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Abstract

Lung cancer is among the common and deadly cancers. Although the treatment options for
late-stage cancer patients have continued to increase in numbers, the overall survival rates
for these patients have not shown significant improvement. This highlights the need for new
targets and drugs to more effectively treat lung cancer patients. In this study, we character-
ize the MCL-1 inhibitor maritoclax alone or in combination with a BCL-2/xL inhibitor in a
panel of lung cancer cell lines. BCL-2 family proteins, phosphorylated proteins, and apopto-
sis were monitored following the treatments. We found that maritoclax was effective at inhib-
iting growth in these lung cancer cells. We also establish that cell lines with EGFR mutations
were most sensitive to the combined inhibition of MCL-1 and BCL-2/xL. In addition, a high
level of phosphorylated AKT (S473) was identified as a marker for sensitivity to the combina-
tion treatment. This work has defined EGFR mutations and AKT phosphorylation as mark-
ers for sensitivity to combined MCL-1 and BCL-2/xL targeted therapy and establishes a
rationale to explore multiple BCL-2 family members in patients who are refractory to EGFR
inhibitor treatment. Our data support the design of a clinical trial that aims to employ inhibi-
tors of the BCL-2 family of proteins in lung cancer patients.

Introduction

Lung cancer accounts for over one-quarter of cancer-related mortalities and significant health-
care cost annually [1, 2]. The survival rate in lung cancer continues to be modest with little
improvement over the past few decades [3, 4]. Additionally, the overall 5-year survival rate for
lung cancer is 17%, however, when diagnosed early, stage I, that rate increased to 83% [5]. Cur-
rent strategies for the prevention and treatment of lung cancer remain disappointing. Thera-
peutic options in lung cancer are numerous and continually expanding, however, their efficacy
in late-stage patients is varied and often transient.
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Anti-apoptotic BCL-2 family proteins (BCL-2, BCL-xL, and MCL-1) are emerging as
important factors for drug resistance in lung cancer and may represent new targets for treat-
ment. These proteins function to prevent apoptosis through the inhibition of the mitochon-
drial outer-membrane permeabilization (MOMP), which is determined by the balance
between anti- and pro-apoptotic BCL-2 family proteins that interact with each other through
shared BCL-2 homology (BH) domains [6]. A low ratio of anti- to pro-apoptotic BCL-2 family
members primes cells for apoptosis, and predicts sensitivity to chemotherapy drugs [7-9].
Conversely, excessive protein levels of anti-apoptotic BCL-2 proteins potentiate a drug resis-
tance phenotype. In lung cancer, cells which have high levels of the pro-apoptotic member
BIM (protein and mRNA expression) or those with a low ratio of anti- to pro-apoptotic mem-
bers following EGFR inhibitor treatment, were more sensitive to the agent [10, 11]. High BIM
levels were also associated with enhanced overall response rate (ORR) and progression-free
survival (PFES) relative to patients with low or moderate BIM in NSCLC patients treated with
the EGFR inhibitor erlotinib [12].

These in vitro and clinical data suggest that targeting anti-apoptotic BCL-2 proteins could
improve the efficacy of drugs already used in the clinic. A BCL-2/BCL-xL-specific inhibitor
navitoclax (ABT-263, parent compound ABT-737) has been developed and tested in clinical
trials. This drug has shown in vitro and in vivo efficacy in combination with targeted therapies
like EGFR inhibitors in EGFR mutation-positive NSCLC or BRAF/MEK inhibitors in BRAF
mutation-positive melanomas [13-17]. Resistance to BCL-2 targeting, by small molecule inhi-
bition or siRNA knockdown, often involves the activation of MCL-1 expression [18-20]. This
highlights the importance of all the anti-apoptotic BCL-2 family proteins in drug resistance.

Marinopyrrole A (maritoclax) has recently been identified as a naturally occurring com-
pound with the ability to inhibit the BIM-MCL-1 interaction, induce proteolytic degradation
of MCL-1, and potentiate apoptosis of leukemia cells [21]. Subsequently, maritoclax has been
shown to produce a similar effect in melanoma cells, which was enhanced when combined
with the BCL-2/xL inhibitor, navitoclax [22]. Additional work has suggested that maritoclax
may have efficacy in the many types of malignancies including lung cancer [23-25]. In this
work, we characterize maritoclax in a panel of lung cancer cell lines with varied driver muta-
tion backgrounds. We also characterize the combination of maritoclax and a BCL-2/xL inhibi-
tor in the panel of cell lines. We identify EGFR-mutated cell lines as being most sensitive to the
drug combination, and AKT phosphorylation as the marker for sensitivity to the combined
inhibition of MCL-1 and BCL-2/xL.

Materials and methods
Cell culture

NCI-A549, NCI-H23, NCI-358, NCI-441, NCI-460, NCI-H1299, NCI-1650, NCI-H1755, and
NCI-1975 cells were acquired from ATCC and propagated in RPMI 1650 media supplemented
with 10% FBS and penicillin and streptomycin.

