and MCL-1 has been reported in many cancers [39, 68, 69],
and we recently demonstrated this strategy in ER+ breast cancer
using a sequential regime [51], although BCL-xL induced
thrombocytopenia may challenge its clinical implementation. In
addition, we identified that the sequential combination of ABT-
199 and S63845 was more effective in CW9019 cells than single
agents and was also predicted by DBP (Fig. 3E, F). This effective co-
inhibition of BCL-2 and MCL-1 using BH3 mimetics was previously
reported in hematological malignancies [70] but not RMS. Overall,
most reports describe simultaneous co-inhibition of anti-apoptotic
proteins, but according to our data, a sequential combination of
treatments would be more effective and potentially decrease
secondary effects [19]. Surprisingly, the triple inhibition of MEK,
MCL-1, and BCL-xL was not more cytotoxic than the described
double inhibitions (Supplementary Fig. 4).

From all the identified treatments, we focused on trametinib
based on the efficacy of MEK1/2 inhibition in RMS preclinical
studies [71], and prior promising clinical studies in pediatric
glioma patients with active MAPK signaling [58, 59]. We aimed to
elucidate the molecular mechanism driving the rapid MCL-1
acquired-resistance to trametinib in RMS [50]. We focused on
CW9019 because it is an ARMS cell line, the RMS subtype with
lower prognosis [6, 50], and displayed the highest increase in %
priming with the MS1 peptide after trametinib exposure (Fig. 2A).
We observed an upregulation of BIM after trametinib treatment in
CW9019 cells (Fig. 4A), as previously reported [52, 53, 72–74],
explaining the observed cell death increase in RMS cells (Fig.
1B–D). However, MEK1/2 inhibition with trametinib did not
produce any change in the anti-apoptotic protein levels in RMS
cells (Fig. 4A and Supplementary Fig. 6). The MCL-1/NOXA axis
regulates apoptosis [46, 75–78], since the sensitizer NOXA can
block MCL-1 and indirectly promote apoptosis [19, 54]. We
observed a significant decrease in NOXA binding to MCL-1 after
trametinib treatment in CW9019 cells (Fig. 4B), thus increasing the
availability of this anti-apoptotic protein to avoid therapy-induced
cell death. Indeed, we could observe an increment in BIM and
MCL-1 binding after trametinib exposure, preventing BAX/BAK
activation and the induction of apoptosis (Fig. 2). In brief, when
RMS cells are exposed to trametinib, ERK1/2 is dephosphorylated
and its downstream signaling repressed, leading to a decrease in
NOXA expression (Fig. 6B) and BIM proteasomal degradation that
restores its transcription [72]; allowing MCL-1 to sequester BIM
and protect cells from apoptosis (Fig. 6C). The sequential addition
of the BH3 mimetic S63845 to trametinib, displaces BIM from MCL-
1, promoting BAX/BAK activation and cell death restoration

Fig. 5 Trametinib and S63845 combination inhibits tumor growth in a PDX model of RMS. A Results from the contribution of BIM and MCL-
1 dependence MS1 peptide in acquiring resistance to trametinib 0.1 µM in disaggregated cells from a PDX-RMS tumor (n= 1). Results
expressed as Δ% priming represents the increase in priming compared to control cells. B Tumor size (expressed in mm3) quantification after
treatment with vehicle, S63845, trametinib, and trametinib+ S63845. Measurements represent days after initiation of treatment. C Tumor
weight (expressed in grams) quantification after treating the mice with vehicle, S63845, trametinib, and trametinib+ S63845. D Image of
tumors dissected from PDX mice after treatments. All values indicate mean values ± SEM. ** p < 0.01, n= 6.
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(Fig. 6D). We also explored if this resistance mechanism and the
therapeutic combination that we found in RMS cell lines could be
also efficient in vivo using a PDX model of RMS. First, we detected
an increase in Δ% priming with MS1 after trametinib treatment
(Fig. 5A) in cells isolated from a RMS-PDX tumor, which correlated
with the in vitro findings (Fig. 2). Furthermore, when we treated
RMS-PDX mice with this therapeutic combination we found a
significant reduction of the tumor size and volume compared to
vehicle and single agents (Fig. 5B–D).
In conclusion, this work demonstrates how the functional assay

DBP can predict targeted agents’ anti-tumor efficacy and anti-
apoptotic adaptations in RMS. These adaptations occur rapidly, in
less than 24 h, but may explain why some of these agents often
fail to completely eliminate cancer cells. Sequential combinations
of targeted agents with BH3 mimetics can greatly improve RMS
treatment while decreasing potential secondary effects in the
clinic. We postulate trametinib as a novel effective targeted agent
to treat RMS, similarly as in pediatric glioma [58, 59], when

metronomically combined with MCL-1 inhibitors such as S63845;
also in ARMS, a RMS subtype that has a high propensity for
metastases and presents poor prognosis [6, 50], may be clinically
relevant. Our results suggest that this new therapeutic strategy
should be tested in RMS patients, to avoid cancer persister cells’
survival and relapse.

