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CANCER

Prior acquired resistance to paclitaxel relays diverse
EGFR-targeted therapy persistence mechanisms

Mark Borris D. Aldonza'?3, Jayoung Ku'?, Ji-Young Hong* Donghwa Kim*, Seung Jung Yu’,
Min-Seok Lee', Monica Celine Prayogo', Stephanie Tan', Dayeon Kim?, Jinju Han®5,
Sang Kook Lee?, Sung Gap Im’, Han Suk Ryu’, Yoosik Kim'3*

Secondary drug resistance stems from dynamic clonal evolution during the development of a prior primary re-
sistance. This collateral type of resistance is often a characteristic of cancer recurrence. Yet, mechanisms that
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drive this collateral resistance and their drug-specific trajectories are still poorly understood. Using resistance
selection and small-scale pharmacological screens, we find that cancer cells with primary acquired resistance
to the microtubule-stabilizing drug paclitaxel often develop tolerance to epidermal growth factor receptor-
tyrosine kinase inhibitors (EGFR-TKIs), leading to formation of more stable resistant cell populations. We show
that paclitaxel-resistant cancer cells follow distinct selection paths under EGFR-TKIs by enriching the stemness
program, developing a highly glycolytic adaptive stress response, and rewiring an apoptosis control pathway.
Collectively, our work demonstrates the alterations in cellular state stemming from paclitaxel failure that
result in collateral resistance to EGFR-TKIs and points to new exploitable vulnerabilities during resistance evo-

lution in the second-line treatment setting.

INTRODUCTION

Profuse development of collateral resistance (or cross-resistance) to
various drugs defines multidrug resistance (I1). The multiplicity and
spread of this resistance reduce or even entirely eliminate the utility
of available drugs used in chemotherapy, targeted therapy, and their
combination regimens (2). This results in frequent, if not inevitable,
relapse of cancers despite the initial response of patients to these drugs
(3,4). Cancer relapse due to the development of multidrug resistance
reflects the cumulative effects of diverse genetic and nongenetic
phenomena, including primary and secondary mutations (5, 6), intra-
tumoral heterogeneity (7, 8), nonmutational rare cell variability (9),
and residual cancer persistence (10-12). While the evolution and
fitness landscape of multidrug resistance present a trade-off of costs,
where the development of resistance toward a drug or drugs also
develops a targetable vulnerability [termed “collateral sensitivity”
(13)], little is known about the logic of expansion of collateral resist-
ance following acquired resistance to the primary drug. This limits
the design of more effective combination therapy and other drug
regimens.

In the clinic, multiple chemotherapy cycles have been shown to
amplify the selection of innately resistant tumor cells or cells that have
acquired resistance over the course of a treatment (2, 14, 15). This
presents a unique challenge in designing a drug scheduling approach
to preventing relapse following single-drug, sequential, or drug
combination modalities. Optimal scheduling of drugs, in the con-
text of combination treatments, has proven to affect the efficacy
of cancer therapies albeit with little clinical evidence (16-18). Regard-
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less, current treatment modalities use second-line therapies after
adequate failure of patients to first-line therapy regimens (19, 20).
The success of this strategy is arguably difficult to predict since
collateral sensitivity and resistance are not considered, and bio-
markers that can represent specific collateral trajectories of drug-
resistant relapsed cancers are yet to be found. It is therefore crucial
to understand the nature of the evolutionary routes of primary drug
resistance to maximize the treatment success of second-line and
combination therapies.

Recent focus on studying resistance mechanisms has shifted from
finding mechanisms of resistance at the end of drug selection ex-
periments to the characterization of the dynamic process of tumor
evolution, including the understanding of intratumoral heteroge-
neity and clonal selection during therapy (13). This shift has proven
highly informative in exploring the emergence and spread of
multidrug resistance, as this has led to the proposal of several alter-
native routes for acquiring a stable resistance. One emerging evi-
dence implicates that a drug-tolerant persister state (10) feeds this
transition to a more stable resistance in a heterogeneous fashion
by diversifying genetic mechanisms of drug resistance (10, 12, 21).
By entering into a persister state, cancer cells can survive pro-
longed drug exposure while being dormant, thus predisposing these
residual small subpopulations to expand and become stably resistant
(12, 22). Although mechanisms of this bottleneck evolution from a
persister population have been suggested (23), little is known wheth-
er stable drug-resistant tumor cells can reenter a persister state
when challenged with chemically different agent/s and influence
collateral resistance. Given that collateral resistance trajectories fol-
lowing failure to first-line therapies are poorly understood, uncov-
ering the possibility of reentry to persistence and onset of resistance
stability in first-line therapy-resistant cancers may improve the un-
predictability of these trajectories, resulting in better management
of relapsed cancers.

Using resistance selection experiments and small-scale pharma-
cological screens in concert with public pharmacogenomic data-
bases, we identified that cancer cells resistant to microtubule-targeting
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chemotherapy agents such as paclitaxel, docetaxel, epothilone B, and
vinorelbine display collateral resistance to epidermal growth factor
receptor (EGFR)-tyrosine kinase inhibitors (TKIs) such as gefitinib,
erlotinib, and afatinib, among others. With acquired paclitaxel
resistance as a first-line therapy failure model, we found that a sur-
viving fraction of resistant cells could undergo persistence to
EGFR-TKIs and develop routes to a more stable resistance. We identi-
fied that once in the EGFR-TKI persister state, paclitaxel-resistant cells
enrich their stemness profile and rewire their glucose metabolism and
an apoptotic control pathway to collectively compromise an adapt-
ive stress response during the second-line of therapeutic pressure.
Unexpectedly, however, transition from persistence to a stable resist-
ance to EGFR-TKIs following paclitaxel resistance does not seem
to require known resistance-promoting mechanisms such as MET
amplification, KRAS G12 missense mutation, and the function of ade-
nosine triphosphate (ATP)-binding cassette (ABC) transporters. To-
gether, our findings demonstrate that failure to first-line paclitaxel
chemotherapy relays substantial collateral resistance to EGFR-TKIs
by following an adaptive logic of reentry to persistence.

RESULTS

Coresistance network across wide array of drugs

in the Genomics of Drug Sensitivity in Cancer dataset

We inferred drug responses across thousands of human cancer cell
lines previously profiled in pharmacogenomics datasets currently avail-
able as a cancer research resource (24). To investigate events of col-
lateral resistance in a large pool of clinically relevant drugs, we used
the Genomics of Drug Sensitivity in Cancer (GDSC), a publicly avail-
able dataset containing 1001 molecularly annotated human cancer
cell lines and their individual drug response to 265 drugs. Mining
the preprocessed dataset of binarized median inhibitory concentra-
tion (ICsg) values (sensitive or resistant), we cross-matched drug pro-
files and identified substantial coresistance signatures across classes
of drugs (grouped in 21 targeted processes or pathways) as analyzed
in the GDSC. We visualized these signatures as a network and semi-
quantitatively sorted coresistance occurrence as drugs with similar
“resistant” denomination in the same cell line, evaluating all tested
cell lines processed according to GDSC classification (Fig. 1A). We
subsequently narrowed down these interactions within classes of
drugs that contain >60% of coresistance signatures. Among the >21
drug classes analyzed, antimitotic drugs and EGFR-TKIs represent
two chemically different drug classes that have the highest coresist-
ance frequency. Looking into individual cases, an example of note-
worthy coresistance identified occurred between paclitaxel and
inhibitors of EGFR signaling (gefitinib, erlotinib, afatinib, lapatinib,
and cetuximab). The coresistance frequency of these EGFR-TKIs in
cancer cell lines classified as paclitaxel resistant is 84 to 92% (Fig. 1B)
and was among the high-ranking, chemically different drugs to have
coresistance with paclitaxel. Paclitaxel had the lowest discretization
threshold among all antimitotic drugs with >80% coresistance match
to gefitinib (11 drugs; fig. S1A). Clustering these matched coresist-
ance cases according to cancer types, lung and pancreatic cancer cell
lines denote cells to have most likely co-occurring resistance between
paclitaxel and EGFR-TKIs (fig. S1B). Identification of vulnerabili-
ties that drive the intermediate stages of this coresistance is impor-
tant, given that the sequence of paclitaxel-based chemotherapy and
EGFR-TKIs and their combinations are actively being considered
in the clinic.
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First-line therapy failure to paclitaxel imparts secondary
resistance to EGFR-TKIs
Using cancer cell lines derived from human and mouse lung cancers
(nine) and human pancreatic cancers (three), we developed an
experimental strategy to select which cell lines are suitable to use as
sequential resistance models, where first-line therapy resistance (anti-
mitotic drugs) relays drug-specific trajectory to a secondary resistance
(EGFR-TKIs). By subjecting a panel of 12 cell lines with diverse onco-
genic driver profiles (i.e., KRAS G12 missense mutations, MET am-
plification, and EGFR exon 19 deletion, among others) to two protocols
of short-term (~19 days) drug selection [one expanded from a single
formed colony after selection and the other expanded from multiple
colonies (admixture) to infer to what intensity heterogeneity influ-
ences resistance potential capacity regardless of genetic drivers (fig.
S2A and see Materials and Methods for details)], we were able to char-
acterize which cell lines are suitable for further resistance selection
experiments and discriminate cell populations that are able to ex-
pand after increasing drug-induced pressures to avoid choosing cell
lines that become highly senescent during initial selection. A549, H1993,
LLC (Lewis lung carcinoma), and PC-3 cells appeared to have high
population expansion than any other cell lines upon selection to
microtubule-targeting drugs paclitaxel, docetaxel, and epothilone B
(fig. S2B). Among the six antimitotic drugs with highest coresistance
ranks to EGFR-TKIs, GSK269962A (Rho-associated protein kinase
inhibitor) and PF-562271 (FAK inhibitor) prevented further selection
of most populations, while paclitaxel and epothilone B enabled most
populations to expand. We next inferred from cells expanded in
paclitaxel which cell lines are mostly capable of generating tolerant
populations under a gefitinib pressure (fig. S2C). The same cell lines
that have the highest surviving fraction following paclitaxel selection
displayed high gefitinib resistance potential (fig. S2D). Meanwhile, ex-
pansion from admixture of multiple single colonies widely altered the
resistance potential of most cells upon drug selection (protocol 2 results).
To experimentally explore the coresistance between paclitaxel and
EGFR-TKIs, we generated 16 cell lines with primary acquired resist-
ance to paclitaxel (both stable and transient models) by an in vitro
stepwise clonal evolution protocol (Fig. 1C, fig. S3A, and see Mate-
rials and Methods for details). Most of these stable (PTXR) and tran-
sient (PTXP) paclitaxel-resistant cell lines display high collateral
resistance to docetaxel, a semisynthetic analog of paclitaxel (Fig. 1D).
Across these cell lines, paclitaxel resistance is associated with pro-
motion of G;-S phase cell cycle transition (fig. S3B), indicative of loss
of cell growth control. These PTXP and PTXR cell lines have also
developed collateral resistance to other microtubule-targeting drugs
epothilone B and vinorelbine but not to vinblastine (fig. S3, C to E),
recognizing previous reports that looked into the collateral resistance
cases of various paclitaxel-resistant cancer models (25-27). As a pre-
liminary validation screen, we characterized three PTXR cell lines
(A549-PTXR, LLC-PTXR, and PC-3-PTXR) displaying stably high
paclitaxel resistance for collateral sensitivity or resistance to 14 chemo-
therapy and targeted therapy drugs (Fig. 1E). Consistent with our GDSC
data analysis, EGFR-TKIs gefitinib, erlotinib, and afatinib are col-
laterally resistant with paclitaxel with >5-fold ICs increase in PTXR
cells compared to parental cells. Exemplifying this validation, we ob-
served similar collateral resistance signature across our PTXP and
PTXR cell lines based on fold increase in ICsq values relative to their
parental counterparts (Fig. 1F and fig. S4A) and colony formation
(fig. S4B). Substantiating these results in vivo, A549-derived paclitaxel-
resistant xenograft tumors notably displayed collateral resistance to
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Fig. 1. Paclitaxel resistance primes selection trajectories of cancer cells to EGFR-targeted therapies. (A) Circos plot visualization of coresistance signatures of 265 drugs
screened in 1001 human cancer cell lines processed from the publicly available database of the GDSC. Drugs were classified according to their main target mode of action. Note
that coresistance is viewed as either co-occurring bidirectional or one-directional event as identified in the preprocessed data files of binarized response of cell lines to drugs in
the GDSC. RTK, receptor tyrosine kinase; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; IGFR, insulin-like growth factor receptor. (B) Radial histogram plot
visualization of correlated drugs ranked on the basis of their coresistance classification with paclitaxel resistance derived from their sensitivity response in the panel of cell lines
tested in the GDSC datase (left). Discretization threshold of binarized drug response (sensitive or resistant) of paclitaxel and EGFR-TKIs gefitinib, erlotinib, afatinib, lapatinib, and
cetuximab (right). (C) Cellular models of paclitaxel resistance used in this study. (D) Characterization of acquired primary paclitaxel and collateral docetaxel resistance in a pan-
el of PTXP (6 cell lines), PTXR (10 cell lines), and their parental lines derived from human and mouse lung and human pancreatic cancers. Stability of resistance was assayed
using 21- and 35-day drug holidays. Cells were treated with or without drugs for 72 hours with a concentration dilution series and were assayed for sulforhodamine B (SRB).
Representative of three independent experiments. (E) Validation screening of collateral resistance evaluated in a panel of PTXR cell lines with selected drugs representing
chemically different classes (selected from a pool of drugs with >80% coresistance classification with paclitaxel) in two PTXR cell lines with the highest resistance (A549-PTXR and
PC-3-PTXR). Resistance was assessed on the basis of ICs, fold change relative to parental cell lines assayed as in (D). (F) Characterization of collateral EGFR-TKI (gefitinib, erlotinib,
and afatinib) resistance in the same panel of cell lines and assay as in (D). Representative of three independent experiments.

