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ABSTRACT
The nontaxane microtubule inhibitor eribulin is an approved
therapeutic for metastatic breast cancer and liposarcoma. Eri-
bulin was previously tested in unselected patients with lung
cancer and yielded a modest objective response rate of
�5%–12%. Because lung cancers represent diverse histolo-
gies and driving oncogenic mutations, we postulated that eribu-
lin may exhibit properties of a precision oncology agent with a
previously undefined specificity for a molecularly distinct sub-
set of lung cancers. Herein, we screened a panel of 44 non–
small cell and small-cell lung cancer cell lines for in vitro growth
sensitivity to eribulin. The results revealed a greater than
15,000-fold range in eribulin sensitivity (IC50 5 0.005–89 nM)
among the cell lines that was not correlated with their sensitivity
to the taxane-based inhibitor paclitaxel. The quartile of cell lines
exhibiting the lowest eribulin IC50 values was not enriched for
specific histologies, epithelial-mesenchymal differentiation, or
specific oncogene drivers but was significantly enriched for
nonsense/frameshift TP53 mutations and low-TP53 mRNA but
not missense TP53 mutations. By comparison, the mutation

status of cyclin-dependent kinase inhibitor 2A, STK11, and
KEAP1 was not associated with eribulin sensitivity. Finally, the
highest eribulin IC50 quartile (>1 nM) exhibited significantly ele-
vated mRNA expression of the drug pump, ATP binding cas-
sette B1, defined resistance mechanism to eribulin, and
paclitaxel. The findings support further investigations into basic
mechanisms by which complete lack of TP53 function regulates
anticancer activity of eribulin and the potential utility of TP53
null phenotypes distinct from TP53 missense mutations as a
biomarker of response in patients with lung cancer.

SIGNIFICANCE STATEMENT
Distinct from precision oncology agents that are matched to
cancers bearing oncogenically activated versions of their tar-
gets, microtubule inhibitors, such as eribulin, are deployed in an
unselected manner. The results in this study demonstrate that
lung cancer cell lines exhibiting the highest sensitivity to eribulin
bear TP53 null phenotypes, supporting a rationale to consider
the status of this tumor suppressor in the clinical setting.

Introduction
Lung cancers have been historically classified by histology

in which lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), large-cell carcinoma, and small-cell lung
carcinomas (SCLCs) represent major subsets. In LUAD,
diverse mutationally activated receptor tyrosine kinases and
KRAS serve as oncogene drivers that when matched with

specific small molecule inhibitors permit implementation of
precision oncology for these lung cancers (Politi and Herbst,
2015; Camidge et al., 2019). Moreover, antibody-based inhibi-
tors of the PD1/PD-L1 immunosuppressive axis are now
approved for treatment of lung cancers positive for PD-L1
independent of histology (Camidge et al., 2019; Pacheco et
al., 2019). Despite this major shift to treatment with molecu-
larly targeted drugs and immunotherapy, standard chemo-
therapy continues to serve an important role in the
management of lung cancer. Within the class of drugs consid-
ered as chemotherapies, microtubule-targeted drugs, includ-
ing the taxanes, vinca alkaloids, and eribulin, the focus of
this study (Hardin et al., 2017; Swami et al., 2017) represents
established and successful therapeutics. Relative to taxanes,
such as paclitaxel and docetaxel, which function as microtu-
bule-stabilizing agents, eribulin, a synthetic derivative of the
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natural product halichondrin B, inhibits microtubule polymer-
ization resulting in cytosolic accumulation of nonfunctional
tubulin aggregates (Hardin et al., 2017; Swami et al., 2017).
Eribulin is an approved therapeutic for previously treated
metastatic breast cancer and liposarcoma (Swami et al., 2017).
In addition, eribulin has been tested in unselected, pretreated
lung cancer patients with an objective response rate of 5%–12%
(Gitlitz et al., 2012; Spira et al., 2012; Katakami et al., 2017;
Swami et al., 2017). The phenotypes and genotypes that may
associate with eribulin responsiveness in patients with lung can-
cer are not known and represent an important basic research
question that could significantly enhance its clinical utility.
As previously noted, precision oncology has greatly changed