Growth assay

Cells were plated on 96 well plates, twenty-four hours later cells were treated with the serially
diluted drug as indicated in the figures. Forty-eight hours after treatment cells were assayed for
growth using MTS reagent (Promega) according to the manufacturers’ specifications. Absor-
bance values were normalized to the DMSO treated wells and used to calculate IC5, values
with GraphPad Prizm software.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217657 May 31,2019 2/12


https://doi.org/10.1371/journal.pone.0217657

@ PLOS|ONE

Markers for combined MCL-1 and BCL-2/xL inhibition

Western blots

Protein samples were isolated in RIPA buffer (Sigma) supplemented with protease and phos-
phates inhibitors (Sigma) prior to quantification with a BCA kit (Thermo Scientific). Total
protein samples (15-20 pg) were separated through SDS-PAGE, electro-blotted to PVDEF,
blocked with 5% non-fat dry milk, incubated with primary antibodies and secondary antibod-
ies (all antibodies from Cell Signaling Technologies), and detected with enhanced-chemilumi-
nescent (ECL) substrate (Thermo Scientific). Bands were quantified by densitometry using
Image] software (https://imagej.nih.gov/ij/).

Apoptosis by flow cytometry

Cells were assayed for apoptosis by flow cytometry using AnnexinV-FITC and 7-Amino-Acti-
nomycin D (7-AAD). Cells were treated as indicated for twenty-four hours, treated with tryp-
sin, and incubated for at least 15 min in 1x Binding buffer (BD Biosciences) with Annexin
V-FITC (BD Biosciences) and 7-AAD (BD Biosciences) according to manufacturers’ specifica-
tions. Samples were evaluated on BD Calibur flow cytometer (BD Biosciences) and the data
were analyzed using WinMDI 2.8 software (http://www.cyto.purdue.edu/flowcyt/software/
Winmdi.htm).

Caspase 3/7 assay

Cells (10x10°) were seeded onto 96 well white-walled plates. After 24 hours, cells were treated
in triplicate as indicated. Twenty-four hours later, an equal volume of Caspase 3/7Glo assay
mix (Promega) was added to each well. Plates were mixed by shaking and assayed for lumines-
cence using a Synergy HT plate reader (BioTek).

Results
Maritoclax-induced growth inhibition in NSCLC cell lines

A panel of nine NSCLC cell lines was selected for this study. The panel included cell lines with
varied oncogenic mutations (Table 1) including BRAF (H1755), EGFR (H1650 and H1975),
KRAS (A549, H23, H358, H441, and H460), and NRAS (H1299). The cell lines were evaluated
by western blot for BCL-2, BCL-xL, MCL-1, and BIM protein expression. Similar to previous
reports (18), MCL-1 and BCL-xL were detected in all cell lines, but the extremely low and high
expression was seen in the H441 and H23 cells, respectively (Fig 1A). BIM was observed in all
cell lines tested, while BCL-2 was detected in only H460 and H441 cells.

Table 1. Driver mutations in the NSCLC cell lines used in this study.

Cell line Gene AA Change
A549 KRAS p.G128
H23 KRAS p.G12C
H358 KRAS p.G12V
H441 KRAS p.G12V
HA460 KRAS p.Q61H
H1299 NRAS p.Q61K
H1650 EGFR p.E749-A750del
H1755 BRAF p-G469A
H1975 EGFR p.T790M,p.L858R

https://doi.org/10.1371/journal.pone.0217657.t001
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Fig 1. Efficacy of maritoclax for inhibiting growth in a panel of NSCLC cell lines. (A) Expression of BCL-2 family
proteins in the various NSCLC cell lines was determined by western blot. Indicated cell lines were treated with varying
concentrations of maritoclax for 48 hours, then assayed for viability with an MTS assay. (B) Indicated cell lines were
treated with varying concentrations of maritoclax for 48 hours, then assayed for viability with an MTS assay. The 50%
inhibition concentration for maritoclax was calculated from viability data (n = 3). The ICs, data is represented as a line
graph on the secondary (right) axis and overlayed on the relative BCL-2 family protein level data from the western blot
on the primary (left) axis.

https://doi.org/10.1371/journal.pone.0217657.9001

Next, we tested the effect of the MCL-1 inhibitor, maritoclax, on our panel of NSCLC cell
lines. Cell lines were treated individually with five concentrations of maritoclax and viability
was assessed after 48 hours. Maritoclax treatment resulted in ICs, values between 1.1-9.2 uM
(H23 and H441 cells, respectively) in the cell lines tested (Fig 1B). Maritoclax-associated
growth inhibition was independent of driver gene mutations for the cell lines evaluated in this
study. In addition, a complex relationship between maritoclax sensitivity and BCL-2 family
proteins was observed in the cell lines (Fig 1B).
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Maritoclax enhances MCL-1 degradation in H23 cells

We selected H23 cells to investigate the mechanism of action of maritoclax in lung cells
because they were the most sensitive to the drug and had little endogenous BCL-xL and BCL-2
protein, which can compensate for MCL-1 loss [21]. H23 cells treated with maritoclax exhib-
ited a dose and time-dependent decrease in MCL-1 protein levels (Fig 2A and 2B). Addition-
ally, Inhibition of MCL-1 expression was also observed in H1975, H1650, and H1299 cells
following maritoclax treatment (S1 Fig). In addition, the loss of MCL-1 was also associated
with an increase in the apoptosis markers cleaved PARP and cleaved Caspase-3 (Fig 2B). Phar-
macological inhibition of the proteasome complex in H23 cells by MG132 resulted in the accu-
mulation of MCL-1 protein, which persisted after co-treatment with maritoclax (Fig 2C).
Therefore, maritoclax-induced MCL-1 loss is dependent on the proteasome, which is in line
with previous reports [21, 22].