ondary resistance to EGFR-TKIs, regardless of the genomic background
of cancer cells.

gefitinib even at a high dose (fig. S5). Meanwhile, there is good
agreement with GDSC datasets that resistance to other antimitotic
drugs such as docetaxel, epothilone B, and vinorelbine may have

coresistance to EGFR-TKIs (fig. S6A). To functionally validate this
correlation, we established transient acquired resistance to epothilone
B in two lung cancer cell lines (A549-EBR and H1993-EBR cells; fig.
S6B). Both EBR lines displayed marked collateral resistance signa-
ture to gefitinib (fig. S6, C and D), supporting the idea that resistance
to microtubule-targeting drugs besides paclitaxel may convey sec-
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Drug-tolerant persistence to EGFR-TKIs reveals unique
selection trajectories to a stable resistance in
paclitaxel-resistant cancer cells

We next sought to establish an experimental model of minimal re-
sidual drug-tolerant persisters derived from parental, PTXP, and
PTXR cell lines that can survive cytotoxic exposure to EGFR-TKIs
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with a reversible resistance capacity (herein referred to as “EGFR-TKI
persisters”). Although the reversible, nonmutational mechanisms of
this persister model is still poorly understood (10, 22), a “convertible
resistance” model whereby drug tolerance can shift from and to a sen-
sitive state is beneficial to uncover trajectories to a more stable resistant
state. Defining the state of persistence in cancer remains problematic
as it differs from other mechanisms of drug sensitivity and its heri-
tability as a phenotype is still unclear. The terms “drug tolerance”
and “drug persistence” are used interchangeably in many instances,
but these two phenotypes differ in cases of resilience during drug treat-
ment at the whole and subpopulation levels, respectively (28). Through-
out this paper, we reserved to describe persistence as a capacity of
an expanded subpopulation of cancer cells from drug-induced se-
lections to regain sensitivity after drug removal that can be reverted
back to a drug-tolerant persistence mode. In deriving EGFR-TKI per-
sisters, we primarily chose the cell lines that had considerable toler-
ability to gefitinib following paclitaxel exposure (rationale of cell line
choice based from fig. S2). These cell lines are A549, H1993, and
PC-3, which have variable intermediate sensitivities to EGFR-TKIs
(gefitinib, erlotinib, and afatinib) at the parental state (ICsq values, 1 to
18 uM). As a supplement to these models, we also derived gefitinib
persistence from known EGFR-TKI hypersensitive cell lines PC9
and HCC827, both of which harbor EGFR exon 19 deletion mutation.
Modifying a previously established protocol on EGFR-TKI persisters
(12), we derived slow-doubling fractions of surviving persisters that
emerged from all cell lines (parental, PTXP, and PTXR), which, upon
further maintenance with low drug concentrations, can maintain
persistence while continuing population expansion in culture. We
observed patterns of negligible growth before colony-derived expan-
sions of these EGFR-TKI persisters, which has also been observed in
other persister models (12). Drug holidays, short or long term, sen-
sitize the sustained drug tolerance of these persisters, but selection
to the same drug allows these persisters to reacquire sensitivity to
gefitinib or erlotinib in varying proportions. This reversibility of re-
sistance indicates nonmutational resistance mechanism, as previously
observed in other persister models derived from lung adenocarcinoma,
melanoma, and breast cancer (10, 12, 22). Persistence to gefitinib or
erlotinib is relatively higher in PTXP and PTXR cells and takes a
relatively longer drug holiday to be sensitized and their tolerance to
be rederived than persistence developed in parental cells (Fig. 2A and
fig. S8, A and B). These differences in growth response to gefitinib or
erlotinib were coordinated by variable rates of DNA synthesis during
persistence selection (fig. S7). This induced persistence by gefitinib
or erlotinib also displayed variable collateral persistence folds to other
EGFR-TKIs afatinib and lapatinib (Fig. 2B), although it should be
noted that collateral persistence to afatinib in all gefitinib or erlotinib
persisters was barely rederived after a long-term drug holiday. Ex-
pansion of persistence-derived colonies in increasing concentrations
of gefitinib generated higher drug tolerance capacities especially in
PTXP- and PTXR-derived cells (Fig. 2C and fig. S8C). Next, we sought
to determine whether prior paclitaxel selection might influence re-
sistance stability projections of these persisters through a stepwise
drug selection approach to gefitinib or erlotinib (Fig. 2D and fig. S8D).
As expected, paclitaxel resistance predisposed (PTXP and PTXR) cells
to acquire a more stable resistance signature to gefitinib and erlotinib
derived from persisters compared to parental-derived cells (Fig. 2,
E and F, and fig. S8, E and F). While there is a marked widespread
selection for a stable collateral resistance to EGFR-TKIs in all PTXP
and PTXR cells upon entry to a persister state, we cannot disregard
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the fact that most of the parental cells from which these paclitaxel-
resistant lines were derived have variable, intermediate sensitivity
profiles to EGFR-TKIs, with the exception of EGFR-mutant cell lines.
Clinical interpretation of the drug concentrations reflected in our as-
says can be accurately amended by the use of patient-derived cells
and mouse models to which we can only argue as venue for a sepa-
rate study. Although further work will be needed to confound off-
target mechanisms, our data strongly suggest that paclitaxel resistance
is a common ground in many cell lines we tested for successful se-
lection in subsequent EGFR-TKI treatment.

Entry to EGFR-TKI persistence following paclitaxel resistance
is functionally coupled with an enriched stemness profile

We set out to explore what mechanisms drive the trajectory to an
EGEFR inhibitor-specific persistence following paclitaxel resistance.
The cancer stem cell (CSC) phenotype has been substantially impli-
cated in the reversible drug tolerance to EGFR-TKIs (10). Acquisition
and maintenance of this phenotype are closely linked to a concur-
rent mesenchymal plasticity. Given that most of our cell line panels
are epithelial, we first examined whether paclitaxel resistance in-
duces a transition to a mesenchymal state (EMT) using a panoply of
known EMT phenotypic assays. The EMT-inducing transcription
factor (EMT-TF) Snaill was generally amplified across our panel of
6 PTXP and 10 PTXR cell lines (Fig. 3A). PTXP and PTXR lines de-
rived from A549, H1993, and PC-3 cells displayed highly mesen-
chymal profiles compared to their parental lines that resemble primary
epithelial tumor characteristics, evidenced by unanimous up-
regulation of five EMT markers (N-cadherin, vimentin, fibronectin,
Slug, and B-catenin) and down-regulation of the epithelial marker
E-cadherin (Fig. 3A). Along with these, extracellular transforming
growth factor-p (TGF-f) antagonists bone morphogenetic protein
(BMP) ligands exhibited a collective down-regulated expression signa-
ture in PTXP and PTXR cells relative to parental cells (fig. S9A) while
the opposite for BMP antagonists Gremlin (GREM1) and Chordin-
like 2 (CHRDL2) (fig. S9B), indicating that TGF-B is a potent inducer
of EMT in our paclitaxel-resistant models. We then examined wheth-
er this mesenchymal profile is consequential to acquiring EGFR-TKI
persistence. Pharmacological inhibition of TGF-B1 by LY364947 com-
plemented these observations with suppression of both mesenchymal
phenotype and secondary resistance to gefitinib and erlotinib, while
reversible sensitization was observed upon treatment with recombi-
nant TGF-BI in PTXP and PTXR cells (fig. S9, C and D). To examine
whether EMT is a crucial factor in the transition from persistence to
a stable secondary resistance, we used an EMT inhibition and res-
cue experiment in EGFR-TKI persisters. PTXP- and PTXR-derived
EGFR-TKI persisters displayed an impaired growth rate upon EMT
inhibition but was recovered upon recombinant TGF-B1 treatment,
all during cytotoxic exposure to either gefitinib or erlotinib (fig. S9,
E and F). Supporting these signatures, nuclear translocation and ac-
cumulation of B-catenin displayed an association with paclitaxel re-
sistance and gefitinib persistence derived from PTXP and PTXR cells
(fig. S10, A to C), indicative of stimulated EMT-TFs (29). These re-
sults indicate that these persisters might exploit EMT to develop col-
lateral resistance to EGFR-TKI following paclitaxel resistance.