MATERIALS AND METHODS
Cell lines and treatments
RMS cell lines (CW9019, RD and RH4) were kindly provided by Dr. Oscar
Martínez-Tirado and Dr. Cristina Muñoz-Pinedo from the Biomedical
Research Institute from Bellvitge (IDIBELL). C2C12 cells and Human skeletal
muscle myoblasts (HSMM) were purchased at ATCC (ATCC® CRL-1772™,
ATCC, Manassas, Virginia, USA) and Lonza (CC-2580, Lonza, Basel,
Switzerland), respectively. RMS cell lines were maintained in RPMI 1640
medium (31870, Thermo Fisher, Gibco, Paisley, Scotland) and supplemen-
ted with 1% of L-Glutamine (25030, Thermo Fisher, Gibco) and 1% of
penicillin and streptomycin (15140, Thermo Fisher, Gibco) and 10% heat-

Fig. 6 Use of S63845 to overcome RMS cells’ resistance to trametinib. A Schematic representation of the basal situation in CW9019 cells.
B When CW9019 cells are exposed to trametinib there is a decrease in NOXA transcription, which leads to an increase in the availability of
MCL-1. C After longer incubations with trametinib, BIM is sequestered by MCL-1 promoting apoptotic cell death protection. D Apoptosis is
restored by the sequential addition of the BH3 mimetic S63845.
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inactivated fetal bovine serum (10270, Thermo Fisher, Gibco). C2C12 cells
were cultured in DMEM high glucose medium (41965, Thermo Fisher,
Gibco) supplemented with 10% heat-inactivated fetal bovine serum and
1% of penicillin and streptomycin. HSMM cells were maintained in SKBM-2
medium (CC-3246, Lonza) supplemented with its specific SingleQuotsTM

and growth factors (CC-3244, Lonza). All cells were kept at 37 °C in a
humidified atmosphere of 5% CO2. In addition, all of them were routinely
tested for mycoplasma. Drug treatments were carried out directly in the
culture media. Doses and time points are indicated in every single
experiment. All drugs were purchased at Selleckchem (Munich, Germany).

Dynamic BH3 profiling
Dynamic BH3 profiling was performed as previously described [45, 46].
Briefly, 3 × 105 cells were incubated with targeted therapies (or DMSO in
the control condition) for 16 h at 37 °C. Afterwards, cells were stained with
the viability marker Zombie Violet (423113, BioLegend, Koblenz, Germany)
for 10min at room temperature (R.T.) and then washed with PBS and
resuspended in 330 μl of MEB (150mM mannitol, 10 mM hepes-KOH pH
7.5, 150mM KCl, 1 mM EGTA, 1 mM EDTA, 0.1% BSA, 5 mM succinate).
Simultaneously, 12 different peptide solutions were prepared in MEB with
0.002% digitonin (D141, Sigma-Aldrich). The final concentration of each
peptide solution was: 10, 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 of
MS1 BH3 peptide, 25 μM of alamethicin (BML-A 150-0005, Enzo Life
Sciences, Lörrach, Germany) and DMSO in the control condition.
Subsequently, 25 μl of cell suspensions were incubated with 25 μl of each
peptide solution in a 96-well plate (3795, Corning, Madrid, Spain) for 1 h at
R.T., followed by fixation with formaldehyde and further staining with
cytochrome c antibody (Alexa Fluor® 647—6H2.B4, 612310, BioLegend).
Individual DBP analysis were performed in triplicates for DMSO,
alamethicin, multiple BIM BH3 concentrations, BAD, HRK, and MS1 BH3
peptides. The different analyses were performed with a high-throughput
flow cytometry SONY instrument (SONY SA3800, Surrey, United Kingdom).
% priming represents the maximum % cytochrome c released obtained
after BH3 peptide exposure and Δ% priming stands for the maximum
difference between treated cells vs non-treated cells.