Next, we asked if maritoclax induced apoptosis in NSCLC cells. First, we subjected H23
cells to maritoclax then assay cells for apoptosis after 24 hours using flow cytometry. Marito-
clax potentiated a dose-dependent increase in annexin-V positive (apoptotic) cells while pro-
ducing a muted effect in the resistant H441 cell line (Fig 2D). Maritoclax also enhanced
caspase 3/7 activity (~2-fold) in H23 cells 24 hours after treatment, which match the annexin-
V results (S2 Fig).
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Fig 2. Maritoclax inhibits MCL-1 expression and induces apoptosis in H23 NSCLC cell line. (A) H23 cells were treated with 2 uM
maritoclax for various times (0-24 hours). MCL-1 expression was evaluated by western blot. (B) H23 cells were treated with the
indicated doses of maritoclax or DMSO only (V). After 24 hours, proteins were harvested and MCL-1 expression and the apoptosis
markers cleaved PARP (cPARP) and cleaved Caspase-3 (cCaspase-3) were assessed by western blot. (C) H23 cells were treated with
maritoclax alone or in combination with the proteasome inhibitor MG132 as indicated for 24 hours, prior to the determination of
MCL-1 levels by western blot. (D) Induction of apoptosis by maritoclax in H23 was measured using an annexin-V/7-AAD assay
quantified by flow cytometry. H23 cells were treated with indicated doses of maritoclax for 24 hours prior to incubation with annexin-
V-FITC and 7-AAD and quantification by flow cytometry on a Calibur system (BD Biosciences). (n = 3).

https://doi.org/10.1371/journal.pone.0217657.9002
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Synergistic effect of combining maritoclax with a BCL-2/xL inhibitor

Anti-apoptotic BCL-2 proteins besides MCL-1 (i.e. BCL-xL) can compensate for the loss of
MCL-1 and prevent apoptosis [18]. Therefore we hypothesized that the efficacy of maritoclax
could be enhanced in these cells by combining it with a BCL-2/BCL-xL inhibitor. We evalu-
ated the effect of combining maritoclax and the BCL-2/BCL-xL inhibitor, ABT-263 (navito-
clax) in our panel of NSCLC cell lines. We utilized the Bliss sum method to estimate synergy
and compare cell lines [26]. The panel of NSCLC cell lines used above was treated in a 5x5
matrix of maritoclax and ABT-263 alone or in combination for 48 hours followed by cell via-
bility measurements (Fig 3A and 3B). H358 cells had the lowest bliss score (Fig 3), which sug-
gested no synergy between the two drugs was occurring in these cells (Fig 3A). While H1650
and H1975 produced Bliss scores ~2-fold higher than other cell lines (Fig 3C), suggesting that
the drug combination produced a sizable synergistic effect in these cells. To verify this result,
we selected the most synergistic and least synergistic cell lines from the panel, H1650 and
H358, respectively. These cells were treated with varying concentrations of maritoclax in the
presence or absence of ABT-737, a BCL-2/xL inhibitor and a parent compound to ABT-263.
Like ABT-263, a synergistic effect was observed between maritoclax and ABT-737 (Fig 4A).

We next sought to determine if the combination enhanced apoptosis in these cells over sin-
gle-agent treatments alone using the cell lines with the highest and lowest Bliss sum score,
H1650 and H358, respectively. The combination of maritoclax and ABT-263 or ABT-737
induced high levels of PARP cleavage after 24 hours on H1650 cells, while there was no effect
on PARP cleavage in H358 cells (Fig 4B). The combination of maritoclax and ABT-263
induced apoptosis in approximately 50% of H1650 (Fig 4C and 4D) and H1975 (S3 Fig) cells
(~10 and 5 fold increases compared to the DMSO control treatment, respectively). As a com-
parison, only 20% of H358 cells (~2 fold compared to the DMSO control treatment) were
undergoing apoptosis after 24 hours, as determined by Annexin-V staining (Fig 4C and 4D).
Similar changes in Caspase 3/7 activity were observed for the three cell lines following the
combination treatment (S3C Fig).

AKT phosphorylation and EGFR mutation status are markers for BCL-2 and MCL-1
inhibitor combination treatment. Because the two most sensitive cell lines (H1650 and
H1975) to the maritoclax and ABT-263/737 combination were EGFR-mutated and erlotinib-
resistant, we wanted to evaluate if EGFR-specific signaling was involved in sensitizing these
cells to this combination. Endogenous levels of phosphorylated EGFR (Y1068), AKT (S473),
and ERK (T202, Y204) were assessed by western blot in all nine cell lines. As expected, H1650
and H1975 cells had high levels of endogenous phosphorylated EGFR and AKT (Fig 5A). We
observed a strong positive correlation (R* = 0.759) between phosphorylated AKT and synergy
(Bliss sum value) to the maritoclax/ABT263 combination (p = 0.0022) in the panel of cell lines
(Fig 5B). This suggests that a high level of phosphorylated AKT is a predictive indicator of
tumor cell sensitivity to the combination of maritoclax and a BCL-2/xL inhibitor.