We then sought to investigate whether our observed paclitaxel
resistance-specific EMT program permits the acquisition of the
CSC phenotype (Fig. 3B). Gene expression of seven putative stemness
markers (Nanog, Oct4, Lin28, Bmi-1, ABCG2, Sox2, and CD133)
demonstrated a close correlation with the stability of paclitaxel
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Fig. 2. Experimental model of drug persistence reveals varying resistance stabilities to EGFR-TKIs. (A) Generation and characterization of reversible drug-tolerant,
slow-growing persister A549-, H1993-, and PC-3-derived cells in response to indicated EGFR-TKI-induced selection, expansion, and drug holiday schedules in culture
(assayed by SRB). Stability and reversibility of resistance were evaluated using long-term drug holiday schedules (right, bar graph; means + SD of three biological repli-
cates; *P < 0.05, **P < 0.01, ***P < 0.005, Student's t test). See also Materials and Methods. (B) Characterization of collateral persistence to afatinib and lapatinib in A549-,
H1993-, and PC-3-derived gefitinib or erlotinib persisters. Cells were treated with or without drugs for 72 hours with a concentration dilution series and were assayed for
SRB. Representative of two independent experiments. (C) Evolution of established A549-, H1993-, and PC-3-derived persisters to gefitinib during a long-term drug holi-
day. Cells were grown in drug-free media and periodically retested over ~12 weeks for sensitization to EGFR-TKIs (retesting regime: 8 uM gefitinib, 72 hours, assayed by
SRB). Representative of two independent experiments. (D and E) Long-term growth of indicated GPs after over ~2 months of stepwise selection to gefitinib to stabilize
resistance. Cells were then retested upon treatment in 8 uM gefitinib at indicated times and were assayed by SRB. Values are relative to nontreated. Representative of two
independent experiments. (F) Resistance status to both paclitaxel and gefitinib of A549-, H1993-, and PC-3-derived persister pools generated as in (D) and expanded
under increasing concentrations of gefitinib. Cells were treated with or indicated concentration of drugs for 72 hours and were assayed by SRB.
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Fig. 3. Paclitaxel resistance-induced EMT enriches and facilitates stemness to consequentially drive EGFR-TKI persistence. (A) Quantitative reverse transcription

polymerase chain reaction (qRT-PCR) analysis of SNAI1 expression in our panel of 6 PTXP and 1
markers in indicated A549-, H1993-, and PC-3-derived cells. Values are relative to parental and w

0 PTXR cell lines and expression of other indicated EMT and stemness
ere normalized to glyceraldehyde phosphate dehydrogenase (GAPDH)

levels (means + SD of three biological replicates). Representative of three independent experiments. (B) Schematic of cancer stemness characterization of GPs derived

from parental, PTXP, and PTXR lines. (C) Western blot analysis of expression of indicated stemnes

s markers in A549-derived parental, PTXP, and PTXR cells upon NANOG

RNA interference (RNAI) for 48 hours. Actin was used as a loading control. Representative of two independent experiments. (D) Schematic of 3D spheroid-like cell formation
(herein referred to as “3D cell spheres”) in our in-house built polymeric thin-film 3D culture plates [on the surface of functionalized poly(2,4,6,8-tetravinyl-2,4,6,8-tetramethl
cyclotetrasiloxane) (pV4D4)]. 3D sphere formation is characterized with higher stemness as shown in RT-PCR analysis of gene transcripts in A549 cells. (E) Schematic of GP
development in A549-derived 3D cell spheres used in (F). GEF, gefitinib; ERL, erlotinib. (F) 3D sphere diameter measurements of indicated A549-derived GPs, grown for
4 days before phase-contrast imaging (top). qRT-PCR analysis of Nanog and Lin28 expressions in the same panel of 3D cell spheres as in the top panel (middle and bottom,
respectively). Values are relative to parental control (means + SD of a representative experiment performed in triplicate; *P < 0.05, **P < 0.01, ***P < 0.005, Student's t test).

(G) Schematic of Nanog RNAi and EMT inhibition in 3D cell spheres of A549 rederived GPs used in

(H). (H) 3D cell sphere diameter measurements of indicated A549 rede-

rived GP spheres upon Nanog RNAi or EMT inhibition for 3 days (left) or treatment with or without 10 uM LY364947 for 12 hours (right). Values are relative to RNAi or di-
methyl sulfoxide control (means + SD of a representative experiment performed in triplicate; P values by Student’s t test).
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resistance in PTXP and PTXR cells (Fig. 3A). Using Nanog as a proxy
master regulator of this stemness, we used an RNA interference
(RNAIi) and multiple three-dimensional (3D) cell culture-based assays
to examine the regulation of this phenotype. Nanog RNAi suppressed
stemness signals, including connective tissue growth factor (CTGF),
a regulator of mesenchymal plasticity (Fig. 3C). Incorporating our in-
house built polymeric thin film-based 3D culture system that allows
for a relatively faster formation of tumor spheroids (30) (see Materials
and Methods), we established a mesenchymal-enriching 3D sphere
formation assay that mimics a physiological dimension important
for tumor formation (Fig. 3D). We then generated 3D sphere-forming
gefitinib persisters (GPs) that are associated with Nanog expression
(Fig. 3E and fig. S10D). The diameter size of these 3D spheres cor-
related with the drug response of GPs derived from parental, PTXP, and
PTXR cells (Fig. 3F). We found that Nanog and Lin28 expressions are
correlated with reversible persistence specific to PTXP- and PTXR-
derived GP spheres but not to parental-derived persister spheres (Fig. 4F).
In 3D, CSC-like cells form invadopodia, invasive protrusions important
for the dissemination of tumor cells in a constricted physiological space.
To explore whether the CSC phenotype of PTXP- and PTXR-derived
GPs is associated with invadopodia formation, we cultured the cells
in stacked 3D rat-tail collagen gels supplemented with EGF and ob-
served invadopodia-like structures in all derived persisters (fig. S10E).
Since invadopodia are retractile structures, we hypothesized that if
these structures are associated with gefitinib persistence, then res-
cue from persistence aversion (after a long-term drug holiday; “rede-
rived persisters”) can induce evident morphological difference
among persisters derived from parental, PTXP, and PTXR lines. Rede-
rived GPs from PTXP and PTXR cells exhibited longer protrusions
compared to those of their parental origins (fig. S10E). Distribution
and accumulation of TKS5, an invadopodia marker, validated the
formation of these structures, at least those formed in rederived GPs
(fig. S10F). Supporting the hypothesis that Nanog-directed stemness
might be responsible for this phenotype, Nanog RNAi resulted in
the inhibition of this protrusion in PTXR rederived GPs (fig. S10G),
similar to effects observed with the abolished sphere formation
capacity of 3D rederived GPs (Fig. 3, G and H). Together, these re-
sults support the idea that paclitaxel resistance uses EMT to enrich
stemness in developing persistence to EGFR-TKIs.

Stemness regulates glycolytic metabolism to develop
selection routes to EGFR-TKIs in paclitaxel-resistant

cancer cells

A requirement for the dissemination of CSCs is an altered metabolic
state such as a metabolic switch leading to a glycolytic dependency
(31). To examine whether paclitaxel resistance rewires the metabolic
demand by enriching stemness to develop EGFR-TKI persistence,
we characterized our panel of 16 PTXP and PTXR cell lines for de-
pendency to glycolysis and glutaminolysis. Incorporating the glycol-
ysis inhibitor 2DG (2-deoxy-D-glucose) and glutaminase inhibitor
BPTES [bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide],
most PTXP and PTXR cell lines displayed sensitization to these in-
hibitors (Fig. 4, A and B). Treatment with 2DG, BPTES, or GNE-140
[lactate dehydrogenase A (LDHA) inhibitor] obliterated the collateral
gefitinib resistance in PTXP and PTXR cells (Fig. 4C). Furthermore,
expressions of glucose transporter GLUT1 and glycolytic dependency
promoter CDKS8 were increased in PTXP and PTXR cells compared
to parental cells, and both were generally associated with gefitinib
persistence (Fig. 4D). We then examined how paclitaxel resistance
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might abolish any tolerance to reduced glucose levels in GPs. Con-
sistent with an escalated glycolytic dependency, PTXP- and PTXR-
derived GPs have a reduced tolerance to glucose deprivation yet
remained responsive to supplementation (Fig. 4E). Next, we inspected
the status of the mammalian target of rapamycin complex 1 (mTORC1)
and AMP-activated protein kinase (AMPK) pathway, a key regulator of
cellular energy production that defines the integrity of glycolytic depen-
dence (32). 2DG, also an inhibitor of signaling to mTOR effectors,
abolished the mTORC1-mediated phosphoactivation of S6K1 at 6 hours
only in PTXR-derived GPs. Note that at 24 hours, a striking blockade
of phosphorylation was observed in both parental- and PTXR-
derived GPs. The specificity of regulation in PTXR-derived GPs was
also supported by inhibition of phosphoactivation of ribosomal
protein $6, persistence of AMPK-mediated Ser*’* phosphorylation
of sterol regulatory element-binding protein-1c (SREBP-1c), and an
inhibited basal level of the active form of SREBP2 upon glycolysis
disruption (Fig. 4F). Since EGFR signaling can maintain the de novo
pyrimidine biosynthesis pathway in addition to altering glucose
metabolism in response to EGFR-TKIs, we determined whether our
observed regulation of mMTORC1-mediated glycolytic dependence
might also hold true in the context of other glycolysis inhibitors (i.e.,
LDHA inhibitors). We used our rederived GPs derived from both
parental and PTXR cells, as they were the most responsive to low
concentrations of GNE-140 (fig. S11A). PTXR rederived GPs halted
a rather sustained Ser'®”® phosphorylation of CAD, a first step re-
quirement in de novo synthesis of pyrimidines, upon treatment with
GNE-140 or oxamate compared to those from parental cells. Notably,
this PTXR specificity was supported by suppression of the EGFR-
diversifying receptor tyrosine kinase AXL in GNE-140- or oxamate-
treated PTXR rederived GPs. However, note that in parental rederived
GPs, AXL was also suppressed but most likely because of the gefitinib
treatment while rederiving persistence, which is apparent in gefitinib-
treated only cells (Fig. 4G). On the basis of their subsequent effect
on AXL, we further examined whether GNE-140 or oxamate sen-
sitizes EGFR-TKI persisters derived from paclitaxel resistance to
gefitinib or erlotinib. Treatment with GNE-140 or oxamate highly
sensitized both gefitinib and erlotinib persistence (derived and
rederived) in PTXR cells compared to those in parental and PTXP cells
(Fig. 4H and fig. S11B), suggesting that high paclitaxel resistance
affects a demanding glycolytic process in developing persistence to
EGFR-TKIs that can totally be reversed by blocking multiple important
nodes in the glycolysis pathway such as blocking the conversion of
pyruvate to lactate.