the therapeutic approach to lung adenocarcinomas (Politi and
Herbst, 2015; Camidge et al., 2019). The present approach for
treating lung adenocarcinomas bearing oncogenically mutated
epidermal growth factor receptor (EGFR) with targeted tyro-
sine kinase inhibitors (TKIs) emerged only after initial
approval of the EGFR-specific TKI, erlotinib, in unselected
patients (Shepherd et al., 2005). Notably, the response rate in
the erlotinib-treated group was only 9%, similar to the objec-
tive response rate observed with eribulin. In a similarly
designed trial, the EGFR-specific TKI gefitinib failed to
achieve a statistically significant improvement in overall sur-
vival relative to standard chemotherapy despite a similar
objective response rate of 8% (Thatcher et al., 2005). It was
only after several years of retrospective analysis that a subset
of patients with lung cancer bearing oncogenic EGFR muta-
tions was mechanistically linked with the observed therapeu-
tic benefit. Moreover, gefitinib was demonstrated in a later
phase III trial to provide superior responses in patients with
lung cancer preselected for oncogenic EGFR mutation positiv-
ity but was inferior to standard chemotherapy in EGFR muta-
tion–negative tumors (Mok et al., 2009). Based on these
lessons from the clinical development of EGFR-directed TKIs,
subsequent targeted agents specific for rearranged oncogenic
forms of ALK and ROS1 were briskly developed in molecu-
larly defined subgroups based on preclinical data prior to clin-
ical testing (Politi and Herbst, 2015; Camidge et al., 2019).
In light of the rather modest response rates of targeted

EGFR inhibitors in unselected patients with lung cancer, one
might consider whether the modest response rates observed
for eribulin in unselected, pretreated patients with lung cancer
may also reflect therapeutic efficacy in a distinct molecular
subset of tumors. In the present study, the hypothesis that eri-
bulin exhibits properties of a precision oncology agent with a
previously undefined specificity for a molecularly distinct sub-
set of lung cancers was tested. The results reveal that lung
cancer cell lines bearing a TP53 null phenotype characterized
by nonsense and frameshift mutations or low-TP53 mRNA
but not wild-type TP53 or missense TP53 mutations are
enriched in the subset exhibiting the highest sensitivity to eri-
bulin. This finding highlights biologic distinction between
TP53 null phenotype mechanisms and missense TP53 muta-
tions and encourages a retrospective analysis of TP53 muta-
tion status in available specimens from previous clinical
investigations of eribulin in patients with lung cancer.

Materials and Methods
Cell Culture. All cell lines were cultured in RPMI-1640 growth

medium supplemented with 5% FBS at 37�C in a humidified 5% CO2

incubator. The cell lines were available in our laboratory or obtained
directly from the University of Colorado Cancer Center Cell Technol-
ogy shared resource and were cultured less than 6 months after
receipt. The shared resource routinely performs short tandem repeat
analyses on all banked cell lines to ensure their authenticity.

Immunoblot Analysis. For immunoblot analysis of proteins, cells
were collected in phosphate-buffered saline, centrifuged (3 minutes at
3000� rpm), and suspended in lysis buffer. Aliquots of the cell
lysates containing 50 mg of protein were submitted to SDS-PAGE and
immunoblotted for TP53 (2524), MDM2 (86934), poly(ADP-ribose)
polymerase (PARP) 1 (9542), and b-actin (4967) as a loading control.
All antibodies were purchased from Cell Signaling Technology (Dan-
vers, MA).

Cell Proliferation Assay. Cell lines were plated at 100 cells per
well in 96-well tissue culture plates and treated in triplicate with a
range of eribulin and paclitaxel concentrations. Cell number per well
was determined after 10 days of culture using a CyQUANT Direct
Cell Proliferation Assay (Life Technologies, Carlsbad, CA) according
to the manufacturer’s instructions.

Gene Expression and Mutation Status. Baseline RNAseq for
41 of the lung cancer cell lines was obtained from the Cancer Cell
Line Encyclopedia (CCLE; https://portals.broadinstitute.org/ccle).
Colo699, H125, and NE18 cell lines were not analyzed in the most
recently deposited CCLE RNAseq data. To include these cell lines in
the overall RNA expression analysis, in-house and legacy AffyMetrix
genechip datasets (CCLE) that analyzed these three cell lines as well
as H2122, H358, H520, HCC44, HCC4006, H2009, HCC78, H1650,
H441, H1975, A549, H460, and Calu3 were used to generate a
“standard curve” for interpolating predicted RNAseq values for
TP53, CDKN2A, ATP binding cassette B1 (ABCB1), E-cadherin
(CDH1), and vimentin (VIM) in Colo699, H125, and NE-18 cells.
Somatic mutation status of the lung cancer cell lines was extracted
from the CCLE except for H125 (Phelps et al., 1996) and NE18 (Cos-
mic; https://cancer.sanger.ac.uk/cosmic).

Statistics. The IC50 values were calculated with Prism 9 (Graph-
Pad Software, San Diego, CA). The raw CyQUANT measurements
(technical triplicates) were normalized to the DMSO control value
(zero drug), and the log10 of the inhibitor concentrations were sub-
mitted to nonlinear fitting with the “log(inhibitor) vs. normalized
response” analysis feature within the Prism software program to cal-
culate IC50 values. The top and bottom values were not fixed in the
analysis. Tabulated and graphed IC50 values represent the averages
of two to four independent dose-response experiments, with each
analyzed separately. Spearman correlation was used to evaluate the
association between the eribulin IC50 values and gene expression lev-
els in the 44 lung cancer cell lines. The nonparametric Kruskal-Wal-
lis method with Holm-�S�ıd�ak's multiple comparison and adjusted P
values was used to test for differences between groups. Statistical
significance of the distribution of oncogene and tumor suppressor
mutations across eribulin IC50 quartiles was assessed with Fisher’s
exact test, and the P value and odds ratio were calculated with
Prism.