Discussion

We set out to study the efficacy of the MCL-1 inhibitor maritoclax in NSCLC. Based on previ-
ous reports, we characterized maritoclax alone and in combination with the BCL-2/xL-specific
inhibitor navitoclax in a panel of nine NSCLC cell lines with mutation profiles proportional to
that seen in lung cancer patients. We report three important findings, 1) sensitivity of NSCLC
cell lines to MCL-1 inhibition was independent of MCL-1 expression and driver mutation sta-
tus in these cells, 2) the combined inhibition of MCL-1 and BCL-2/xL with maritoclax and
navitoclax (ABT263) is superior to either single drug treatment, especially in erlotinib-resistant
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Fig 3. Maritoclax and ABT-263 synergy in the panel of NSCLC cell lines. (A-B) Synergy was evaluated using the
Bliss Sum method (Materials and methods). (A) the Bliss matrixes for the least and most synergistic cell lines, H1650
(A) and H358 (B), respectively. (C) Comparison of Bliss Sum values for each cell line screened.

https://doi.org/10.1371/journal.pone.0217657.9003

EGFR mutated NSCLC cells, and 3) phosphorylated AKT is a marker for sensitivity to the
maritoclax and navitoclax combination therapy.

It has been shown that targeting MCL-1 by siRNA knock-down or small molecule inhibi-
tion can effectively kill solid tumor cells [18,22]. These studies provide evidence that MCL-1
inhibitors can be effectively applied to solid tumors, but the data is limited and only in those
known to be dependent on MCL-1 for survival. Because lung cancer is a genetically heteroge-
neous disease, it is essential to understand how these drugs perform in various different
backgrounds. We found that single-agent maritoclax was effective at increasing MCL-1
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Fig 4. Maritoclax sensitizes H1650 cells to apoptosis when combined with a BCL-2/xL inhibitor. (A) Synergistic (H1650) and
non-synergistic (H358) cell lines were treated with varying maritoclax doses in the presence or absence of 1 uM ABT-737. Viability
was measured by MTS after 48 hours of treatment (n = 3). (B) H1650 and H358 cell lines were treated alone or in combination with
1 uM maritoclax (M) and 1 uM ABT-263 (2) or 1 pM ABT-737 (7) for 24 hours. PARP cleavage was evaluated by western blot.
(C-D) H1650 and H358 cells were treated with 1 uM maritoclax (M) and 1 uM ABT-263 (2) alone and in combination (M2). After
24 hours, apoptosis was measured using an Annexin-V-FITC/7-AAD assay.

https://doi.org/10.1371/journal.pone.0217657.9004

degradation and inhibiting growth in cell lines with diverse oncogenic driver genes. ICs, val-
ues for eight of the nine cell lines were between ~1-4 uM, which is in the range of ICs, values
for maritoclax-sensitive cells in other types of cancer [21, 22].

We and others [18] have demonstrated that many NSCLC cell lines express multiple anti-
apoptotic BCL-2 family proteins (i.e. MCL-1, BCL-2, and BCL-xL). We hypothesized that a
BCL-2/BCL-xL inhibitor (navitoclax) paired maritoclax would synergistically reduce cell
growth and viability. This combination was most potent in EGFR-mutated, erlotinib-resistant
NSCLC cell lines. It should be noted that our panel of cell lines only included erlotinib-resis-
tant NSCLC cell lines (H1650 and H1975) and no cell lines with erlotinib sensitive EGFR
mutations were tested.

EGFR and its ligand EGF contribute to drug resistance and are associated with activation of
MCL-1 expression. Erlotinib-resistant lung cancer cells show enhanced sensitivity to navito-
clax when combined with an EGFR inhibitor [27,28]. Additionally, neuroblastoma cells can
acquire resistance to the BCL-2 inhibitor ABT-737 by upregulating EGFR and develop a
dependence on MCL-1, which can be effectively countered by combining erlotinib with a
BCL-2 inhibitor [29]. EGFR knockdown in these resistant cells disrupts the BIM-MCL-1 inter-
action and re-sensitizes these cells to ABT-737 [29]. Exogenous EGFR-targeted treatment acti-
vates MCL-1 expression and protects against apoptosis in breast and NSCLC cancer cells [30-
32]. Together these findings suggest that the EGFR is essential for maintaining growth and
preventing apoptosis in cancer cells, and up-regulation of MCL-1 is an important mechanism
through which EGFR functions. Based on the context of our results, targeting MCL-1 with
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maritoclax in partnership with navitoclax could be a direct and efficient approach to treat
patients with acquired resistance to first-generation EGFR inhibitors.