We next asked whether stemness is responsible for maintaining
this shift to a more glycolytic dependence. We initially characterized
the expression of stemness markers upon glycolysis inhibition. 2DG
effectively inhibited stemness gene expression and induced a modest
down-regulation of CDK1 in parental-derived GPs but not in PTXR-
derived cells where these markers were either unaltered or affected
subtly (Fig. 41). Since Nanog can metabolically reprogram the subset
of tumor-initiating CSC-like cells (33), we aimed to further charac-
terize the state of glycolysis in the context of Nanog regulation. Upon
Nanog RNAj, treatment with GNE-140 induced both apoptotic mor-
phology (fig. S11C) and complete sensitization during drug per-
sistence maintenance in culture (fig. S11, D and E), while treatment
with 2DG suppressed glycolytic proteins and enzymes GLUT1 and
hexokinase-II complemented with total inhibition of phosphoacti-
vation of S6 in PTXR-derived GPs (Fig. 4]). This suggests that
Nanog controls the glycolytic dependence state in response to 2DG.
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Fig. 4. Stemness is functionally associated with a glycolytic metabolism in EGFR-TKI persisters derived from paclitaxel-resistant cancer cells. (A and B) Charac-
terization of glycolysis and glutaminolysis dependency of indicated PTXP and PTXR cell lines upon treatment with or without 2DG or BPTES with a concentration dilution
series and assayed for SRB (means + SD of three biological replicates). (C) Colony formation assay of parental, PTXP, and PTXR derived from A549 and PC-3 cells following
indicated drug treatment regimes (10 mM 2DG, 10 uM BPTES, or 8 uM GNE-140 for 24 hours, followed by 5 uM gefitinib for 72 hours and then equally reseeded in drug-free
media following 8 days of culture). Representative of two independent experiments. (D) Representative images of immunofluorescence of CDK8 (green) and GLUT1
(magenta) in indicated A549-derived control and GPs. Nuclei are shown in blue [4',6-diamidino-2-phenylindole (DAPI)]. Scale bars, 25 um. Representative of two indepen-
dent experiments. (E) Glucose titration curves for indicated A549-derived GPs. Values were normalized to growth in 10 mM glucose-containing media (0 mM glucose
represents glucose-deprived media; means + SD of two biological replicates). (F) Western blot analysis of indicated proteins in the mTOR/AMPK pathway in A549-derived
GPs upon treatment with or without 10 mM 2DG for indicated times. Tubulin was used as a loading control. Representative of two independent experiments. (G) Western
blot analysis of phospho-CAD (Ser'®>%) [p-CAD®*""®59] and AXL expressions in indicated A549-derived GPs upon treatment with or without LDHA inhibitors GNE-140 (8 uM)
or oxamate (40 mM) for 24 hours, followed by treatment with or without 5 uM gefitinib for 24 hours. Tubulin was used as a loading control. Representative of two inde-
pendent experiments. (H) Sensitivity characterization of indicated A549- and PC-3-derived GPs upon treatment with or without 8 uM GNE-140 or 40 mM oxamate, fol-
lowed by treatment with gefitinib for 72 hours with a concentration dilution series and assayed for SRB (means + SD of three biological replicates). (1 and J) Western blot
analysis of indicated stemness and glycolysis marker expressions in indicated A549-derived GPs upon treatment with or without 10 mM 2DG for 24 hours. A549-PTXR GPs
underwent NANOG RNAi for 48 hours, followed by the same 2DG treatment. Tubulin and GAPDH were used as loading controls. Representative of two independent ex-
periments. (K) Phase-contrast images of indicated A549-derived GP 3D cell spheres upon NANOG RNAi for 48 hours, followed by indicated glucose modifications for 12 hours
(rescue indicates culture in 10 mM glucose-containing media). Representative of two independent experiments. Scale bars, 70 um. (L) Glucose uptake, lactate secretion,
and glutamate consumption measurements in indicated A549-derived GPs upon NANOG RNAi for 48 hours (RLU, relative luciferase units; means + SD of three biological
replicates; ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.005, Student’s t test).

To functionally confirm whether Nanog is a glycolytic reprogramming  in these parameters only in PTXR-derived GPs but not in parental-
factor specific to developing gefitinib persistence derived from PTXR  derived cells (Fig. 4L and fig. S11F).

cells, we examined the sphere-forming capacity of these cells upon

glucose deprivation and rescue. Nanog RNAi abolished the stemness ~ Adaptive senescence is a metabolically responsive

rescue mechanism in PTXR-derived GPs (Fig. 4K). Next, we checked ~ phenotype exploited by paclitaxel-resistant cancer cells

the functional parameters of glycolysis dependence upon Nanog RNAi.  under EGFR-TKI pressure

Basal levels of glucose uptake, lactate secretion, and glutamine con-  To link stemness-regulated control of metabolism in GPs derived from
sumption were higher in PTXP- and PTXR-derived GPs than those  paclitaxel resistance to stress adaptation, we focused on a recently
derived from parental cells. Silencing Nanog prevented the increase  described adaptive stress response phenotype exploited by cancer cells
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to evade killing: a therapy-induced senescence (TIS)-associated stem-
ness reprogramming (34). We tested whether the glycolytic stemness
associated with our gefitinib persistence model derived from pacli-
taxel resistance uses senescence as a stress response during therapy.
We first subjected the cells to serial long-term passaging in culture
and subsequently starved them of glucose to trigger a glycolytic cell
cycle arrest, followed by 1-week expansion in culture. Notably, only
GPs derived from PTXP and PTXR, but not from parental, stained
positive for a strong senescence-associated B-galactosidase (SA-B-gal)
activity (Fig. 5, A and B). However, rescue in high-glucose media for
3 days was not sufficient to escape from senescence, at least in cells
derived from PTXR cells (Fig. 5A). We then observed the effects of
serial passaging in population expansion upon glucose modification.
As expected, only those derived from PTXP and PTXR cells showed
an arrested colony growth when compared to parental-derived GPs
(Fig. 5C), supporting the active SA-B-gal positivity in PTXP- and PTXR-
derived GPs. In addition, elevated levels of genes encoding p16™<**
and the senescence-associated secretory phenotype (SASP) compo-
nents and reduced expression of Lamin B1 further confirmed this
senescence phenotype (Fig. 5D). This induced senescence upon glu-
cose modification was associated with maintained expression of stem-
ness markers in PTXR-derived GPs (Fig. 5E). Because this signature
of stemness-associated TIS has previously been observed to be reg-
ulated by the activation of a specific Wnt cascade (34) with B-catenin
degradation-promoting glycogen synthase kinase 38 (GSK3p) acting
as the cell-autonomous driver of this Wnt program (34), we checked
the Ser’ phosphorylation activity of GSK3p under our induced se-
nescence condition. Unexpectedly, there was higher phosphorylated-
GSK3p activity and a down-regulated signature of active B-catenin
(dephosphorylated at Ser’) in senescent PTXR-derived GPs (Fig. 5E).
Despite our premature expression data, this signature reflects that in-
duction of senescence in PTXR-derived GPs might be governed by
Wnt-directed capability. To test whether regulation of canonical
Wnt signaling via GSK3p functionally influences our model, we used
the GSK3p inhibitor CHIR99021 (GSK3i). Examining the exit from
senescence to apoptosis, we found that GSK3pi did not significantly
affect the activities of caspase 3/7 and caspase 9, with some modest
exceptions in senescent PTXR-derived GPs when compared to
parental-derived persisters (Fig. 5F). However, Nanog RNA1 signifi-
cantly increased the activities of these caspases and led to a robust
suppression of SASP components interleukin-10 and CXCL-1 upon
GSK3pi in PTXR-derived GPs, suggesting that inhibition of stem-
ness might be required to exit from senescence and facilitate apop-
tosis in these cells (Fig. 5G), as previously observed in senescent B
cell lymphomas with a reprogrammed stemness profile (34). We next
characterized whether stemness-directed migration is still retained in
senescent PTXR-derived GPs and whether it is regulated upon GSK3pi.
Senescent PTXR-derived GPs continue to migrate despite the active
senescence positivity, reflective of an adaptive senescence phenotype
previously shown in a melanoma model. GSK3pi alone can abolish
this migration but was superimposed upon Nanog RNAi (Fig. 5H).
Furthermore, we found a much higher fraction of cells positive for
active nuclear B-catenin before senescence induction in PTXR-derived
GPs compared to parental-derived cells where active B-catenin is
mostly cytoplasmic. Upon senescence induction, there was an evident
decrease in active B-catenin, but this was abrogated upon GSK3pi with
sparse expression both in the nucleus and cytoplasm. Nanog RNAi
reinforced this signal suppression and was able to fully repress nu-
clear B-catenin (Fig. 5I). Although we cannot completely preclude
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alternative interpretations, these results favor our hypothesis that
gefitinib persistence following paclitaxel resistance uses stemness-
associated senescence as an adaptive stress response mechanism
during perturbations in glucose metabolism.

A rewired apoptosis control pathway supports

the development of secondary EGFR-TKI resistance

in paclitaxel-resistant cancer cells by regulating
stemness-directed fates

Apoptosis is a commonly hijacked program in developing drug re-
sistance (1). To collectively resolve how EGFR-TKI persistence gen-
erated from paclitaxel-resistant cancer cells phenotypically couples
apoptosis evasion to cellular state rewiring, we studied the potential
functional role of FOXO3a, a transcriptional promoter of apoptotic
effectors. FOXO3a has been observed to be required for paclitaxel
resistance (25, 35), and its loss is associated with an impaired cancer-
initiating cell function, at least in leukemia where FOXO3a was
needed for maintenance of the CSC phenotype (36, 37) and resist-
ance development (38). Despite these, FOXO3a is a bona fide tumor
repressor and a major inactivation target of the Akt pathway in many
cancers. A natural idea from this paradox would be that FOXO3a
can be programmed to stall apoptosis and promote resistance. To
resolve this issue, we used a potpourri of strategies to understand how
paclitaxel resistance exploits FOXO3a to influence cell fate during
EGFR-TKI treatment. We first examined the correlation between
FOXO3a expression and survival in clinical cohorts of patients with
breast or lung cancers, two cancer types that represent a large frac-
tion of cell lines concurrently resistant to paclitaxel and EGFR-TKIs
in our GDSC analysis. Using publicly available microarray data, we
found that although low FOXO3a expression was generally correlated
with poor relapse-free survival (RES) of treatment-naive patients with
breast cancer, primary and adjuvant chemotherapy led to a wider
gap between low and high FOXO3a expressions, with high FOXO3a
expression significantly correlated with poor RFS (Fig. 6A, top). We
then further assessed the prognostic value of FOXO3a for treatment-
associated relapse from a smaller cohort of patients with breast can-
cer that received sequential cycles of multiagent chemotherapy with
paclitaxel as the last cycle component. Gene expression and immuno-
histochemical (IHC) analysis of FOXO3a in formalin-fixed paraftin-
embedded (FFPE) tumor tissues from these patients revealed that
high FOXO3a expression is strongly correlated with relapse (Fig. 6,
B and C, and fig. S12A). Unexpectedly, high FOXO3a IHC positivity
is mostly associated with metastasis to the lymph node of these
patients with breast cancer (fig. S12B). Intrigued by this correlation,
we adopted our LLC-derived cells to establish a murine model of lung
metastasis and see whether the metastatic propensity of LLC-PTXR
cells is associated with FOXO3a expression (fig. S12C). Consistent
with this hypothesis, basal gene expression of FOXO3a and its
putative transcription targets insulin receptor substrate 2 (IRS2)
and tumor necrosis factor superfamily member 10 (TNFSF10) were
up-regulated, while ribosomal protein S6 kinase beta-1 (RPS6KB1),
a gene encoding for a downstream protein target of the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway, was down-regulated
in PTXR metastasized tumors from the lung, liver, and spleen
(fig. S12D), encouraging the notion that paclitaxel resistance of
metastasized tumors uses FOXO3a possibly to promote further
resistance development. Likewise, in large cohorts of patients with
breast cancer, there is a significant signature of FOXO3a over-
expression in patients that underwent chemotherapy alone or in
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Fig. 5. An adaptive-like senescence phenotype is a stemness-directed metabolic stress response of EGFR-TKI persisters derived from paclitaxel-resistant cancer
cells. (A) SA-B-gal staining of indicated A549-derived GPs under indicated culture conditions and glucose modification at indicated times, followed by 3-day high-glucose
culture for PTXR GPs (bottom). Cells were passaged over ~36 times before experiment. Representative images are shown (left) along with quantified data as percentage
(right; means + SD of three biological replicates; *P < 0.05, **P < 0.01, ***P < 0.005, Student’s t test). (B) Representative images of SA-B-gal (green) immunofluorescent la-
beling using a C12FDG substrate in indicated A549-derived GPs under the indicated culture conditions. Nuclei are shown in blue (DAPI). Scale bars, 20 um. Representative
of two independent experiments. (C) Colony counts of indicated of early serial passages of A549-derived GPs under indicated culture conditions (means + SD of three
biological replicates; *P < 0.05, **P < 0.01, Student’s t test). (D) qRT-PCR analysis of expression of p16™"K*® and other indicated SASP components in indicated A549-derived
GPs upon indicated culture conditioning. Values were analyzed relative to actin levels to control for complementary DNA (cDNA) quantity (means + SD of three biological
replicates; *P < 0.05, **P < 0.01, ***P < 0.005, Student’s t test). AU, arbitrary units. (E) Western blot analysis of indicated stemness marker and Wnt5a pathway marker ex-
pressions in A549-PTXR GPs upon indicated culture conditioning. Tubulin was used as a loading control. Representative of two independent experiments. (F) Caspase 3/7
DEVDase and caspase 9 activities of indicated A549-derived GPs upon indicated culture conditioning following NANOG RNAi for 48 hours (means + SD of three biological
replicates; *P < 0.05, **P < 0.01, ***P < 0.005, Student’s t test). OD, optical density. (G) gRT-PCR analysis of interleukin-Ta (IL1a:) and CXCL1 expressions in A549-PTXR GPs
under indicated culture condition upon treatment with or without GSK3i inhibitor (1 uM) for 48 hours following NANOG RNAI for 48 hours (means + SD of three biological
replicates; *P < 0.05, **P < 0.01, Student’s t test). (H) Transwell Matrigel invasion assay of A549-PTXR GPs under the same condition, treatment, and RNAi as in (G) (means +
SD of three biological replicates; **P < 0.01, ***P < 0.005, Student’s t test). DMSO, dimethyl sulfoxide. (I) Representative images of active B-catenin (gray) in indicated
A549-derived GPs under indicated culture conditions upon treatment with or without CHIR99021 (low, 1 uM; high, 5 uM) for 48 hours following NANOG RNAi for 48 hours.
Nuclei are shown in blue (DAPI). Scale bars, 25 um. Representative of two independent experiments.