Results
Lung Cancer Cell Lines Exhibit a Broad Range of Sen-

sitivity to Eribulin that Is Not Associated with Histol-
ogy, Epithelial-Mesenchymal Phenotype, or Oncogene
Driver Status. Human lung cancer cell lines (n 5 44) repre-
senting the major histologic subsets and bearing diverse onco-
gene drivers were submitted to clonogenic growth assays in a
96-well format to test sensitivity to eribulin at concentrations
ranging from 0.01 to 30 nM. Figure 1A shows dose-response
curves for 12 representative cell lines, including those that
were the most and least sensitive to eribulin. Using dose-
response data, IC50 values were calculated and graphed for
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Fig. 1. Eribulin sensitivity of
44 lung cancer cell lines. Cells
were plated at 100 cells per
well in 96-well tissue culture
plates and treated with eribulin
at concentrations of 0 to 30
nM. After 10 days of incubation,
cell numbers were estimated
using a CyQUANT Direct Cell
Proliferation Assay (Invitrogen)
according to the manufacturer’s
instructions. (A) Eribulin dose-
response curves are shown for
12 representative lung cancer
cell lines, including the five most
sensitive and five of the least
sensitive cell lines. (B) Eribulin
IC50 values are plotted for all 44
cell lines tested and annotated
for histologic subtype as indi-
cated in the key. Note the data
are plotted as log10 because of
the broad range in sensitivities
across the cell line panel. The
mean ± S.D. IC50 was 3.6 nM
±14.1 nM, and the median value
was 0.246 nM. The eribulin IC50
values were not normally distrib-
uted across the panel of lung
cancer cell lines (D’Agostino and
Pearson normality test, P <
0.0001). The bar graph is anno-
tated with the dominant tumor
suppressors and driving onco-
gene as defined in the color key.
(C) Cells were plated at 100 cells
per well in 96-well tissue culture
plates and treated with pacli-
taxel at concentrations of 0–30
nM. After 10 to 14 days of incu-
bation, cell numbers were esti-
mated using a CyQUANT Direct
Cell Proliferation Assay (Invitro-
gen) according to the manufac-
turer’s instructions. Eribulin
IC50 values from Fig. 1B and
Table 1 are plotted for 32 cell
lines along with the IC50 values
determined for paclitaxel (note
the y-axis is log10). The eribulin
and paclitaxel IC50 values for
the 32 cell lines were plotted as
indicated, and the data were
submitted to linear regression
analysis. The slope (0.0213) was
not statistically different from
zero (P 5 0.778).
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the 44 cell lines (see Fig. 1B and Table 1). The findings reveal
a very wide range of eribulin IC50 values that was not nor-
mally distributed among the 44 cell lines (mean 5 3.6 nM,
S.D. 5 14.1 nM, median 5 0.25 nM) with a 17,800-fold differ-
ence between the IC50 values for the most (EBC-1, 0.005 nM)
and least (H1155, 88.6 nM) sensitive cell line. A subset of the
lung cancer cell lines (n 5 32) that did not include the most
eribulin-resistant cell lines was tested for sensitivity to the
taxane-based microtubule inhibitor, paclitaxel. As shown in
Fig. 1C, the range of the paclitaxel IC50 values was less broad
(8.8-fold) than that exhibited by eribulin (173-fold) in the same
panel of 32 cell lines. Notably, regression analysis of plotted
IC50 values for eribulin versus paclitaxel among the 32 cell

lines (Fig. 1C) revealed a slope that was not different than
zero (P 5 0.778). The data suggest that eribulin and paclitaxel
may exhibit distinct mechanisms of action in a diverse panel
of lung cancer cell lines and are consistent with their distinct
mechanisms of action on microtubule dynamics (Hardin et al.,
2017; Swami et al., 2017).
The histology of the tumors from which the lung cancer

cell lines were derived is shown in Fig. 1B and Table 1 and
reveals that the broad range of eribulin sensitivity is not
associated with particular histologic subsets of lung cancer.
Moreover, as shown in Fig. 2A, no statistically significant
association of eribulin IC50 with the cell line histology was
observed. CDH1 and VIM are markers of the epithelial and

TABLE 1
Dose-response data (see Fig. 1) were used to calculate the IC50 values for 44 cell lines using the Prism software program
The 44 cell lines are ranked by eribulin sensitivity and categorized by histology, dominant oncogene mutations, TP53 mutation status, and
mRNA expression levels for TP53 and MDM2 derived from the CCLE.