Aside from EGFR mutations, we also identified AKT signaling as a marker for sensitivity to
the maritoclax and navitoclax combination therapy. Activated AKT can phosphorylate BAD
and culminates in a pro-survival state [33]. Therefore, if survival is dependent on AKT and
BAD, perturbation of other anti-apoptotic BCL-2 members could alter the state of those cells
and push them towards death. In fact, the PIK3 inhibitor GDC-0941 has been shown to inhibit
AKT phosphorylation of BAD, decrease MCL-1 expression, and inhibit the growth of glioblas-
toma cells in synergy with ABT-263 [34]. Based on our data, it seems reasonable that a similar
effect could be occurring in the lung cancer cell.

AKT signaling has been implicated in ABT-263 resistance. Recently it was reported that
ABT-263 treatment alone can enhance the MCL-1 mRNA and protein levels in hepatocellular
carcinoma, and these cells could be sensitized to ABT-263 by inhibition of the AKT pathway
[35]. These data suggested that the AKT pathway acted to promote resistance to ABT-263
mainly through stabilization of MCL-1 expression. Here we show that directly targeting MCL-
1 can effectively sensitize NSCLC cells with high AKT expression, to ABT-263. This observa-
tion could be important for selecting those patients who are most likely to have a clinically
favorable response to the combined inhibition of MCL-1 and BCL-2/xL.

In conclusion, we extensively characterized the MCL-1 inhibitor, maritoclax, in NSCLC cell
lines. We found that the drug was broadly effective in vitro, and it functioned in an MCL-
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1-dependent manner. The efficacy of the drug can be enhanced by pairing it with the BCL-2/
xL inhibitor ABT-263. This combination was most effective in cells with high levels of acti-
vated AKT.

Supporting information

S1 Fig. Maritoclax inhibits MCL-1 expression in many lung cancer cell lines. A concentra-
tion-dependent inhibition of MCL-1 was observed in four non-small cell lung cancer cells
lines. (A-B) Indicated cells were treated with varying concentrations of maritoclax or vehicle
control (V) for 24 hours. Proteins were harvested and probed for MCL-1 protein expression.
(C) H1299 cells were treated with 1 uM maritoclax or DMSO control for the indicated times,
prior to protein harvest and western blot analysis for MCL-1.

(TIF)

S2 Fig. Maritoclax induces Caspase 3/7 activity in H23 cells. H23 cells were treated with the
indicated concentrations of maritoclax for 24 hours, prior to measurement of Caspase 3/7
activity. (* = p<0.05, ** = p<0.01, *** = p<0.001).

(TIF)

$3 Fig. Combined maritoclax and BCL-2/xL inhibition induce apoptosis in the NSCLC cell
lines H358 and H1975. (A-B) The indicated cell lines were treated with maritoclax (1 pM)
and ABT-263 (1 uM) alone or in combination for 24 hours. Apoptotic (Annexin-V positive)
cells were measured using flow cytometry. (C) Each cell line was treated with the same concen-
tration of drugs as in (A-B) for 24 hours, prior to measurement of Caspase 3/7 activity.

(TIF)

Acknowledgments

We thank Nate Sheaffer and Joseph Bednarzyk from the Penn State Hershey Flow Cytometry
Core Facility for assistance with flow cytometry analysis.

Author Contributions

Conceptualization: Shawn J. Rice, Xin Liu, Hong-Gang Wang, Chandra P. Belani.
Data curation: Shawn J. Rice.

Formal analysis: Shawn J. Rice, Xin Liu, Chandra P. Belani.

Investigation: Xin Liu, Hong-Gang Wang.

Methodology: Xin Liu, Hong-Gang Wang.

Resources: Hong-Gang Wang, Chandra P. Belani.

Supervision: Xin Liu, Hong-Gang Wang, Chandra P. Belani.

Visualization: Shawn J. Rice.

Writing - original draft: Shawn J. Rice.

Writing - review & editing: Shawn J. Rice, Xin Liu, Hong-Gang Wang, Chandra P. Belani.

References

1. Yabroff KR, Lamont EB, Mariotto A, Warren JL, Topor M, Meekins A, et al. Cost of care for elderly can-
cer patients in the United States. J Natl Cancer Inst. 2008; 100(9):630—41. https://doi.org/10.1093/jnci/
djn103 PMID: 18445825.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217657 May 31,2019 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217657.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217657.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217657.s003
https://doi.org/10.1093/jnci/djn103
https://doi.org/10.1093/jnci/djn103
http://www.ncbi.nlm.nih.gov/pubmed/18445825
https://doi.org/10.1371/journal.pone.0217657

@ PLOS|ONE

Markers for combined MCL-1 and BCL-2/xL inhibition

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin. 2014; 64(1):9-29. https://
doi.org/10.3322/caac.21208 PMID: 24399786.

Howlader N, Noone AM, Yu M, Cronin KA. Use of imputed population-based cancer registry data as a
method of accounting for missing information: application to estrogen receptor status for breast cancer.
Am J Epidemiol. 2012; 176(4):347-56. https://doi.org/10.1093/aje/kwr512 PMID: 22842721.

Humphrey LL, Deffebach M, Pappas M, Baumann C, Artis K, Mitchell JP, et al. Screening for lung can-
cer with low-dose computed tomography: a systematic review to update the US Preventive services
task force recommendation. Ann Intern Med. 2013; 159(6):411-20. https://doi.org/10.7326/0003-4819-
159-6-201309170-00690 PMID: 23897166.