combination regimes with hormone and radiotherapy (fig. S13A).
In patients with lung cancer, poor overall and first progression
survival probabilities are significantly correlated with high FOXO3a

ations appear to be varied because of the aggregate categorization of
cell lines per cancer type as processed in an open-tool application
used for the analysis. In support of this, FOXO3a expression, when

expression (Fig. 6A, bottom).

We have previously shown that high FOXO3a activity can drive
multidrug collateral resistance in paclitaxel-resistant cancer cells (25, 35).
Expanding on this, an initial analysis of GDSC and Cancer Cell Line
Encyclopedia (CCLE) datasets revealed that FOXO3a expression is
widely associated with collateral resistance to paclitaxel and EGFR-TKIs
in several malignancies (fig. S13B). However, note that these associ-
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mapped in individual cell lines, is broadly associated with concurrent
taxane and EGFR-TKI resistance in a separate pharmacogenomics
dataset (fig. S13C). Next, we examined the state of apoptosis in GPs
during drug maintenance. We affirmed that FOXO3a expression was
retained in both PTXP- and PTXR-derived GPs but was down-
regulated in parental-derived persisters. Phosphoactivation of CREB
(adenosine 3',5'-monophosphate response element-binding protein),
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Fig. 6. Apoptosis evasion by FOXO3a is crucial to initiate and maintain phenotypic transitions to a stable secondary resistance. (A) Kaplan-Meier plots of RFS of
patients with breast cancer, categorized in cohort groups of systemically untreated, chemotherapy-treated, and adjuvant chemotherapy-treated patients (top) and overall
and first progression survival of patients with lung cancer (bottom). Patient survival data were stratified by FOXO3a expression (low or high) in their primary tumors.
P values were calculated using a log-rank test. (B) qRT-PCR analysis of FOXO3a expression in FFPE tumor tissue sections from patients with breast cancer who underwent
sequential multidrug chemotherapy. Log-transformed gene expression values are relative to the sample with the lowest FOXO3a expression and were normalized to
GAPDH levels (means + SD of two biological replicates). (C) Immunohistochemical analysis of indicated FFPE tumor tissue sections used in (B). Sections were blocked and
probed with FOXO3a antibody and detected using a 3,3"-Diaminobenzidine (DAB) chromagen kit (right). Replicate tissue sections were stained with hematoxylin and eosin (H&E)
(left). All sections were photographed with an inverted phase-contrast microscope (original magnification, x200). Scale bars, 150 um. Representative of two indepen-
dent experiments. (D) Western blot analysis of indicated apoptotic signal expressions in A549-derived parental, PTXP, PTXR, and indicated GPs. Treatment with 20 nM
paclitaxel for 24 hours in parental cells served as a positive control. GAPDH was used as a loading control. Representative of two independent experiments. PARP,
poly(adenosine 5"-diphosphate-ribose) polymerase. (E) FOXO reporter activity induced by FOXO3 in the same cells and conditions as in (D). Values represent ratio fold
induction normalized reporter activity in the presence of FOXO3 to that in the presence of the negative control expression vector (transfected for 48 hours); all relative to
parental control. Reporter activity was measured upon treatment with indicated concentration dilution series of gefitinib for 72 hours in indicated A549-PTXR GPs before
plasmid transfections for 48 hours (right; means + SD of three biological replicates). LU, luciferase units. (F) Western blot analysis of phospho-FOXO3a (T32) expression in indi-
cated A549-derived persisters upon treatment with 8 uM gefitinib for 72 hours. Representative of two independent experiments. SE, short exposure; LE, long exposure.
(G) gRT-PCR analysis of expression of FOXO3a target genes IRS2 and TNFSF10 in the same cells and treatment as in (E). Values are relative to parental and were normalized
to GAPDH levels (means * SD of three biological replicates). (H) Western blot analysis of FOXO3a expression in indicated A549-derived GPs upon FOXO3a RNAi for
48 hours. Tubulin was used as a loading control. Representative of two independent experiments. (I) Western blot analysis of active FOXO3a expression in A549-PTXR GPs
upon transfection with indicated plasmids for 36 hours to induce transcription of an active mutant form of FOXO3a [hemagglutinin (HA)-tagged FOXO3a.TM]. Tubulin
was used as a loading control. Representative of two independent experiments. (J and K) Characterization of FOXO3a translocation in indicated A549-derived GPs by Western
blotting (J) (o-tubulin and histone were used as loading controls for nuclear and cytoplasmic lysates, respectively) and immunofluorescence (K) (cells were transfected
with or without HA-tagged FOX0O3a.TM for 36 hours). Representative of two independent experiments. (L) Gefitinib resistance characterization of indicated A549-
derived GPs upon FOXO3a RNAi for 48 hours or transfection with control or HA-tagged FOX0O3a.TM plasmid for 36 hours following gefitinib treatment for 72 hours with
a concentration dilution series and were assayed for SRB. Values are relative to parental control (means + SD of four biological replicates).
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a prosurvival signal, was induced in all lines of GPs, while expres-
sions of apoptotic markers were subtle in PTXP- and PTXR-derived
GPs compared to those derived from parental (Fig. 6D). A luciferase-
based reporter activity assay showed that FOXO3a was mostly
active in PTXP- and PTXR-derived GPs but was inactive in parental-
derived persisters (Fig. 6E, left). This specificity in persisters derived
from paclitaxel-resistant cells was supported by the correlation of
FOXO3a activity with gefitinib persistence during gefitinib treatment
(Fig. 6E, right). Threonine-32 phosphorylation (Thr*?) of FOXO3a,
a critical posttranslational modification for the inhibition of FOXO3a
proapoptotic function, was inhibited, but total FOXO3a was in-
duced upon drug holiday sensitization in parental-derived GPs, but
not in PTXP- and PTXR-derived cells in response to gefitinib treat-
ment (Fig. 6F), supporting the idea that stability of FOXO3a activity
in the state of gefitinib persistence is relayed by paclitaxel resistance.
Upholding this shift of function to an antiapoptotic role of FOXO3a,
two well-known FOXO3a targets IRS2 and TNFSF10 were increased
in drug holiday-induced sensitization in parental-derived GPs but
were decreased in PTXP- and PTXR-derived persisters (Fig. 6G and
fig. S14A), suggesting that expression of FOXO3a and its targets is
adaptable depending on the persistence state (high in resistant mode
and low in sensitive mode) of paclitaxel resistance—derived GPs.
Supporting these, gefitinib inhibited the kinase activities of EGFR,
AKT, and extracellular signal-regulated kinase (ERK) in parental cells,
whereas in PTXP and PTXR cells, only that of EGFR was suppressed
with AKT and ERK activities sufficiently maintained, functionally
contextualizing the maintained expressions of Thr**-phosphorylated
FOXO3a and p70S6K, a downstream target of the PI3K/Akt path-
way, in PTXR cells upon gefitinib treatment (fig. S15, A and B). Re-
gardless, gefitinib-induced inhibition of EGFR kinase activity was
rescued following GP selection in parental, PTXP, and PTXR cells
(fig. S15B). To uncouple these activity correlations and to better un-
derstand how FOXO3a-mediated apoptosis is rewired as a result of
gefitinib pressure in paclitaxel-resistant cells, we used FOXO3a RNAi
and nonphosphorylatable constitutive active mutant FOXO3a.TM
(TM is a triple mutant form of FOXO3a in which all three Akt phos-
phorylation sites are mutated to alanine; T32A/S253A/S315A) trans-
fections in these cells (Fig. 6, H and I, and fig. S14B). Upon sensitization,
FOXO3a inhibition led to a sufficient suppression of Tyr'*® phos-
phorylation of EGFR in PTXR-derived GPs but not those derived from
parental (fig. S15C). Gefitinib persistence induced a chronic nuclear
accumulation of FOXO3a, which can be translocated to and from
the cytoplasm upon drug holiday sensitization and rederivation of
persistence, respectively, in PTXR-derived cells, while transduction
of FOX03a.TM led to a strong nuclear signal translocation in sen-
sitized GPs (Fig. 6, ] and K, and fig. S14C). To investigate whether
FOXO3a is sufficient and/or required to rewire the apoptosis path-
way in GPs derived from paclitaxel resistance, we characterized the
resistance fold to gefitinib in these cells upon FOXO3a RNAi or
FOXO03a.TM transduction. We found that FOXO3a inhibition led
to reversal of resistance in PTXP- and PTXR-derived GPs but not
those derived from parental, while FOXO3a.TM modestly affected
the response to gefitinib in PTXP- and PTXR-derived persisters but
consistently inhibited resistance in parental-derived, rederived, and
drug holiday-sensitized GPs (Fig. 6L and fig. S14D). Substantiating
this resistance inhibition, FOXO3a.TM led to an increased activa-
tion of caspase 3/7 and caspase 9 activities in parental-derived GPs
but not those derived from PTXP and PTXR (fig. S16A), while inhi-
bition of FOXO3a forced an activation of these caspases in PTXP- and
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PTXR-derived cells but not in parental-derived GPs upon staurosporine
(STS)-induced apoptosis (fig. S16B). Thus, FOXO3a on its own can
rewire a caspase-dependent apoptosis in GPs specifically derived
from paclitaxel-resistant cells.

Subsequently, we sought to examine whether a rewired FOXO3a
function coordinates stemness specific to gefitinib persistence derived
from paclitaxel-resistant cells. Co-occurrence of genes annotated to
be involved in EMT and cancer stemness was high in patients with
lung cancer with an amplified copy number of FOXO3a while low in
patients with FOXO3a deletion (fig. S16C). To further pursue this
correlation in our model, we analyzed ex vivo the xenografts de-
rived from parental and PTXR cells following gefitinib therapy. Re-
sidual tumors that are left behind after the therapy were considered
resistant following a 20-day daily gefitinib regimen (fig. S16D). Phos-
phorylation of EGFR (Tyr'%®) was partially inhibited in all of these
residual tumors (fig. S16D). Exemplifying our FOXO3a model, re-
sidual PTXR-derived tumors expressed a more pronounced activation
of FOXO3a compared to parental-derived tumors following high-
dose gefitinib therapy (fig. S16D). This activation strongly correlated
with high gene and protein expressions of stemness markers (fig. S16,
E to G), including CD133, a putative cancer stemness marker previ-
ously shown to be highly enriched in drug-tolerant persister cancer
cells (10). Supporting this, we observed a reversal of the 3D mesen-
chymal morphology in PTXR-derived GPs and an inhibited stemness
potential in vitro (fig. S16, H and I). Consistent with previous studies
showing a functional shift in the role of FOXO3a in drug-resistant
cancer cells (38), all of these results argue that FOXO3a is sufficient
to direct apoptosis evasion that phenotypically affects the state of stem-
ness in a GP model following prior paclitaxel resistance.