Cell Line Histology Eribulin IC50 Oncogene Mutations TP53 Status TP53 mRNA MDM2 mRNA

nM rpkm rpkm
EBC-1 Squamous 0.005 CCND1-P287L E171* 2 5
SW900 Squamous 0.02 KRAS-G12V Q167* 5 8
Calu6 Adeno 0.03 KRAS-Q61K R196* 4 6
H522 Adeno 0.06 FGFR1 positive P191fs 1 13
H1373 Adeno 0.07 KRAS-G12C E339* 2 5
H2122 Adeno 0.07 KRAS-G12C C176F/Q16L 22 20
H358 Adeno 0.08 KRAS-G12C Homodel 0 6
H1581 Large cell 0.08 FGFR1 positive Q144* 2 8
H3122 Adeno 0.08 EML4-ALK E285V 28 11
H125 AdenoSquamous 0.09 N239fs 2 1
H520 Squamous 0.12 FGFR1 positive W146* 2 6
H2066 Mixed 0.15 V157F 63 20
RERF-LC-Ad2 Adeno 0.17 KRAS-G12V A159V 26 10
SW1573 Squamous 0.17 KRAS-G12C;

PIK3CA-K111E;
CTNNB1-S33F

WT 26 22

HCC44 Adeno 0.18 KRAS-G12C R175L/S94* 1 6
H1341 SCLC 0.19 PIK3CA-E542K WT 27 12
H2228 Adeno 0.20 EML4-ALK Q331* 5 7
DMS114 SCLC 0.20 FGFR1 positive R213* 3 14
H661 Large cell 0.20 R158L/S151I 20 11
H1355 Adeno 0.20 KRAS-G13C E285K 17 17
H1573 Adeno 0.24 KRAS-G12A; NRAS-

Q61K
R248L 14 14

HCC4006 Adeno 0.24 EGFR del19 Y205H 45 5
H2009 Adeno 0.25 KRAS-G12A R273L 33 5
H211 SCLC 0.25 R248Q 19 19
LU65 Adeno 0.26 KRAS-G12C E11Q 11 5
HCC78 Adeno 0.28 SLC34A2-ROS1 S241F 11 8
H1650 Adeno 0.34 EGFR del19 Ins-Frameshift 4 12
H441 Adeno 0.37 KRAS-G12V R158L 27 7
H1975 Adeno 0.42 EGFR-L858R/

T790M; PIK3CA-
G118D

R273H 55 4

H838 Adeno 0.45 E62* 3 10
H226 Squamous 0.46 FGFR1 positive WT 40 44
A549 Adeno 0.61 KRAS-G12S WT 19 17
PC-9 Adeno 0.62 EGFR del19 R248Q 29 5
NE-18 Squamous 0.92 WT 17 1
H727 Carcinoid 1.01 KRAS-G12V Q165_S166insYKQ 25 8
H460 Large cell 1.22 KRAS-Q61H;

PIK3CA-E545K
WT 14 9

Calu3 Adeno 1.27 M237I 18 6
H2170 Squamous 1.48 R158G 23 13
H2030 Adeno 3.29 KRAS-G12C G262V 25 7
Colo699 Adeno 4.81 FGFR1 positive R248L 26 12
H647 AdenoSquamous 4.91 KRAS-G13D S261_splice 28 5
SHP-77 SCLC 10.23 KRAS-G12V C176W 45 10
DMS53 SCLC 32.45 S241F/E56* 24 17
H1155 Large cell 88.62 KRAS-Q61H; PTEN-

R233*/F341V;
APC-R232*

R273H/Y205F 16 9
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Fig. 2. Eribulin sensitivity is
not associated with cell line
histology or epithelial-mesen-
chymal differentiation. (A) The
44 lung cancer cell lines were
binned by their reported histology
(adenocarcinoma, squamous cell,
large cell, small cell), and their
calculated eribulin IC50 values
were graphed as scatter plots
with the mean and S.E.M. indi-
cated. Kruskal-Wallis with Holm-
�S�ıd�ak's multiple comparisons
revealed no statistically signifi-
cant differences among the four
histologic classifications. Eribulin
IC50 values for 44 lung cancer cell
lines for which CCLE gene
expression data are available are
shown relative to the expression
of (B) CDH1 and (C) VIM. No
significant correlation of eribulin
IC50 values with CDH1 (R 5
-0.067, P 5 0.665) or VIM (R 5
-0.148, P 5 0.337) expression
was observed by Spearman cor-
relation analysis.
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mesenchymal states, respectively, and have been associated
with responsiveness to eribulin in breast cancer cell lines
(Dezs}o et al., 2014). Expression (from CCLE) of CDH1 and
VIM mRNA levels plotted relative to the eribulin IC50 values
(Fig. 2, B and C) reveals no statistically significant associa-
tion by Spearman correlation of CDH1 (R 5 �0.067, P 5
0.665) or VIM (R 5 �0.148, P 5 0.337) with ranked eribulin
sensitivity. Finally, the ratio of CDH1 to VIM expression was
not associated with the eribulin IC50 values (R 5 0.058, P 5
0.708). Abbreviations: CTNNB1, catenin beta; 1 EML4, echi-
noderm microtubule associated protein like 4; PTEN, phos-
phatase and tensin homolog; SLC, solute carrier; NRAS,
neuroblastoma ras oncogene.
Precision oncology in lung cancer is predicated on the