Kathuria H, Gesthalter Y, Spira A, Brody JS, Steiling K. Updates and controversies in the rapidly
evolving field of lung cancer screening, early detection, and chemoprevention. Cancers (Basel). 2014;
6(2):1157-79. https://doi.org/10.3390/cancers6021157 PMID: 24840047.

Hata AN, Engelman JA, Faber AC. The BCL2 Family: Key Mediators of the Apoptotic Response to Tar-
geted Anticancer Therapeutics. Cancer Discov. 2015; 5(5):475-87. Epub 2015/04/20. https://doi.org/
10.1158/2159-8290.CD-15-0011 PMID: 25895919.

Deng J, Carlson N, Takeyama K, Dal Cin P, Shipp M, Letai A. BH3 profiling identifies three distinct clas-
ses of apoptotic blocks to predict response to ABT-737 and conventional chemotherapeutic agents.
Cancer Cell. 2007; 12(2):171-85. https://doi.org/10.1016/j.ccr.2007.07.001 PMID: 17692808.

Ni Chonghaile T, Sarosiek KA, Vo TT, Ryan JA, Tammareddi A, Moore VeG, et al. Pretreatment mito-
chondrial priming correlates with clinical response to cytotoxic chemotherapy. Science. 2011; 334
(6059):1129-33. Epub 2011/10/27. https://doi.org/10.1126/science. 1206727 PMID: 22033517.

Vo TT, Ryan J, Carrasco R, Neuberg D, Rossi DJ, Stone RM, et al. Relative mitochondrial priming of
myeloblasts and normal HSCs determines chemotherapeutic success in AML. Cell. 2012; 151(2):344—
55. https://doi.org/10.1016/j.cell.2012.08.038 PMID: 23063124.

Faber AC, Corcoran RB, Ebi H, Sequist LV, Waltman BA, Chung E, et al. BIM expression in treatment-
naive cancers predicts responsiveness to kinase inhibitors. Cancer Discov. 2011; 1(4):352—65. Epub
2011/07/22. https://doi.org/10.1158/2159-8290.CD-11-0106 PMID: 22145099.

Montero J, Sarosiek KA, DeAngelo JD, Maertens O, Ryan J, Ercan D, et al. Drug-induced death signal-
ing strategy rapidly predicts cancer response to chemotherapy. Cell. 2015; 160(5):977-89. https://doi.
org/10.1016/j.cell.2015.01.042 PMID: 25723171.

Costa C, Molina MA, Drozdowskyj A, Giménez-Capitan A, Bertran-Alamillo J, Karachaliou N, et al. The
impact of EGFR T790M mutations and BIM mRNA expression on outcome in patients with EGFR-
mutant NSCLC treated with erlotinib or chemotherapy in the randomized phase Il EURTAC trial. Clin
Cancer Res. 2014; 20(7):2001-10. Epub 2014/02/03. https://doi.org/10.1158/1078-0432.CCR-13-2233
PMID: 24493829.

Cragg MS, Kuroda J, Puthalakath H, Huang DC, Strasser A. Gefitinib-induced killing of NSCLC cell
lines expressing mutant EGFR requires BIM and can be enhanced by BH3 mimetics. PLoS Med.
2007; 4(10):1681-89; discussion 90. https://doi.org/10.1371/journal.pmed.0040316 PMID:
17973573.

Cragg MS, Jansen ES, Cook M, Harris C, Strasser A, Scott CL. Treatment of B-RAF mutant human
tumor cells with a MEK inhibitor requires Bim and is enhanced by a BH3 mimetic. J Clin Invest. 2008;
118(11):3651-9. Epub 2008/10/23. https://doi.org/10.1172/JCI35437 PMID: 18949058.

Gong Y, Somwar R, Politi K, Balak M, Chmielecki J, Jiang X, et al. Induction of BIM is essential for apo-
ptosis triggered by EGFR kinase inhibitors in mutant EGFR-dependent lung adenocarcinomas. PLoS
Med. 2007; 4(10):e294. https://doi.org/10.1371/journal.pmed.0040294 PMID: 17927446.

Serasinghe MN, Missert DJ, Asciolla JJ, Podgrabinska S, Wieder SY, Izadmehr S, et al. Anti-apoptotic
BCL-2 proteins govern cellular outcome following B-RAF(V600E) inhibition and can be targeted to
reduce resistance. Oncogene. 2015; 34(7):857—67. Epub 2014/03/10. https://doi.org/10.1038/onc.
2014.21 PMID: 24608435.

Frederick DT, Salas Fragomeni RA, Schalck A, Ferreiro-Neira |, Hoff T, Cooper ZA, et al. Clinical profil-
ing of BCL-2 family members in the setting of BRAF inhibition offers a rationale for targeting de novo
resistance using BH3 mimetics. PLoS One. 2014; 9(7):e101286. Epub 2014/07/01. https://doi.org/10.
1371/journal.pone.0101286 PMID: 24983357.

Zhang H, Guttikonda S, Roberts L, Uziel T, Semizarov D, ElImore SW, et al. Mcl-1 is critical for survival
in a subgroup of non-small-cell lung cancer cell lines. Oncogene. 2011; 30(16):1963-8. https://doi.org/
10.1038/0nc.2010.559 PMID: 21132008.