Dispensability of some putative resistance-promoting
mechanisms in drug-tolerant cancer cells with various
genomic backgrounds

Accumulating evidence suggests that the reversibility of the drug-
tolerant persistence phenotype is independent of classic stable resistance-
mediating mechanisms. Development of a stable paclitaxel resistance
often requires the prominent overexpression of ABC transporters
(39). This led us to question the requirement for ABC transporter—
driven drug efflux in eliciting (or maintaining) a drug-specific sec-
ondary resistance trajectory in our paclitaxel-resistant models. We
profiled the gene expression of nine ABC transporters in A549-PTXR
cells, the model with the most stable paclitaxel resistance, and found
that ABCB1 and ABCC1, genes that encode for P-glycoprotein (P-gp)
and multidrug resistance-associated protein 1 (MRP1), respectively,
were strongly up-regulated relative to expressions in parental cells
(fig. S17A). In the GDSC and CCLE datasets, ABCB1 is more com-
monly associated with resistance to taxanes and EGFR-TKIs than
ABCCI1 in cell lines derived from various malignancies (fig. S17B).
We then evaluated the gene expression of these two genes in our panel
of transient and stable paclitaxel-resistant cell lines. While both of
their expression profiles reveal strong association with paclitaxel re-
sistance, ABCC1 shows a more varied expression pattern, whereas
ABCBI is extensively up-regulated across PTXP and PTXR cell lines
(fig. S17C). Given that the EGFR-TKISs gefitinib and erlotinib were
previously shown to have antagonizing effects on ABC transporters
P-gp, MRP1, and breast cancer resistance protein (BCRP) (ABCG2)
(40, 41), we assumed that persistence to EGFR-TKIs in paclitaxel-
resistant cells precludes the necessity for drug efflux in maintaining
a secondary resistance. To test this assumption, we first characterized
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the effects of gefitinib or erlotinib treatment on expression and
adenosine triphosphatase (ATPase) activity of P-gp in comparison
with verapamil, a P-gp inhibitor. As expected, expression of P-gp,
but not MRP1, was inhibited upon treatment with gefitinib or erlotinib
(fig. S17D) along with activation of P-gp ATPase activity (fig. S17E)
in A549-PTXP and A549-PTXR cells, suggesting the direct inhibition
of P-gp afforded by EGFR-TKIs (41). However, these results do not
translate into inhibition of secondary resistance to EGFR-TKIs in
A549-PTXP and A549-PTXR cells as observed in colony formation
and viability assays (fig. S17, F and G). We next used the A549-derived
GPs to further corroborate these results. Verapamil-stimulated ATPase
activity was higher in PTXP- and PTXR-derived GPs than those de-
rived from parental (fig. S17H), and drug holiday sensitization led to
scant P-gp protein expression in parental-derived persisters but not in
PTXP- and PTXR-derived persisters upon gefitinib treatment (fig.
S171), suggesting that gefitinib persistence established in paclitaxel-
resistant cells is less likely to be driven by P-gp. Demonstrating this
case, gefitinib persistence established in PTXP and PTXR cells, but
not in parental cells, abolished verapamil-induced intracellular
accumulation of rhodamine-123, a P-gp substrate (fig. S17]). In
addition, paclitaxel-resistant A549- and PC-3-derived GPs showed
a negligibly inhibited gefitinib resistance fold despite pharmacological
inhibition of P-gp at high concentrations of verapamil, further pre-
cluding the requirement for P-gp (fig. S17K). Together, these results
dispute the necessity for paclitaxel resistance-specific high drug
efflux activity of P-gp to maintain persistence or perpetuate secondary
resistance to EGFR-TKIs (fig. S17L). Nevertheless, there are previous
observations on rapid emergence of persistence mediated by drug efflux
upon chemotherapy (42). Whether there is a strict logic of chemical
specificity required to exploit drug efflux to expand persister clones
and become more stably resistant remains an open question.

We next wondered whether EGFR-TKI persistence derived from
our paclitaxel-resistant cells requires some well-known putative ge-
netic drivers of resistance expressed in our model systems. In our
H1993-derived persisters, we sought to address the functional im-
plication of MET amplification, an oncogenic background often as-
sociated with EGFR-TKI resistance (43), because the H1993 cell line
is MET-amplified (44). While MET expression and phosphorylation
appeared to be correlated with gefitinib persistence derived from
A549 and H1993 parental cells, these MET parameters were variable
and anticorrelated in the derivation and rederivation of gefitinib per-
sistence in PTXR-derived persisters (fig. S18A). Nonetheless, MET
copy number was highly amplified in H1993-derived PTXR cells than
parental cells, but selection for gefitinib persistence resulted in vari-
able changes in the MET copy number in A549- and H1993-derived
PTXR cells (fig. S18B). We next evaluated the functional conse-
quences of MET inhibition in H1993-derived GPs using RNAi and
PHA665752, a MET-TKI (fig. S18C). MET inhibition retarded the
proliferation of parental GPs but had no significant effect on PTXR-
derived GPs (fig. S18D). We then sensitized these GPs upon with-
drawal of the drug for 35 days in culture to extrapolate the effects of
MET on gefitinib-induced killing. PHA665752 inhibited MET kinase
activity more effectively in sensitized parental-derived cells upon
gefitinib treatment, and this inhibition appeared to be rescued by
recombinant hepatocyte growth factor (HGF), MET’s endogenous
ligand (fig. S18, E and F). However, this HGF-mediated rescue was
not observed in sensitized PTXR-derived GPs. These data argue
that MET amplification is not a requirement by paclitaxel-resistant
cells to enter into a GP state.
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In our A549-derived models, we addressed KRAS mutation. Be-
cause the A549 cell line harbors an oncogenic homozygous KRAS
G12S mutation (45), we evaluated the functional consequences of loss
of KRAS oncogenic addiction. Using an RNAI strategy previously
shown to functionally inhibit oncogenic KRAS mRNA in cell lines
harboring mutations at codon 12 (G12S and G12C) (45), we first
tested whether mutant KRAS depletion could influence any resist-
ance signature in A549-derived cells, all of which harbor a homo-
zygous missense KRAS mutation (fig. S19, A to D). In parental and
PTXP cells, mutant KRAS inhibition led to profound sensitization
to taxanes and EGFR-TKIs, but not in PTXR cells, suggesting that a
stable paclitaxel resistance is required for mutant KRAS-independent
mechanisms (fig. SI9E). Moreover, mutant KRAS inhibition sig-
nificantly impeded the tumor growth of parental-derived xenografts
but not of PTXR-derived xenografts (fig. S19F). Similarly, this inhi-
bition revealed notable sensitization to gefitinib in parental- and
PTXP-derived GPs where the ability to rederive drug tolerance was
retarded but not in PTXR-derived GPs (fig. S19, G and H). To iden-
tify whether mutant KRAS affects the state of a rewired apoptosis in
our PTXR-derived model, we checked the status of FOXO3a and its
activity upon KRAS RNAI. There was a robust activation of FOXO3a
and its target genes IRS2 and TNFSF10, inhibition of RPS6KB1,
and increased FOXO3a-induced FOXO reporter activity in
parental-derived GPs following mutant KRAS inhibition and
gefitinib treatment, indicating that mutant KRAS remains a bona
fide oncogene in this drug-tolerant persister model, but not in
the PTXR-derived model, as the gene and protein expression sig-
natures of these targets and FOXO reporter activity remain unaf-
fected (fig. S19, I and J). Together, our data reveal that oncogenic
KRAS, at least in mutant PTXR-derived cells, is inconsequential
to the development of collateral EGFR-TKI resistance and se-
lection of drug-tolerant persisters following acquisition of a sta-
ble paclitaxel resistance.

DISCUSSION

Drug resistance has genetic and nongenetic duality (46). This dynam-
ic view of acquiring resistance has led us to examine whether selec-
tive pressures from a “sequential multidrug” treatment engage
adaptive mechanisms to achieve stability. Mining the GDSC data-
base revealed many coresistance signatures and trajectories across a
wide array of drugs and identified an interesting coresistance between
classes of antimitotic drugs and EGFR-TKIs. Notably, by combin-
ing in vitro drug resistance selection and pharmacological pertur-
bation experiments, we uncovered that prior acquired resistance to
paclitaxel confers persistence to EGFR-TKISs, such as gefitinib and
erlotinib, relaying the potential to become a stable resistance. Our
analysis implicates that paclitaxel resistance remodels a subset of
cancer cell populations using a reversible persistence as a reservoir
of diverse adaptive cell states. Our study covers a wide range of phe-
notypic analysis of known hallmarks of drug resistance: mesenchy-
mal plasticity, metabolic adaptation, and apoptosis evasion (Fig. 7).
These reprogrammed mechanisms, enabled by paclitaxel failure, col-
lectively serve as an evolutionary advantage during a selection pres-
sure brought forth by the new drug. Although it might appear that
these diverse mechanisms lack a causative relationship among them,
our EGFR-TKI persister models allowed us to differentiate paclitaxel-
resistant cells from sensitive cells in using these mechanisms to
leverage their survival and cope under the pressure of second-line
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Fig. 7. Schematic overview of our study.

selection to EGFR-TKIs. Ultimately, our work, while mainly a
proof-of-principle study, indicates that there is a considerable bio-
logical logic for EGFR-TKI cross-resistance evolution upon acquisi-
tion of paclitaxel resistance.

The mechanisms of this EGFR-TKI-specific tolerance in paclitaxel-
resistant cells involve distinct phenotypic regulations in stemness,
metabolism, and stress response. Cancer cells with prior paclitaxel
resistance can enter a unique and evolvable EGFR-TKI-specific per-
sister state by exploiting the acquired EMT phenotype when these
cells survived paclitaxel pressure as opposed to sensitive cells that did
not evolve under this pressure. This EMT-induced loss of the differ-
entiation status in paclitaxel-resistant cells resulted in an enriched
stemness profile. Our subsequent characterization revealed that this
stemness is exploited as a mechanism to isolate EGFR-TKI persist-
ers within isogenic populations by promoting an adaptive mode of
glycolytic stress response. We assumed that this is a type of a “retract-
able glycolytic switch” in which during entry into an EGFR-TKI
persister state, paclitaxel-resistant cells exhibit an exceptionally high
glycolytic activity under a normal glucose condition but when glu-
cose is scarce, these persisters become senescent, a cellular growth
arrest program that is able to conserve a high metabolic rate (47).
To our surprise, these metabolically responsive senescent cells
maintain their enriched stemness and mesenchymal activities. Al-
though the expression of EMT and CSC markers is a frequent hall-
mark of the reversible persistence phenotype (28), our work is the
first to link stemness with a senescence-associated metabolic adap-
tation strategy during entry into a drug-persistent state. We specu-
late that this adaptive metabolism is required for slow-doubling
resistant cells to enter into dormancy during metabolic stress where
there is a scant energy resource.
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The ability of paclitaxel resistance—induced selection to relay EGFR-
TKI persistence appears to involve a rewired FOXO3a-directed apop-
totic control pathway. There was a functional shift in the role of
proapoptotic and tumor suppressor FOXO3a in this context, where
higher levels of active FOXO3a are important for maintaining the
induced EGFR-TKI persistence in paclitaxel-resistant cells. This shows
that FOXO3a can evade PI3K/Akt-dependent sequestration and in-
activation in drug-resistant cells as previously observed (25, 38) yet
it is still unknown as to how this mechanism, which may or may not
involve posttranslational modifications, proceeds. This rewired apop-
totic response is functionally linked with the state of stemness of
an EGFR-TKI persister model derived from paclitaxel-resistant
cells. These raise the possibility that FOXO3a is a control point for
paclitaxel-resistant cells to remodel their stress response to invoke a
survival capacity during EGFR-TKI pressure.