Cell death analysis
After 96 h of incubation with the specified treatments, cells were analyzed
using Annexin V (FITC Annexin V, 640906, BioLegend) and propidium
iodide (PI) (1056, BioVision, Milpitas, California, USA) and analyzed on a
flow cytometry Gallios instrument (Beckman Coulter, Nyon, Switzerland).
We considered viable cells when both Annexin V and PI were negative.
Results were represented as the mean of % cell death (100 - % viable cells)
of at least three independent replicates.

Protein extraction and quantification
RIPA 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)) was used to extract proteins from cells as described
elsewhere [28]. After 30 min incubation on ice, suspensions were
centrifuged at 4 °C for 10min at 16 100 × g and the supernatant was
collected and stored at −20 °C. Protein quantification was performed using
PierceTM BCA Protein Assay Kit (23227, Thermo Fisher).

Immunoprecipitation
The immunoprecipitation protocol used was described previously [28]. Briefly,
the immunoprecipitation buffer (150mM NaCl, 10mM Hepes, 2mM EDTA, 1%
Triton, 1.5mM MgCl2, 10% glycerol, EDTA-free Protease Inhibitor Cocktail
(4693159001 Roche), PhosSTOPTM (4906845001 Roche)) was used to lysate
the cells. Cells were then centrifuged and supernatants were incubated at 4 °C
overnight with magnetic beads (161–4021, Bio-Rad, Madrid, Spain) previously
conjugated to 5 μg of rabbit anti-MCL-1 antibody (CST94296, Cell Signaling,
Leiden, The Netherlands) or 5 μg of rabbit IgG antibody (CST2729, Cell
Signaling). After magnetization, supernatant was discarded and the binding
fraction was resuspended in 40 μL 4X SDS-PAGE sample buffer and heated at
70 °C for 10min. Finally, the sample was magnetized to collect the
supernatant, which was stored at −80 °C for further analysis.

Immunoblotting
Proteins were separated and detected as previously described [28]. In brief,
SDS-PAGE gel (Mini-Protean TGX Precast Gel 12%, 456–1045, Bio-Rad) was

used to separate proteins and then transferred to PVDF membranes
(10600023, Amersham Hybond, Pittsburgh, PA, USA). Blocking of
membranes was achieved by using 5% dry milk dissolved in Tris Buffer
Saline with 1% Tween 20 (TBST) and the following antibodies were
incubated overnight at 4 °C: rabbit anti-BCL-2 (CST4223, Cell Signaling),
rabbit anti-BCL-xL (CST2764, Cell Signaling), rabbit anti-MCL-1 (CST5453,
Cell Signaling), rabbit anti-NOXA (CST14766, Cell Signaling), rabbit anti-BIM
(CST2933, Cell Signaling), rabbit anti-phospho-ERK1/2 (CST4376, Cell
Signaling), rabbit anti-Actin (CST4970, Cell Signaling). Anti-rabbit IgG
HRP-linked secondary antibody (CST7074, Cell Signaling) was used and
immunoblots were developed using Clarity ECL Western substrate
(1705060, Bio-Rad). When required, immunoblots were stripped in 0.1 M
glycine pH 2,5, 2% SDS for 40min and washed in TBS. The visualization of
the bands was done using the LAS4000 imager (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) and ImageJ was then used to quantify the
integrated optical density of bands.

Animals and human tissue
For this study, we used six-week-old female athymic nu/nu mice (Envigo)
weighing 18–22 g. These animals were kept in sterile conditions, with
autoclaved cages, bedding, water, and food, with 12 h of light and 12 h of
dark cycle. Because of the patients’ young age, their tutors gave written
consent for research purposes. The in vivo design of experiments was
approved by the IDIBELL animal facility committee (AAALAC Unit1155) and
the Institutional Ethics Committees approved the study protocol. All
experiments followed the Ethical Conduct in the Care and Use of Animals
guideline as indicated by The International Guiding Principles for
Biomedical Research Involving Animals, developed by the Council for
International Organizations of Medical Sciences.