Hikita H, Takehara T, Shimizu S, Kodama T, Shigekawa M, Iwase K, et al. The Bcl-xL inhibitor, ABT-
737, efficiently induces apoptosis and suppresses growth of hepatoma cells in combination with sorafe-
nib. Hepatology. 2010; 52(4):1310-21. https://doi.org/10.1002/hep.23836 PMID: 20799354.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217657 May 31,2019 11/12


https://doi.org/10.3322/caac.21208
https://doi.org/10.3322/caac.21208
http://www.ncbi.nlm.nih.gov/pubmed/24399786
https://doi.org/10.1093/aje/kwr512
http://www.ncbi.nlm.nih.gov/pubmed/22842721
https://doi.org/10.7326/0003-4819-159-6-201309170-00690
https://doi.org/10.7326/0003-4819-159-6-201309170-00690
http://www.ncbi.nlm.nih.gov/pubmed/23897166
https://doi.org/10.3390/cancers6021157
http://www.ncbi.nlm.nih.gov/pubmed/24840047
https://doi.org/10.1158/2159-8290.CD-15-0011
https://doi.org/10.1158/2159-8290.CD-15-0011
http://www.ncbi.nlm.nih.gov/pubmed/25895919
https://doi.org/10.1016/j.ccr.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17692808
https://doi.org/10.1126/science.1206727
http://www.ncbi.nlm.nih.gov/pubmed/22033517
https://doi.org/10.1016/j.cell.2012.08.038
http://www.ncbi.nlm.nih.gov/pubmed/23063124
https://doi.org/10.1158/2159-8290.CD-11-0106
http://www.ncbi.nlm.nih.gov/pubmed/22145099
https://doi.org/10.1016/j.cell.2015.01.042
https://doi.org/10.1016/j.cell.2015.01.042
http://www.ncbi.nlm.nih.gov/pubmed/25723171
https://doi.org/10.1158/1078-0432.CCR-13-2233
http://www.ncbi.nlm.nih.gov/pubmed/24493829
https://doi.org/10.1371/journal.pmed.0040316
http://www.ncbi.nlm.nih.gov/pubmed/17973573
https://doi.org/10.1172/JCI35437
http://www.ncbi.nlm.nih.gov/pubmed/18949058
https://doi.org/10.1371/journal.pmed.0040294
http://www.ncbi.nlm.nih.gov/pubmed/17927446
https://doi.org/10.1038/onc.2014.21
https://doi.org/10.1038/onc.2014.21
http://www.ncbi.nlm.nih.gov/pubmed/24608435
https://doi.org/10.1371/journal.pone.0101286
https://doi.org/10.1371/journal.pone.0101286
http://www.ncbi.nlm.nih.gov/pubmed/24983357
https://doi.org/10.1038/onc.2010.559
https://doi.org/10.1038/onc.2010.559
http://www.ncbi.nlm.nih.gov/pubmed/21132008
https://doi.org/10.1002/hep.23836
http://www.ncbi.nlm.nih.gov/pubmed/20799354
https://doi.org/10.1371/journal.pone.0217657

@ PLOS|ONE

Markers for combined MCL-1 and BCL-2/xL inhibition

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yecies D, Carlson NE, Deng J, Letai A. Acquired resistance to ABT-737 in lymphoma cells that up-regu-
late MCL-1 and BFL-1. Blood. 2010; 115(16):3304—13. https://doi.org/10.1182/blood-2009-07-233304
PMID: 20197552.

DoiK, Li R, Sung SS, Wu H, Liu Y, Manieri W, et al. Discovery of marinopyrrole A (maritoclax) as a
selective Mcl-1 antagonist that overcomes ABT-737 resistance by binding to and targeting Mcl-1 for pro-
teasomal degradation. J Biol Chem. 2012; 287(13):10224—35. https://doi.org/10.1074/jbc.M111.
334532 PMID: 22311987.

Pandey MK, Gowda K, Doi K, Sharma AK, Wang HG, Amin S. Proteasomal degradation of Mcl-1 by
maritoclax induces apoptosis and enhances the efficacy of ABT-737 in melanoma cells. PLoS One.
2013; 8(11):e78570. https://doi.org/10.1371/journal.pone.0078570 PMID: 24223823.

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(14):12668-81. https://doi.org/10.18632/oncotarget.3706 PMID: 26059440.

Jeon MY, Min KJ, Woo SM, Seo SU, Choi YH, Kim SH, et al. Maritoclax Enhances TRAIL-Induced Apo-
ptosis via CHOP-Mediated Upregulation of DR5 and miR-708-Mediated Downregulation of cFLIP. Mol-
ecules. 2018; 23(11). Epub 2018/11/20. https://doi.org/10.3390/molecules23113030 PMID: 30463333.

Doi K, Liu Q, Gowda K, Barth BM, Claxton D, Amin S, et al. Maritoclax induces apoptosis in acute mye-
loid leukemia cells with elevated Mcl-1 expression. Cancer Biol Ther. 2014; 15(8):1077-86. https://doi.
org/10.4161/cbt.29186 PMID: 24842334.