In which cases does coevolution of a secondary resistance estab-
lish itself during resistance development to first-line (or front-line)
therapies? Our results offer differential regulatory modes of devel-
oping collateral resistance to EGFR-TKIs during a phenotypic tran-
sition from a sensitive to a paclitaxel-resistant state. The diversity of
EGFR-TKI persistence mechanisms we observed from our paclitaxel-
resistant models suggests that reprogramming of stemness and apop-
tosis are passageways of persistence that can inform a resistance or
a sensitive trajectory to a secondary line of therapy following fail-
ure to a first-line therapy. Perhaps what remains complicated is the
need for “preexisting” resistance-conferring oncogenic backgrounds in
driving an evolutionary selection for a secondary resistance. Despite
our preliminary data, we substantially showed that paclitaxel resistance
is independent of MET amplification and oncogenic KRAS mutation
in driving a selection for a second-line resistance to EGFR-TKIs,
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especially to gefitinib. Ultimately, capturing the optimal window for
a therapeutic intervention before developing this type of collateral
resistance will also require knowledge on time window for both col-
lateral resistance and sensitivity, which remains to be challenging
as therapeutic vulnerabilities of these resistance nodes are still
poorly understood.

In many cases, improvement of cancer patient survival depends
on therapeutic opportunities in the second-line setting. While there
are successes in using EGFR-TKIs as second-line or maintenance ther-
apy following first-line chemotherapy (48), there is deficiency in the
availability of predictive biomarkers that can trace the historical
evolution of mechanisms that only confer a collateral resistance, as
these can be confused as the same mechanisms that relayed acquired
resistance to the first-line therapy. Our study is built on this need.
Certainly, acquired drug resistance involves a multitude of distinct
molecular mechanisms that can arise independently within the same
patient who receive a monotherapy, thereby complicating the evo-
lutionary traces of resistance of tumors that survive the pressures of
multiple and sequential therapy cycles. Our work offers an under-
standing of potential entry points to a drug-specific collateral resist-
ance following failure to a prior therapy. Needless to say, our study
has limitations. One would be the potential off-target toxicity in cases
where we used concentrations of EGFR-TKISs higher than those rel-
evant to on-target EGFR inhibition in vitro and in vivo. As a result,
we caution the possible clinical interpretation of our data. Regard-
less, the expansion of this work to other working models of resistance
will take on increasing importance as sequential, or simultaneous
treatment strategies will continue to be adapted to any form of anti-
cancer therapy regimens.

MATERIALS AND METHODS

Data reporting and statistics

No statistical methods were used to predetermine sample size. The
experiments were not randomized unless otherwise stated. The
investigators were not blinded to allocation during experiments
and outcome assessment. Images were processed using Fiji/Image]
[National Institutes of Health (NIH) software]. All quantitative data
are presented as means + SD unless otherwise specified. Statistical
tests were performed using GraphPad Prism 7.01 and SPSS 22 un-
less otherwise specified. Two-sided Student’s ¢ tests assuming Gaussian
distribution were used for comparisons of the means of data between
two groups. Data visualization was mostly performed using GraphPad
Prism 7.01 and R in conjunction with the ggplot2 software package.
Other relevant methods not listed here are detailed in Supplementary
Methods.

Human cancer patient samples and ethics statement

All human tissue samples were collected and analyzed with approved
protocols in accordance with the ethical requirements and regula-
tions of the Institutional Review Board of Seoul National University
Hospital. Informed consent was obtained from all participants. All
patients were diagnosed to have invasive breast carcinoma by core
needle biopsy and were started on primary systemic therapy (PST).
Thirty-three adult patients received adjuvant chemotherapy with four
cycles of adriamycin (doxorubicin) and cychlophosphamide regimen,
followed by four additional cycles of paclitaxel. Pathological com-
plete response following PST was defined as complete disappearance
of all invasive cancer or only residual ductal carcinoma in situ. FFPE
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paired tissue samples of prechemotherapy biopsy and postchemo-
therapy surgical resection were collected from each patient. Post- or
preoperative radiation therapy was not performed. The tumor differ-
entiation was categorized on the basis of the grading system described
by the World Health Organization classification. Clinicopathologic
information was obtained by reviewing medical records, pathology
reports, and hematoxylin and eosin-stained sections (table S1). Re-
currence/relapse, metastasis status, and all patient data were inde-
pendently reviewed by a breast cancer pathologist (coauthor H.S.R.)

Cell lines

Human A549, H1299, H1993, H292, H358, H460, LNCaP clone FGC,
and PC-3 cell lines [American Type Culture Collection (ATCC) nos.
CCL-185, CRL-5803, CRL-5909, CRL-1848, CRL-5807, HTB-177,
CRL-1740, and CRL-435, respectively; obtained in 2014] were grown
under standard conditions in RPMI 1640 (Welgene) supplemented
with 10% fetal bovine serum alternative Fetalgro bovine growth se-
rum (RMBIO) or EqualFETAL bovine serum (Atlas Biologicals) and
penicillin (100 U/ml)-streptomycin (100 pg/ml; Invitrogen) in a
humidified incubator at 37°C and 5% CO,. Human DU-145 cell line
(ATCC no. HTB-81; obtained in 2014) was grown in Eagle’s mini-
mum essential medium (Merck) with the same supplementation as
mentioned above. Mouse LL/2 (LLC1; ATCC no. CRL-1642; ob-
tained in 2015) cell line was grown in Dulbecco’s modified Eagle’s
medium with high glucose content (Invitrogen) with the same sup-
plementation as mentioned above. Human PC9 and HCC827 cell lines
expressing the EGFR exon 19 deletion mutation (AE746-A750), orig-
inally provided by J. K. Rho (Asan Medical Center, University of Ulsan,
Seoul, Korea) in 2017, were grown in RPMI 1640 with the same sup-
plementation as mentioned above. A549, PC-3, PC9, and HCC827 cell
lines were authenticated at the College of Pharmacy, Seoul National
University in 2014, 2016, and 2017, respectively, and the LLC cell
line was authenticated at the College of Veterinary Medicine, Seoul
National University in 2014, while others were not authenticated in-
house, but all cells were tested for mycoplasma contamination before
experiment, which all tested negative (Cosmogenetech mycoplasma
test service).

Establishing resistant cell lines

Paclitaxel resistance in human A549, DU-145, H1299, H1993, H292,
H358, H460, LNCaP clone FGC, and PC-3 cell lines and mouse LLC1
cell line and epothilone B resistance in human A549 and H1993 cell
lines were established by first seeding cells at low density, which were
continuously exposed to gradually increasing concentrations of the
drug for 5 to 13 months for a stable phenotype (PTXR) and 1 to
2 months for a transient phenotype (PTXP). Some cell lines were
expanded from colonies considering very long recovery from cyto-
toxic concentrations. Paclitaxel resistance in human PC9 and
HCCB827 cell lines was established as mentioned above except that
selection lasted for 3 weeks. All resistant cell lines were additionally
maintained weekly at low concentrations of the drug (fig. S3A), ex-
cept for PC9- and HCC827-derived PTXR cell lines in which maxi-
mum tolerated concentrations of paclitaxel were used to maintain
the cells at least for an additional 1 week before any assay. Cells were
passaged every 4 or 5 days with adding fresh drug concentration.

Establishing drug-tolerant persistence
We generated EGFR-TKI (gefitinib or erlotinib)-induced drug-tolerant
persisters from A549-, H1993-, PC-3—, PC9-, and HCC827-derived
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parental and paclitaxel-resistant (PTXP and PTXR) cells in 2D or
3D cultures modified from (12), based on the idea of colony-expanded
persister-derived resistance. See Supplementary Methods for details
on PC9- and HCC827-derived GPs. In a 2D monolayer, all cells
were seeded 150,000 to 250,000 cells in 10-cm plates and allowed to
adhere overnight and treated with EGFR-TKIs (7, 2.5, and 8.5 uM
gefitinib and 10, 4.5, and 8 uM erlotinib for A549-, H1993-, and
PC-3-derived cells, respectively). Preliminary concentrations used
were based on 20-concentration range (nanomolar to micromolar)
cytotoxicity analysis. The cells were treated for 6 to 18 days (washed
and replaced with fresh drug every 3 days) until clearly well-spaced
colonies are visible. These colonies were physically picked, placed,
and cultured onto wells of a 96-well plate containing standard me-
dium for 36 hours, followed by expansion in very low concentrations
of EGFR-TKIs (0.2 to 4 uM gefitinib and 0.09 to 2 uM erlotinib)
between 3 and 7 weeks. At weeks 4 and 5, many cells died and were
seen floating, but few, slow-doubling cells remained and started to
expand again as colonies from weeks 6 to 7. After this selection, cells
were transferred onto 24-well plates, allowed to expand with the
same drug treatment, transferred onto 6-well plates, and allowed to
expand for another 3 weeks with drug maintenance (5, 1, and 4 uM
gefitinib and 8, 2, and 6 uM erlotinib for A549-, H1993-, and PC-3-
derived cells, respectively, for minimum tolerated concentrations
and 10, 5, and 9 uM gefitinib and 15, 12, and 10 uM, respectively, for
maximum tolerated concentrations). Cells were only plated onto
10-cm plates before analysis with the same drug maintaining con-
centrations until cells became confluent (70 to 90%; no colony for-
mation) and then seeded accordingly per experimental protocol.
Rederived persisters were generated after subjecting freshly selected
persisters to long-term drug holidays (21-, 28-, 35-, or 42-day drug
withdrawal as indicated), followed by EGFR-TKI selection for an-
other 2 weeks similar to expansion protocol as above. As a 3D culture
proxy model of EGFR-TKI persistence, we tested a simple protocol
of drug selection in our in-house built 3D culture plates. Upon
forming 3D “spheres” by repeated replating, A549-derived cells
were treated with 4 pM gefitinib or 8 uM erlotinib for 12 days (re-
placed with fresh drug every 3 days). At the end of the treatment,
there were a lot of floating cell spheres; after washout, the remaining
cell spheres were replated onto a new plate and subjected to a 30-day
drug holiday before rederiving persistence by resubjecting the cells
to the same EGFR-TKI treatment for 12 days. We confirmed the
“sensitization” of this persistence model by measuring the diameter
size of the cell spheres. Note that we did not confirm whether these
spheres were hollow or filled structures.