Development of rhabdomyosarcoma orthoxenograft mouse
model
The embryonal rhabdomyosarcoma (ERMS) orthoxenograft/PDOX was
generated from a breast metastasis taken at a relapsed time after post-
chemotherapy and radiotherapy treatments from a 14-year-old girl. Primary
tumor growth was in the perianal region and was metastatic at diagnosis time
having both lymph node and bone metastases. The patient’s tutors gave
written consent to participate in the study. Under isoflurane anesthesia, the
tumor was implanted into the breast and into the right leg. Briefly, for breast
implantation, a small fragment (4–6 × 4–6mm3) was fixed with non-
absorbable polypropylene suture (Prolene 7.0) into the mammary fat pad,
while for leg implantation it was fixed to the muscle of the upper thigh of the
right leg. After implantation, tumor formation was checked every week.
Orthotopic tumor (named RMSX2) became apparent 1–2 months after
engraftment in both locations. When orthotopic tumors reached a volume of
around 1500mm3, the animals were sacrificed, and tumors were expanded to
three different animals in order to perpetuate the tumor for drug experiments.
To perform later analyses, tumors were paraffin-embedded, frozen, and
cryopreserved in 10% DMSO+ 90% non-inactivated fetal bovine serum
(10270, Thermo Fisher, Gibco) to ensure viability.

Drug treatment in ERMS RMSX2 orthoxenograft tumor
A mouse harboring RMSX2 tumor orthotopically growing in the upper thigh
of the right leg (at passage#3) was sacrificed, and tumors were collected and
divided into small pieces of approximately 4 × 4mm3. These fragments were
then grafted in 30 young female mice. Once tumoral masses reached a similar
size of 1000–1200mm3, 28 of these mice were randomly assigned to distinct
treatment groups (n= 6 to 8/group): (i) Placebo; (ii) Trametinib (1mg/kg); (iii)
S63845 (20mg/kg); and (iv) combined Trametinib (1mg/kg) plus S63845
(20mg/kg). S63845 treatment was applied by tail vein injection (i.v) during
three consecutive days per week while trametinib was oral gavage (p.o)
during five consecutive days per week) and treatments carried out over a
period of three weeks. Trametinib was diluted in 10% cremophor EL/10%
PEG400, while S63845 it was in 10% DMSO/40% PEG 300/5% Tween 80/saline.
Tumors were measured every 1–4 days using a caliper and their volume was
calculated as v= (w² × l)/2, where l stands as the longest diameter and w the
width. After sacrifice, tumors were examined and weighted. After dissection,
the tissue samples were fixed and for paraffin embedding or viably frozen for
later experiments.

PDX cell isolation
Isolation of single cells from primary tumors from PDX animals was
performed as described previously [28]. Briefly, tumors were processed
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mechanically using the gentleMACS Dissociator (Miltenyl Biotec, Madrid,
Spain), and then exposed to an enzymatic digestion solution composed by
125 units of DNAse I (DN25, Sigma-Aldrich, Buchs, Switzerland), 100 units
of Hyaluronidase (H3506, Sigma-Aldrich) and 300 units of collagenase IV
(17104–019, Thermo Fisher, Gibco) for two rounds of 30min at 37 °C in
constant agitation. The suspension was filtered using a 70-micron filter, red
blood cells were eliminated by doing an osmotic shock (100 μL of ice cold
water were added for 15 s and then diluted to 50mL with PBS) and cells
were finally resuspended in RPMI medium, seeded 3 × 105 cells/well in a
12-well plate, and treated with the drugs of interest. Dynamic BH3 profiling
analysis were performed after 16 h of incubation with the specified drugs.

Statistical analysis
Statistical significance of the results was carried out using Student’s t-tail
test, considering significant *p < 0.05 and **p < 0.01. SEM stands for
Standard Error of the Mean. For ROC curve analysis, the threshold between
responders and non-responders was considered to be Δ% cell death >
20%. Drug synergies were established based on the Bliss Independent
model as previously described [79], where Combinatorial index (CI) was
calculated CI= ((DA+ DB)− (DA*DB))/DAB (D represents cell death of
compound A or B or the combination of both). CI < 1 stands for the
presence of synergy in the combination of drugs. The statistical analysis
and graph generation were performed using GraphPad Prism8.

DATA AVAILABILITY
The corresponding author will provide the original data used to support the findings
of this study upon reasonable request.

REFERENCES
1. Pal A, Chiu HY, Taneja R. Genetics, epigenetics and redox homeostasis in rhab-

domyosarcoma: Emerging targets and therapeutics. Redox Biol. 2019;25:101124.
2. Fulda S. Cell death pathways as therapeutic targets in rhabdomyosarcoma. Sar-

coma. 2012;2012:326210.
3. Dagher R, Helman L. Rhabdomyosarcoma: An overview. Oncologist.

1999;4:34–44.
4. Seki M, Nishimura R, Yoshida K, Shimamura T, Shiraishi Y, Sato Y, et al. Integrated

genetic and epigenetic analysis defines novel molecular subgroups in rhabdo-
myosarcoma. Nat Commun. 2015;6:7557.