observed vulnerability of oncogene-targeted agents in subsets
of patients whose tumors bear associated mutations. The fre-
quency of defined lung cancer oncogene drivers in cell lines
was correlated with the first versus the second through
fourth eribulin IC50 quartiles as assessed by Fisher’s exact
test (Table 2). As shown in Fig. 1B and Table 2, lung cancer
cell lines bearing oncogenic KRAS mutations (n 5 20) were
equally distributed among the eribulin sensitivity quartiles.
Because of the low number of lung cancer cell lines individu-
ally bearing oncogenic EGFR, ALK, or ROS1 (seven total),
these mutations were considered as a group. There was no
statistically significant enrichment of lung cancer cell lines
bearing mutated or rearranged receptor tyrosine kinases
(EGFR, ALK, ROS1) in the most sensitive quartile of lung
cancer cell lines. We previously reported that lung cancer cell
lines in which FGFR 1 is amplified or overexpressed exhibit
increased growth dependence on this receptor tyrosine kinase
(Wynes et al., 2014). The six cell lines previously demon-
strated to overexpress FGFR1 and exhibit growth depen-
dence were not enriched either positively or negatively in the
most eribulin-sensitive quartile (Table 2). Finally, similar
analysis of the distribution of the four lines bearing mutated
PIK3CA revealed a lack of statistical association, although
the number of cell lines bearing this oncogene was not suffi-
cient for rigorous assessment. The findings indicate that the
eribulin sensitivity inherent in the first quartile of lung can-
cer cell lines is not associated with defined oncogene drivers.
Selected lung cancer cell lines that represent the broad

range of eribulin sensitivity shown in Fig. 1 were treated for
1 to 3 days with an IC50 dose of eribulin or DMSO as a con-
trol, and cell extracts were submitted to immunoblot analysis
for PARP1 (Fig. 3). The results reveal that eribulin treatment

induced PARP cleavage, a biochemical measure associated
with apoptosis in SW900, H1581, H3122, and H460 cells but
not in Calu6, H1373, H2122, or Colo699 cells. Thus, the
potency of growth inhibition by eribulin among these eight
cell lines is not associated with induction of PARP cleavage.
Eribulin Sensitivity Associates with TP53 mRNA

Expression and Mutation Status. TP53 mRNA levels
assessed by RNAseq were extracted from the CCLE and plot-
ted with the ranked eribulin IC50 values in Fig. 4A. The
Spearman correlation coefficient and P value were 0.466 and
0.001, respectively, indicating a highly significant association
with eribulin sensitivity. When TP53 mRNA levels were
assessed among the eribulin IC50 quartiles, the mRNA levels
in the first quartile were significantly lower than the second
through fourth quartiles (Fig. 4B). When the 44 lung cancer
cell lines were classified as TP53 null [nonsense/frameshift
mutations, homozygous deletion (H358)] versus TP53 wild-
type and missense mutations, the first quartile of eribulin-
sensitive cell lines was highly enriched for TP53 null alleles
(Table 2, Fisher’s exact test P < 0.0001, odds ratio 5 25.2).
Segregation of the cell lines and associated eribulin IC50 val-
ues into TP53 wild type, TP53 null alleles, and TP53 mis-
sense mutations again demonstrates increased sensitivity of
the TP53 null subset relative to groups bearing TP53 wild-
type or missense mutations (Fig. 4C). By contrast, analysis of
the association of eribulin sensitivity (first quartile vs. second
through fourth quartiles) and the mutation status of the
tumor suppressor genes CDKN2A (P > 0.99), STK11/liver
kinase B1 (P 5 0.41), and KEAP1 (P 5 0.24) by Fisher’s exact
test did not reveal statistically significant associations (Table 2).
Within the first quartile of eribulin IC50 values, H2122 and

H3122 cells express abundant mRNA levels of TP53-bearing
missense mutations (Fig. 4A) and are thus exceptions to the
null TP53 status. Immunoblot analysis of cell extracts from
selected cell lines within the first and second eribulin IC50

quartiles verified basal TP53 protein expression in H2122,
H3122, RERF-LC-Ad2, and SW1573 cells (Fig. 5). Notably,
inspection of RNAseq data from the CCLE indicated levels of
MDM2 mRNA greater than the mean expression value (10.5 1
7.2 Fragments per kilo base per million mapped reads) in
H2122, H3122, and SW1573 cells (Table 1). MDM2 functions
as an E3 ligase-targeting TP53 for destruction as well as inhib-
iting transcriptional function via direct protein interaction (Oli-
ner et al., 2016; Konopleva et al., 2020). Immunoblot analysis
demonstrated MDM2 protein overexpression in H2122, H3122,
and SW1573 cells (Fig. 5). To explore the functionality of TP53