Borisy AA, Elliott PJ, Hurst NW, Lee MS, Lehar J, Price ER, et al. Systematic discovery of multicompo-
nent therapeutics. Proc Natl Acad Sci U S A. 2003; 100(13):7977-82. https://doi.org/10.1073/pnas.
1337088100 PMID: 12799470.

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. https://doi.org/10.1038/nm.4040 PMID: 26828195.

Chen J, Jin S, Abraham V, Huang X, Liu B, Mitten MJ, et al. The Bcl-2/Bcl-X(L)/Bcl-w inhibitor, navito-
clax, enhances the activity of chemotherapeutic agents in vitro and in vivo. Mol Cancer Ther. 2011; 10
(12):2340-9. https://doi.org/10.1158/1535-7163.MCT-11-0415 PMID: 21914853.

Nalluri S, Peirce SK, Tanos R, Abdella HA, Karmali D, Hogarty MD, et al. EGFR signaling defines Mcl1
survival dependency in neuroblastoma. Cancer Biol Ther. 2015; 16(2):276—-86. https://doi.org/10.1080/
15384047.2014.1002333 PMID: 25756510.

Booy EP, Henson ES, Gibson SB. Epidermal growth factor regulates Mcl-1 expression through the
MAPK-EIk-1 signalling pathway contributing to cell survival in breast cancer. Oncogene. 2011; 30
(20):2367—-78. https://doi.org/10.1038/onc.2010.616 PMID: 21258408.

Song L, Coppola D, Livingston S, Cress D, Haura EB. Mcl-1 regulates survival and sensitivity to diverse
apoptotic stimuli in human non-small cell lung cancer cells. Cancer Biol Ther. 2005; 4(3):267-76.
https://doi.org/10.4161/cbt.4.3.1496 PMID: 15753661.

Whitsett TG, Mathews IT, Cardone MH, Lena RJ, Pierceall WE, Bittner M, et al. Mcl-1 mediates
TWEAK/Fn14-induced non-small cell lung cancer survival and therapeutic response. Mol Cancer Res.
2014; 12(4):550-9. https://doi.org/10.1158/1541-7786.MCR-13-0458 PMID: 24469836.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt phosphorylation of BAD couples sur-
vival signals to the cell-intrinsic death machinery. Cell. 1997; 91(2):231—41. PMID: 9346240.

Datta R, Manome Y, Taneja N, Boise LH, Weichselbaum R, Thompson CB, et al. Overexpression of
Bcl-XL by cytotoxic drug exposure confers resistance to ionizing radiation-induced internucleosomal
DNA fragmentation. Cell Growth Differ. 1995; 6(4):363—70. PMID: 7794804.

Wang B, Ni Z, Dai X, Qin L, Li X, Xu L, et al. The Bcl-2/xL inhibitor ABT-263 increases the stability of
Mcl-1 mRNA and protein in hepatocellular carcinoma cells. Mol Cancer. 2014; 13:98. https://doi.org/10.
1186/1476-4598-13-98 PMID: 24779770.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217657 May 31,2019 12/12


https://doi.org/10.1182/blood-2009-07-233304
http://www.ncbi.nlm.nih.gov/pubmed/20197552
https://doi.org/10.1074/jbc.M111.334532
https://doi.org/10.1074/jbc.M111.334532
http://www.ncbi.nlm.nih.gov/pubmed/22311987
https://doi.org/10.1371/journal.pone.0078570
http://www.ncbi.nlm.nih.gov/pubmed/24223823
https://doi.org/10.18632/oncotarget.3706
http://www.ncbi.nlm.nih.gov/pubmed/26059440
https://doi.org/10.3390/molecules23113030
http://www.ncbi.nlm.nih.gov/pubmed/30463333
https://doi.org/10.4161/cbt.29186
https://doi.org/10.4161/cbt.29186
http://www.ncbi.nlm.nih.gov/pubmed/24842334
https://doi.org/10.1073/pnas.1337088100
https://doi.org/10.1073/pnas.1337088100
http://www.ncbi.nlm.nih.gov/pubmed/12799470
https://doi.org/10.1038/nm.4040
http://www.ncbi.nlm.nih.gov/pubmed/26828195
https://doi.org/10.1158/1535-7163.MCT-11-0415
http://www.ncbi.nlm.nih.gov/pubmed/21914853
https://doi.org/10.1080/15384047.2014.1002333
https://doi.org/10.1080/15384047.2014.1002333
http://www.ncbi.nlm.nih.gov/pubmed/25756510
https://doi.org/10.1038/onc.2010.616
http://www.ncbi.nlm.nih.gov/pubmed/21258408
https://doi.org/10.4161/cbt.4.3.1496
http://www.ncbi.nlm.nih.gov/pubmed/15753661
https://doi.org/10.1158/1541-7786.MCR-13-0458
http://www.ncbi.nlm.nih.gov/pubmed/24469836
http://www.ncbi.nlm.nih.gov/pubmed/9346240
http://www.ncbi.nlm.nih.gov/pubmed/7794804
https://doi.org/10.1186/1476-4598-13-98
https://doi.org/10.1186/1476-4598-13-98
http://www.ncbi.nlm.nih.gov/pubmed/24779770
https://doi.org/10.1371/journal.pone.0217657