5. Rudzinski ER, Anderson JR, Hawkins DS, Skapek SX, Parham DM, Teot LA. The
world health organization classification of skeletal muscle tumors in pediatric
rhabdomyosarcoma: a report from the children’s oncology group. Arch Pathol
Lab Med. 2015;139:1281–7.

6. Skapek SX, Ferrari A, Gupta AA, Lupo PJ, Butler E, Shipley J. et al. Rhabdomyo-
sarcoma. Nat Rev Dis Prim. 2019;5:14–16.

7. Belyea B, Kephart JG, Blum J, Kirsch DG, Linardic CM. Embryonic signaling
pathways and rhabdomyosarcoma: Contributions to cancer development and
opportunities for therapeutic targeting. Sarcoma. 2012;2012:406239.

8. Cramer SL, Miller AL, Pressey JG, Gamblin TL, Beierle EA, Kulbersh BD, et al.
Pediatric anaplastic embryonal rhabdomyosarcoma: Targeted therapy guided by
genetic analysis and a patient-derived xenograft study. Front Oncol. 2018;7:1–6.

9. Huh W, Egas Bejar D. Rhabdomyosarcoma in adolescent and young adult
patients: Current perspectives. Adolesc. Health Med Ther. 2014;5:115–25.

10. Stewart E, McEvoy J, Wang H, Chen X, Honnell V, Ocarz M, et al. Identification of
therapeutic targets in rhabdomyosarcoma through integrated genomic, epige-
nomic, and proteomic analyses. Cancer Cell. 2018;34:411–26.

11. Sun X, Guo W, Shen JK, Mankin HJ, Hornicek FJ, Duan Z. Rhabdomyosarcoma:
Advances in molecular and cellular biology. Sarcoma. 2015;2015:232010.

12. Van Erp AEM, Versleijen-Jonkers YMH, Van Der Graaf WTA, Fleuren EDG. Targeted
therapy-based combination treatment in rhabdomyosarcoma. Mol Cancer Ther.
2018;17:1365–80.

13. Bayat Mokhtari R, Homayouni TS, Baluch N, Morgatskaya E, Kumar S, Das B, et al.
Combination therapy in combating cancer. Oncotarget. 2017;8:38022–43.

14. Lonetti A, Pession A, Masetti R. Targeted therapies for pediatric AML: Gaps and
perspective. Front Pediatr. 2019;7:1–11.

15. 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.

16. Frenzel A, Grespi F, Chmelewskij W, Villunger A. Bcl2 family proteins in carcino-
genesis and the treatment of cancer. Apoptosis. 2009;14:584–96.

17. Place AE, Goldsmith K, Bourquin JP, Loh ML, Gore L, Morgenstern DA, et al.
Accelerating drug development in pediatric cancer: A novel Phase I study design

of venetoclax in relapsed/refractory malignancies. Future Oncol.
2018;14:2115–29.

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

19. 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.

20. Pazzaglia L, Chiechi A, Conti A, Gamberi G, Magagnoli G, Novello C, et al. Genetic
and molecular alterations in rhabdomyosarcoma: mRNA overexpression of MCL1
and MAP2K4 genes. Histol Histopathol. 2009;24:61–67.

21. Armistead PM, Salganick J, Roh JS, Steinert DM, Patel S, Munsell M, et al.
Expression of receptor tyrosine kinases and apoptotic molecules in rhabdo-
myosarcoma: Correlation with overall survival in 105 patients. Cancer.
2007;110:2293–303.

22. Heinicke U, Haydn T, Kehr S, Vogler M, Fulda S. BCL-2 selective inhibitor ABT-199
primes rhabdomyosarcoma cells to histone deacetylase inhibitor-induced
apoptosis. Oncogene. 2018;37:5325–39.

23. Montero J, Letai A. Dynamic BH3 profiling-poking cancer cells with a stick. Mol
Cell Oncol. 2016;3:1–3.

24. 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.

25. Deng J, Isik E, Fernandes SM, Brown JR, Letai A, Davids MS. Bruton’s tyrosine
kinase inhibition increases BCL-2 dependence and enhances sensitivity to
venetoclax in chronic lymphocytic leukemia. Leukemia. 2017;31:2075–84.

26. Townsend EC, Murakami MA, Christodoulou A, Christie AL, Köster J, DeSouza TA,
et al. The public repository of xenografts enables discovery and randomized
phase II-like trials in mice. Cancer Cell. 2016;29:574–86.