TABLE 2
The distribution of the indicated oncogenes and tumor suppressors in the first quartile of eribulin IC50 values was compared with the second,
third, and fourth quartiles by Fisher’s exact test, and the resulting P values and odds ratios were tabulated
Enrichment of lung cancer cell lines bearing a null-TP53 phenotype (nonsense/truncating mutations and low mRNA expression) was the only
marker significantly associated with the highest sensitivity to eribulin.

Distribution of Oncogene and Tumor Suppressor Mutations in Eribulin IC50 Quartiles

Category P Value Odds Ratio 95% CI

KRAS: WT vs. mutant >0.999 1 0.30 to 3.28
FGFR1: WT vs. amp/high expression 0.16 0.28 0.046 to 1.64
EGFR/ALK/ROS1: WT vs. mutant/fusion 0.66 2.22 0.24 to 20.83
TP53: null/low expression vs. WT/missense 0.0001 25.2 4.15 to 153.0
CDKN2A: WT vs. mutant/deletion >0.999 0.78 0.19 to 3.17
KEAP1: WT vs. mutant 0.24 4.35 0.49 to 38.68
STK11: WT vs. mutant 0.41 3.2 0.35 to 2.83

CI, confidence interval.
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and MDM2 expressed in H2122, H3122, and SW1573 cells, the
Cancer Dependency Map (DepMap; https://depmap.org/portal/),
which archives data from genome-wide CRISPR screens of can-
cer cell lines, was interrogated. H2122 bearing TP53 missense
mutations as well as SW1573 and H460 that express wild-type
TP53 exhibited markedly positive and negative dependency
scores, respectively, for TP53 and MDM2. These findings are
consistent with functional TP53 tumor suppressive activity in
these cell lines that is counteracted by elevated MDM2. Despite
TP53 and MDM2 protein and mRNA expression, eribulin-sensi-
tive H3122 cells exhibit dependencies for TP53 and MDM2 that
are similar to that observed in TP53-null Calu6, H1581, and
H520 cells. Thus, these analyses indicate that a TP53-null phe-
notype mediated by nonsense mutations or wild-type/missense
levels coincident with high MDM2 expression is associated with
enhanced sensitivity to eribulin relative to lung cancer cell lines
bearing TP53 missense mutations that exhibit oncogenic func-
tion (Oren and Rotter, 2010; Yue et al., 2017) or wild-type TP53
without elevated MDM2 levels. This is a potentially important
finding not only as a putative biomarker for eribulin efficacy
but also regarding insight into the mechanism of action of the
drug as an anticancer agent.
The Most Eribulin-Insensitive Lung Cancer Cell

Lines Express High Levels of ABCB1 mRNA. The cell
lines within the fourth quartile of eribulin IC50 values were
investigated for possible mechanisms accounting for their rel-
ative insensitivity. Using RNAseq data available from the
CCLE, we performed an unbiased association of the eribulin
IC50 values and gene expression. A positive association
(Spearman R 5 0.436, P 5 0.003) with the mRNA expression
of the drug pump, ABCB1, was noted (Fig. 6A). Analysis of

ABCB1 mRNA expression in the eribulin IC50 quartiles dem-
onstrated that ABCB1 expression was significantly elevated
in the fourth quartile relative to quartiles 1–3. This finding is
consistent with the literature reporting ABCB1 as a resis-
tance mechanism for eribulin and paclitaxel (Laughney et
al., 2014; Oba et al., 2016; Vaidyanathan et al., 2016) and
suggests failed intracellular drug accumulation as a likely
mechanism of intrinsic resistance in this subset of the lung
cancer cell lines.

Discussion
The findings herein report the sensitivity to eribulin across

a panel of 44 lung cancer cell lines that are representative of
the disease. Notably, the ranked IC50 values do not associate
with histology, driving oncogene status, or epithelial-mesenchy-
mal status. Instead, enrichment of TP53 nonsense mutations
and alterations that cause loss of TP53 expression or function
was observed in the lung cancer cell lines exhibiting the highest
sensitivity to eribulin. A review of the literature indicates that
the present analysis of 44 cancer cell lines represents the most
comprehensive screen of eribulin sensitivity specific to lung can-
cer and therefore provides sufficient statistical power to identify
the association of sensitivity with a TP53-null phenotype. The
anticancer activity of eribulin has been extensively explored in
numerous preclinical studies (Hardin et al., 2017; Swami et al.,
2017), although these generally involve experiments performed
on a small number of selected cancer cell lines derived from
diverse tumor types. As an example, the natural product hali-
chondrin B, from which the structure of eribulin is derived
(Swami et al., 2017), was previously tested on the NCI-60 cancer