27. Wu SC, Li LS, Kopp N, Montero J, Chapuy B, Yoda A, et al. Activity of the type II
JAK2 inhibitor CHZ868 in B cell acute lymphoblastic leukemia. Cancer Cell.
2015;28:29–41.

28. 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.

29. Margue CM, Bernasconi M, Barr FG, Schäfer BW. Transcriptional modulation of the
anti-apoptotic protein BCL-XL by the paired box transcription factors PAX3 and
PAX3/FKHR. Oncogene. 2020;19:2921–9.

30. Tsimberidou AM, Fountzilas E, Nikanjam M, Kurzrock R. Review of precision
cancer medicine: Evolution of the treatment paradigm. Cancer Treat Rev.
2020;86:102019.

31. Willis RE. Targeted cancer therapy: Vital oncogenes and a new molecular genetic
paradigm for cancer initiation progression and treatment. Int J Mol Sci.
2016;17:1552.

32. Cho SY, Kang W, Han JY, Min S, Kang J, Lee A, et al. An integrative approach to
precision cancer medicine using patient-derived xenografts. Mol Cells.
2016;39:77–86.

33. Zhu B, Davie JK. New insights into signalling-pathway alterations in rhabdo-
myosarcoma. Br J Cancer. 2015;112:227–31.

34. 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.

35. Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn EA, Kulkarni SG, et al.
GSK1120212 (JTP-74057) is an inhibitor of MEK activity and activation with
favorable pharmacokinetic properties for sustained in vivo pathway inhibition.
Clin Cancer Res. 2011;17:989–1000.

36. Carboni JM, Wittman M, Yang Z, Lee F, Greer A, Hurlburt W, et al. BMS-754807, a
small molecule inhibitor of insulin-like growth factor-1R/IR. Mol Cancer Ther.
2009;8:3341–9.

37. Freeman BB, Daw NC, Geyer JR, Furman WL, Stewart CF. Evaluation of gefitinib for
treatment of refractory solid tumors and central nervous system malignancies in
pediatric patients. Cancer Invest. 2006;24:310–7.

38. Fiskus W, Sharma S, Shah B, Portier BP, Devaraj SG, Liu K, et al. Highly effective
combination of LSD1 (KDM1A) antagonist and pan-histone deacetylase inhibitor
against human AML cells. Leukemia. 2014;28:2155–64.

39. Kehr S, Haydn T, Bierbrauer A, Irmer B, Vogler M, Fulda S. Targeting BCL-2 pro-
teins in pediatric cancer: Dual inhibition of BCL-XL and MCL-1 leads to rapid
induction of intrinsic apoptosis. Cancer Lett. 2020;9:1287.

40. Foucquier J, Guedj M. Analysis of drug combinations: current methodological
landscape. Pharm Res Perspect. 2015;3:e00149.

41. Shipley J, Martins AS, Olmos D, Missiaglia E. Targeting the insulin-like growth
factor pathway in rhabdomyosarcomas: Rationale and future perspectives. Sar-
coma. 2011;2011:209736.

42. Haydn T, Metzger E, Schuele R, Fulda S. Concomitant epigenetic targeting of
LSD1 and HDAC synergistically induces mitochondrial apoptosis in rhabdomyo-
sarcoma cells. Cell Death Dis. 2017;8:1–12.

C. Alcon et al.

10

Cell Death Discovery           (2022) 8:172 



43. Nguyen TH, Barr FG. Therapeutic approaches targeting PAX3-FOXO1 and its
regulatory and transcriptional pathways in rhabdomyosarcoma. Molecules.
2018;23:24–28.

44. Melguizo C, Prados J, Rama AR, Ortiz R, Álvarez PJ, Fernández JE, et al. Multidrug
resistance and rhabdomyosarcoma (review). Oncol Rep. 2011;26:755–61.

45. 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.

46. 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.

47. 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.

48. 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.

49. 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;7:1–12.

50. Hinson ARP, Jones R, Lisa LE, Belyea BC, Barr FG, Linardic CM. Human rhabdo-
myosarcoma cell lines for rhabdomyosarcoma research: Utility and pitfalls. Front
Oncol. 2013;3:1–12.

51. Alcon C, Gómez Tejeda Zañudo J, Albert R, Wagle N, Scaltriti M, Letai A, et al. ER+
breast cancer strongly depends on MCL-1 and BCL-xL anti-apoptotic proteins.
Cells. 2021;10:1659.

52. 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.
2015;121:4115–26.

53. 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.

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

55. Sarosiek KA, Chi X, Bachman JA, Sims JJ, Montero J, Patel L, et al. BID pre-
ferentially activates BAK while BIM preferentially activates BAX, affecting che-
motherapy response. Mol Cell. 2013;51:751–65.

56. Xiao Y, Nimmer P, Sheppard GS, Bruncko M, Hessler P, Lu X, et al. MCL-1 is a key
determinant of breast cancer cell survival: Validation of MCL-1 dependency uti-
lizing a highly selective small molecule inhibitor. Mol Cancer Ther.
2015;14:1837–47.

57. Craxton A, Butterworth M, Harper N, Fairall L, Schwabe J, Ciechanover A, et al.
NOXA, a sensor of proteasome integrity, is degraded by 26S proteasomes by an
ubiquitin-independent pathway that is blocked by MCL-1. Cell Death Differ.
2012;19:1424–34.

58. Perreault S, Larouche V, Tabori U, Hawkin C, Lippé S, Ellezam B, et al. A phase
2 study of trametinib for patients with pediatric glioma or plexiform neurofi-
broma with refractory tumor and activation of the MAPK/ERK pathway: TRAM-01.
BMC Cancer. 2019;19:1–9.

59. Kondyli M, Larouche V, Saint-Martin C, Ellezam B, Pouliot L, Sinnett D, et al.
Trametinib for progressive pediatric low-grade gliomas. J Neurooncol.
2018;140:435–44.

60. Hird AW, Tron AE. Recent advances in the development of Mcl-1 inhibitors for
cancer therapy. Pharm Ther. 2019;198:59–67.

61. Baudino TA. Targeted cancer therapy: The next generation of cancer treatment.
Curr Drug Discov Technol. 2015;12:3–20.

62. Vagia V, Mahalingam M, Cristofanilli C. The landscape of targeted therapies in
TNBC. Cancers. 2020;12:916.

63. Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al. Oncogenic
signaling pathways in the cancer genome atlas. Cell. 2018;173:321–37.

64. Renshaw J, Taylor KR, Bishop R, Valenti M, De Haven Brandon A, Gowan S, et al.
Dual blockade of the PI3K/AKT/mTOR (AZD8055) and RAS/MEK/ERK (AZD6244)
pathways synergistically inhibits rhabdomyosarcoma cell growth in vitro and
in vivo. Clin Cancer Res. 2013;19:5940–51.

65. Cree IA, Charlton P. Molecular chess? Hallmarks of anti-cancer drug resistance.
BMC Cancer. 2017;17:1–8.

66. Seipel K, Schmitter K, Bacher U, Pabst T. Rationale for a combination therapy
consisting of MCL1-and MEK-inhibitors in acute myeloid leukemia. Cancers.
2019;11:1779.

67. 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.

68. Weeden CE, Ah-Cann C, Holik AZ, Pasquet J, Garnier JM, Merino D, et al. Dual
inhibition of BCL-XL and MCL-1 is required to induce tumour regression in lung
squamous cell carcinomas sensitive to FGFR inhibition. Oncogene.
2018;37:4475–88.

69. Lee EF, Harris TJ, Tran S, Evangelista M, Arulananda S, John T, et al. BCL-XL and
MCL-1 are the key BCL-2 family proteins in melanoma cell survival. Cell Death Dis.
2019;10:342.

70. Prukova D, Andera L, Nahacka Z, Karolova J, Svaton M, Klanova M, et al. Cotar-
geting of BCL2 with venetoclax and MCL1 with S63845 is synthetically lethal
in vivo in relapsed mantle cell lymphoma. Clin Cancer Res. 2019;25:4455–65.

71. Pacenta HL, Allen-Rhoades W, Langenau D, Houghton PJ, Keller C, Heske CM,
et al. Prioritization of novel agents for patients with rhabdomyosarcoma: A report
from the Children’s Oncology Group (COG) new agents for rhabdomyosarcoma
task force. J Clin Med. 2021;10:1416.

72. Balmanno K, Cook SJ. Tumour cell survival signalling by the ERK1/2 pathway. Cell
Death Differ. 2009;16:368–77.

73. Boucher MJ, Morisset J, Vachon PH, Reed JC, Lain J, Rivard N. MEK/ERK signaling
pathway regulates the expression of Bcl-2, Bcl-X(L), and Mcl-1 and promotes
survival of human pancreatic cancer cells. J Cell Biochem. 2000;79:355–69.