Fig. 3. Induction of PARP1 cleavage by eribulin. Extracts from lung cancer cell lines treated for 1 to 3 days with eribulin at the indicated conc.
[?IC50 doses (see Fig. 1 and Table 1)] or DMSO as a diluent control were submitted to SDS-PAGE and immunoblotted for PARP1 (Cell Signaling
Technology 9542). The filters were stripped and reprobed for b-actin as a loading control.
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Fig. 4. Eribulin sensitivity associates
with a null-TP53 status. (A) The
ranked eribulin IC50 values for the 44
lung cancer cell lines are overlayed
with their associated TP53 mRNA
expression values (in RPKM). Spear-
man correlation analysis revealed a
statistically significant association of
eribulin IC50 and TP53 mRNA expres-
sion. (B) The TP53 mRNA levels for
the eribulin IC50 quartiles from the
44 lung cancer cell lines are presented
with the mean and S.D. The data
were analyzed by Kruskal-Wallis with
multiple comparisons. The TP53
mRNA expression in the first quartile
was significantly different from the
second, third, and fourth quartiles.
(C) Eribulin IC50 values from the 44
lung cancer cell lines were binned for
TP53 mutation status. WT indicates
cell lines lacking nonsense or mis-
sense mutations and exhibiting signif-
icant mRNA expression levels from
CCLE RNAseq data. Cell lines bear-
ing TP53 nonsense/frameshift muta-
tions or exhibiting wild-type but low/
absent TP53 mRNA are binned sepa-
rately from cell lines bearing known
TP53 missense mutations. Statistical
analysis by Kruskal-Wallis with mul-
tiple comparisons reveals significantly
lower eribulin IC50 values in cell lines
binned by TP53 nonsense/missense
mutations and low expression relative
to cell lines bearing TP53 wild-type
TP53 or missense mutations. Eribulin
sensitivity of cell lines bearing TP53
wild-type and missense mutations
was not statistically different.
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cell line panel that includes 13 lung cancer cell lines (Bai et al.,
1991). Notably, this study used drug concentrations yielding
“total growth inhibition” to rank the cancer cell lines rather than
the IC50 values calculated from dose-response relationships
herein. Still, this approach identified a subset of 8–10 cancer cell
lines that exhibited markedly increased halichondrin B sensitiv-
ity and included the H522 lung cancer line, which is within the
most sensitive quartile in the present study (Fig. 1B and
Table 1). Helfrich et al. (2018) screened a panel of 17 SCLC
cell lines for eribulin sensitivity and observed a much nar-
rower range of IC50 values (�15-fold) relative to that
observed by the 5 SCLC cell lines tested in this study (�171-
fold), although the sensitivity range in our study is largely

driven by SHP77 and DMS53 cells, which highly express
ABCB1 transporter mRNA and are relatively resistant to the
drug (Figs. 1B and 6). Notably, inspection of the TP53 muta-
tion status in the SCLC study did not reveal a positive associ-
ation with TP53-null mutations, although no SCLC cell lines
resided within the top quartile of eribulin sensitivity in the
present study either. Fisher’s exact test analysis of our data
after removal of the five SCLC cell lines does not alter the
statistical significance (P 5 0.0003 vs. P 5 0.0004) or the
odds ratio (20.2 vs. 20.7). In this regard, it is possible that
the association of eribulin sensitivity with a null-TP53 muta-
tion status in lung cancer cell lines may be restricted to a cel-
lular context inherent in LUAD and LUSC but not SCLC. In

Fig. 5. TP53 and MDM2 expression in selected lung cancer cell lines. (A) Lung cancer cell lines from the first eribulin IC50 quartile were submit-
ted to immunoblot analysis for baseline expression of TP53 and MDM2 protein levels. The filters were stripped and reprobed for b-actin as a load-
ing control. (B) Publicly available data from CRISPR/Cas9 Dependency Map (DepMap; https://depmap.org/portal/) project were interrogated for
TP53 and MDM2 in the indicated lung cancer cell lines. The dependency scores are the output from CERES (https://depmap.org/ceres/), wherein
lower scores indicate genes that are more likely to be dependent in a given cell line. The CRISPR/Cas9 screen values are from the CRISPR
(Avana) Public 19Q2 dataset. A score of 0 is equivalent to a gene that is not essential, whereas a score of �1 corresponds to the median of all com-
mon essential genes. Positive scores as shown for guide RNAs targeting TP53 in H2122, SW1573, and H460 cells indicate enhanced cell survival
upon deletion of TP53. The negative dependency scores associated with guide RNAs targeting MDM2 indicate decreased cell survival in these cell
lines. ns, not significant.