74. Milella M, Kornblau SM, Estrov Z, Carter BZ, Lapillonne H, Harris D, et al. Ther-
apeutic targeting of the MEK/MAPK signal transduction module in acute myeloid
leukemia. J Clin Invest. 2001;108:851–9.

75. Alves NL, Derks IAM, Berk E, Spijker R, van Lier RAW, Eldering E. The Noxa/Mcl-1
axis regulates susceptibility to apoptosis under glucose limitation in dividing
T cells. Immunity. 2006;24:703–16.

76. Nakajima W, Hicks MA, Tanaka N, Krystal GW, Harada H. Noxa determines loca-
lization and stability of MCL-1 and consequently ABT-737 sensitivity in small cell
lung cancer. Cell Death Dis. 2014;5:e1052.

77. Haschka MD, Soratroi C, Kirschnek S, Häcker G, Hilbe R, Geley S, et al. The NOXA-
MCL1-BIM axis defines lifespan on extended mitotic arrest. Nat Commun.
2015;6:1–13.

78. Sheridan C, Brumatti G, Elgendy M, Brunet M, Martin SJ. An ERK-dependent
pathway to Noxa expression regulates apoptosis by platinum-based che-
motherapeutic drugs. Oncogene. 2010;29:6428–41.

79. 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 to Dr. Martinez-Tirado and Dr. Muñoz-Pinedo for providing
the cell lines used in this study. We would also like to thank the Cytometry Facility
from the University of Barcelona for assistance with flow cytometry experiments. This
work was supported by the CELLEX foundation and the FERO foundation. JM
acknowledges the Ramon y Cajal Program, Ministerio de Economia y Competitividad
(RYC-2015-18357) and the Spanish National Plan “Retos Investigacion” I+ D+ i
(RTI2018-094533-A-I00) from Ministerio de Ciencia, Innovación y Universidades. A
Villanueva is funded by the Department of Health of the Generalitat de Catalunya
(2014SGR264) and by Carlos III National Health Institute funded by FEDER funds—a
way to build Europe—(FIS: PI19/01320). The Nanobioengineering Group has support
from the Commission for Universities and Research of the Department of Innovation,
Universities, and Enterprise of the Generalitat de Catalunya (2017 SGR 1079). The
authors acknowledge the support of CERCA Program/Generalitat de Catalunya.

AUTHOR CONTRIBUTIONS
CA performed and analyzed all the in vitro and PDX experiments. JM conceptualized
the work. FM performed some in vitro experiments. AV and AS performed and
analyzed the in vivo experiments. GG and JR provided the tumors for the in vivo
experiments. EP and JMora provided some reagents used in the article. CA and JM
wrote the manuscript with contributions from all the authors. JS and JM supervised
the work.

CONFLICT OF INTEREST
JM 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. AV is cofounder of the Spin-off of Xenopat
S.L and has ownership interests. The following are U.S. Patents regarding BH3
profiling owned by Dana-Farber: 10,393,733; 9,902,759; 9,856,303; 9,540,674;
8,221,966; and 7,868,133. JM is a co-inventor on a patent application
WO2014047342A1 held/submitted by Dana-Farber Cancer Institute that covers
dynamic BH3 profiling, licensed and with royalties paid. No potential conflicts of
interest were disclosed by the other authors.

C. Alcon et al.

11

Cell Death Discovery           (2022) 8:172 



ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-022-00959-w.

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 license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license 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 license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

C. Alcon et al.

12

Cell Death Discovery           (2022) 8:172 

https://doi.org/10.1038/s41420-022-00959-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	MEK and MCL-1 sequential inhibition synergize to enhance rhabdomyosarcoma treatment
	Introduction
	Results
	Identification of new potential targeted agents to treat RMS using DBP
	Combination of S63845 with MEK1/2 inhibitors to overcome therapy-induced resistance in RMS
	BCL-xL and MCL-1 are key players in RMS cell death resistance
	Trametinib promotes a protective decrease in NOXA: MCL-1 binding
	Effective therapeutic combination of trametinib with the MCL-1 inhibitor S63845 in a PDX model of RMS

	Discussion
	Materials and methods
	Cell lines and treatments
	Dynamic BH3 profiling
	Cell death analysis
	Protein extraction and quantification
	Immunoprecipitation
	Immunoblotting
	Animals and human tissue
	Development of rhabdomyosarcoma orthoxenograft mouse model
	Drug treatment in ERMS RMSX2 orthoxenograft tumor
	PDX cell isolation
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Conflict of interest
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