Fig. 6. High expression of ABCB1 mRNA in lung cancer cell lines exhibiting intrinsic resistance to eribulin. (A) The ranked eribulin IC50 values
for the 44 lung cancer cell lines are overlayed with their associated ABCB1 mRNA expression values (in RPKM). Spearman correlation analysis
revealed a statistically significant association of eribulin IC50 and ABCB1 mRNA expression. (B) The ABCB1 mRNA levels for the eribulin IC50
quartiles from the 44 lung cancer cell lines are presented with the mean and S.D. The data were analyzed by Kruskal-Wallis with multiple com-
parisons. The ABCB1 mRNA expression in the fourth quartile was significantly different from the first, second, and third quartiles.
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addition, it would be of interest to determine whether the eri-
bulin sensitization of TP53-null lung cancer cell lines is
observed in cancer cell lines derived from other cancer types,
especially breast cancer in which the drug is an approved
agent in the therapeutic arsenal.
TP53 is a transcription factor that serves as a key cell

stress-induced regulator of anticancer defense pathways and
is the most frequently mutated oncoprotein in human neo-
plasms (Olivier et al., 2010; Oren and Rotter, 2010; Goldstein
et al., 2011; Donehower et al., 2019). Somatic TP53 altera-
tions observed in cancers can be classified as truncating
mutations (nonsense, frameshift deletions or insertions,
splice sites) or missense mutations (single nucleotide varia-
tions, in-frame deletions, or insertions), wherein the latter
are enriched within regions of the gene encoding the DNA
binding domain. Although truncating mutations generally
lead to loss of TP53 mRNA expression due to nonsense-medi-
ated mRNA decay processes (Donehower et al., 2019), debate
continues regarding the activities intrinsic to TP53 proteins
bearing missense mutations relative to wild-type TP53 (Oliv-
ier et al., 2010; Oren and Rotter, 2010; Goldstein et al., 2011;
Donehower et al., 2019). Evidence indicates that in addition
to abrogating tumor suppressor activities of wild-type TP53
missense mutations also provide a gain of function that con-
tributes to the transformed phenotype of cancer cells. The
central observation in the present study that the highest eri-
bulin sensitivity is observed in lung cancer cell lines specifi-
cally bearing a TP53-null status due to nonsense, frameshift,
and splice site mutations has not been previously reported.
In fact, there appears to be little or no precedent for thera-
peutic vulnerability associated with a null-TP53 status rela-
tive to a missense or wild-type TP53 mutation status. As a
class, microtubule-targeting agents impair microtubule
dynamics required for mitosis (Hardin et al., 2017). The asso-
ciation of a TP53-null mutation status with sensitivity to eri-
bulin, an inhibitor of microtubule polymerization that
induces sequestration of tubulin into nonfunctional aggre-
gates, was not observed with paclitaxel, which promotes
tubulin polymerization and microtubule stabilization (Hardin
et al., 2017; Swami et al., 2017). Based on the distinct molec-
ular mechanisms of these microtubule-targeting agents, the
present findings support a hypothesis that nonfunctional
tubulin aggregation induced by eribulin treatment represents
a molecular signal that can discriminate a complete loss of
TP53 function from the functions inherent in wild-type TP53
as well as TP53 proteins bearing missense mutations. Thus,
eribulin may provide a therapeutic approach to targeting
cancers presenting with a null TP53 status that can be iden-
tified by nonsense mutations detected by genomic sequenc-
ing, low mRNA or protein levels, or elevated MDM2 levels,
such as in H2122 cells. These approaches could complement
the use of MDM2 inhibitors in tumors bearing wild-type
TP53 with elevated MDM2 activity and emerging compounds
that allow TP53 missense mutant proteins to regain wild-
type activities (Duffy et al., 2020).
Eribulin yields modest response rates in unselected, pre-

treated patients with lung cancer (Gitlitz et al., 2012; Spira
et al., 2012; Katakami et al., 2017; Swami et al., 2017). The
results of this study support a retrospective analysis of TP53
mutations in available lung tumor tissues from completed
eribulin trials. Alternatively, eribulin responsiveness could
be assessed in patients with lung cancer for which molecular-

level mutation testing has been performed. In this regard,
precision medicine with oncogene-targeted agents, including
TKIs specific for EGFR, ALK, and ROS1, requires routine
molecular testing on biopsies obtained from lung cancer
patients and could facilitate investigation of eribulin activity
in TP53-defined patient subsets going forward. Inspection of
LUAD and LUSC TCGA data indicates that 21% and 30% of
these lung cancers bear null-TP53 perturbations, respectively
(http://www.cbioportal.org/). Our findings suggest that fur-
ther clinical exploration of eribulin in patients with lung can-
cer might be directed toward patients whose tumors bear
TP53-null mutations and not restricted to subsets defined by
histologic classifications or driver oncogene status.
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