Cell proliferation assays

Cell viability and survival were assessed by sulforhodamine B (SRB)
and colony formation assays, as we previously described (25). For
small-scale screenings, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) colorimetric assay was simultaneously
used, as we previously described (25), to validate the range of ICs
values per drug obtained by SRB assay. Briefly, for SRB assay, cells
were seeded from 4 x 10* to 8 x 10* cells/ml in 96- or 24-well plates,
allowed to adhere overnight, and treated with various concentrations
of drugs. After 72 hours (or after indicated time), cells were fixed
with 10% trichloroacetic acid solution, incubated at 4°C, stained with
0.038% SRB solution (Sigma-Aldrich), and incubated for 40 min at
room temperature, followed by multiple quick rinses in 1% acetic
acid to remove unbound dye. One hundred microliters (96-well) or
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400 pl (24-well) of tris buffer (0.01 M, pH 10.4) was added per well
and shaken gently for 5 min. Optical density was measured at
515 nm with common background subtraction at 650 nm in a mi-
croplate reader (VersaMax, Molecular Devices). For primary screen-
ing, we used a threshold of 50% cell growth inhibition as a cutoft for
cytotoxicity against cell lines. ICs values were calculated using non-
linear regression analysis (plotted as percent survival versus drug
concentration) in TableCurve 2D v5.01 software (Systat). For colo-
ny formation, cells were seeded onto 12- or 24-well plates at densi-
ties of 700 to 2000 cells per well (depending on derived cell lines).
Cells were allowed to adhere for 3 days and treated with indicated
drugs (indicated schedules). Cells were additionally cultured for 1
or 2 weeks as indicated, and adherent colonies were fixed with 2%
paraformaldehyde, stained with 0.01 to 0.03% crystal violet (in water),
washed with water several times, and dried. Colonies with a diameter
of >0.20 mm or colony areas were counted/quantified using the
ColonyArea plugin in Fiji/ImageJ (NTH software).

3D culture-based assays

Before seeding, cells were collected using a scraper and filtered using
a 40 uM pore cell strainer (BD Biosciences). Single cells (0.5 X 10* to
5 x 10%) were seeded onto different 3D scaffold environments as in-
dicated. For 3D culture used in Figs. 3 (D to H) and 4K and figs. S10D
and S16 (H and I), we used our in-house developed poly(2,4,6,8-
tetravinyl-2,4,6,8-tetramethl cyclotetrasiloxane) (pV4D4) polymer
thin film-based scaffold culture plates (30). The thickness of pV4D4
films on plates was monitored in situ using a He-Ne laser (JDS Uni-
phase) interferometer system before use. Growing cancer cells in
pV4D4 polymer thin film platform resulted in formation of multi-
cellular spheroids within 72 hours and an observed phenotypic ac-
quisition of stem cell-like properties (30). Rapid formation of these
spheroids (~40 mm in diameter) can be observed within 24 hours;
however, replatable spheroids (~200 mm in diameter) were observed
at least after 36 hours. For A549-derived cells, 72-hour culture in
these 3D plates resulted in variable multicellular spheroid formation
with “aggregated” spheroids as large as ~410 mm in diameter. To
achieve spatially separated individual cell spheres, ~50% confluent
3D cultures were physically replated onto new 3D culture plates and
were repeated at least twice until individual 3D cell spheres were
observed. Further information about this material is available upon
reasonable request.

RNAi and plasmid transfections

pECE-HA-FOXO3a (Addgene plasmid no. 1787), pECE-HA-FOXO3a.
TM (Addgene plasmid no. 1788), and the pECE-HA expression
plasmids were transfected into cells using Lipofectamine 3000 (Life
Technologies) or FuGene 6 transfection reagents (Promega) accord-
ing to the manufacturer’s instructions and analyzed 24 or 48 hours
after transfection. Short interfering RNAs (siRNAs) were delivered
with Lipofectamine 3000 (Life Technologies) or DharmaFECT
(Dharmacon) reagents at final concentrations of 40 nM (for Nanog
RNAIi) and 10 nM (for FOXO3a RNAi) according to the manufac-
turer’s instructions (sequences used were as follows: 5'-UUC UCC
GAA CGU GUC ACG U-3' for siControl, 5'-CUU ACG CUG AGU
ACU UCG A-3’ for siLuciferase, 5'-CCA GAC CUG GAA CAA UUC
A-3" for siNANOG, and 5'-AAU GUG ACA UGG AGU CCA UUA-3’
for siFOXO3a). Scrambled were used as nontargeting siRNA con-
trols (siControl). RNA oligonucleotides were purchased from IDT
Korea (Integrated DNA Technologies) and Bioneer. Experiments
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were performed 48 hours after transfection as Western blotting in-
dicated protein depletion to background levels.

Cellular fractionation and Western blotting

Isolation of nuclear and cytosolic extracts was carried out using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Pierce) following
the manufacturer’s instructions. Whole-cell pellets were lysed in lysis
buffer [150 mM NaCl, 50 mM tris (pH 7.5), 0.2% Triton X-100, 1 mM
EDTA, 1 mM dithiothreitol, and 0.1 mM NaVOy] supplemented with a
protease inhibitor cocktail (Calbiochem) and phosphatase inhibitor
cocktails I and IT (AG Scientific). Protein concentrations were determined
by Bradford protein assay (Bio-Rad). Samples were boiled for 5 min
in Laemmlli buffer. Equivalent amounts of proteins (usually 25 to
40 pg per loading sample) were separated on a SDS—polyacrylamide
gel electrophoresis gel (usually on 7.5, 10, and 12% gels). Proteins
were transferred onto Immobilon PVDF membranes (Millipore)
using an Amersham semidry transfer system. The detection system
was Clarity Max Western ECL Substrate (Bio-Rad) and Western
Lightning Plus-ECL (PerkinElmer). Secondary antibodies were
either goat antibodies to mouse immunoglobulin G-horseradish
peroxidase (IgG-HRP) (DACO) or donkey antibodies to rabbit IgG-
HRP (GE Healthcare). Primary antibodies used were P-gp (ab129450,
Abcam), MRP1 (QCRL-1, Santa Cruz Biotechnology), E-cadherin
[no. 3195, Cell Signaling Technology (CST)], fibronectin (ab2413,
Abcam), vimentin (no. 3932, CST), Nanog (no. 4903, CST), Snail
(no. 3879, CST), Oct4 (no. 2750, CST), CTGF (no. 86641, CST),
CDK1 (ab18, Abcam), Glut1 (no. 12939, CST), CDKS (no. 4106, CST),
pS6(Ser24O/244) (no. 2215, CST), S6 (no. 2217, CST), Hexokinase II
(no. 2867, CST), LDHA (no. 2012, CST), PKM2 (no. 4053, CST),
p-p70S6K ™38 (no, 9205, CST), S6K (no. 9202, CST), pSREBP-1¢572)
(no. 9874, CST), active SREBP2 (1C6, Santa Cruz Biotechnology),
pCADS 1859 (no, 12662, CST), Slug (no. 9585, CST), pGSK3Ber)
(no. 5558, CST), GSK3p (no. 12456,CST), active B-catenin (05-665,
Millipore), B-catenin (610153, BD Biosciences), FOXO3a (no. 2497,
CST), active FOXO3a (07-702, Millipore), pCREB (no. 9198, CST),
CREB (no. 4820, CST), PUMA (no. 12450, CST), Bcl-6 (no. 5650, CST),
BIM (H-5, Santa Cruz Biotechnology), cleaved caspase 3 (no. 9661,
CST), cleaved caspase 9 (no. 9501, CST), KRAS (ab81075, Abcam),
p70S6K (no. 9202, CST), CD133 (no. 130-090-422, Miltenyi Biotec),
ABCG2 (no. 42078, CST), ALDHI1A1 (ab134188, Abcam), o-tubulin
(no. 2144, CST), histone H3 (no. 9715, CST), B-tubulin (D-10, Santa
Cruz Biotechnology), B-actin (no. 4967, CST), and glyceraldehyde
phosphate dehydrogenase (GAPDH) (6C5, Santa Cruz Biotechnology).

Reverse transcription polymerase chain reaction

and quantitative polymerase chain reaction

Total cellular RNA (1 to 2 pg in a total volume of 10 ul) was extracted
using TRIzol (Life Technologies) following the manufacturer’s pro-
tocol and was mixed with 1 pl of 10 mM deoxynucleotide triphos-
phates (2.5 mM of each; LifeTechnologies) and 1 pl of 50 uM random
hexaprimers (New England Biolabs). Purified RNA was treated with
deoxyribonuclease I (DNase I) (Takara) and reverse-transcribed us-
ing RevertAid reverse transcriptase (Fermentas). Complementary
DNA (cDNA) was amplified by an SYBR Green PCR master mix
(Applied Biosystems). Quantitative polymerase chain reaction (QPCR)
was performed using SureCycler 8800 (Agilent) and AriaMx Real-
Time PCR System (Agilent). The reaction contained 5 ng of cDNA,
2 ul of 1 uM qPCR primer pair (final concentration of each primer
200 nM), 5 ul 2x Master Mix, and final volume made up to 10 pl
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with DNase-free water. The specificity of the reaction was verified by
melt curve analysis. Each reaction was performed in three replicates.
Fold changes were calculated by the AAC; method using GAPDH or
B-actin as internal standards and normalized to the experimental con-
trol as indicated. For nucleic acids extraction (total RNA and genomic
DNA) from FFPE tumor samples, we used the QIAGEN FFPE All-
Prep kit and followed the manufacturer’s protocol. Small portion of
specimens were prepared from ~80-um slices of FFPE tumor blocks,
followed by dewaxing using Deparaffinization Solution (QIAGEN).
Purified RNA was subjected to reverse transcription PCR (RT-PCR)
and qPCR as mentioned above. Primers used in this study are pro-
vided in table S2.

Immunocytochemistry

Cells were plated onto 0.1% gelatin-coated glass-bottom 30-mm
dishes (except for 3D culture) and incubated overnight unless other-
wise specified. The cells were fixed with 4% paraformaldehyde [in
phosphate-buffered saline (PBS)] for 8 min at room temperature,
quenched for 1 min in 10 mM tris (in PBS) at room temperature,
and permeabilized in 0.1% Triton X-100 (in PBS), except for cells
subjected for P-gp detection, since P-gp is a transmembrane protein.
Cells were then blocked in 2% bovine serum albumin (BSA) (in PBS
containing 0.01% Triton X-100) for 30 min at room temperature and
incubated with primary antibodies diluted in 2% BSA for 2 hours.
Alexa Fluor or fluorescein isothiocyanate-conjugated secondary anti-
bodies were used to label primary antibodies. DAPI (4',6-diamidino-
2-phenylindole; 0.35 pg/ml) or Hoechst 33342 was used to counterstain
the nuclei. Cells were mounted using VECTASHIELD Mounting
Medium (Vector Laboratories). Immunocytochemistry was carried
out using a ZEISS LSM 780 ApoTome microscope (Carl Zeiss) using
C-Apochromat 40x lens with a numerical aperture of 1.20.

Glycolysis assays

Cells were seeded onto 96- or 24-well plates and cultured for 8 hours.
The cells were then depleted in culture medium supplemented with
2 or 5% of in-house dialyzed fetal bovine serum (dialyzed against
0.15 M NaCl until glucose is <5 mg/dl; 10,000 molecular weight cut-
off) for an additional 18 hours (unless otherwise indicated following
drug treatments). Glucose uptake was analyzed using bioluminescent-
based Glucose Uptake-Glo Assay (Promega) according to the man-
ufacturer’s instructions. For measuring lactate secretion, cells were
replenished with fresh medium after depletion and cultured 36 hours
longer. Lactate levels in conditioned medium were measured using
a colorimetric-based Lactate Assay Kit (Cell Biolabs). For measuring
glutamine consumption, we used the bioluminescent-based Glutamine/
Glutamate-Glo Assay (Promega) following the manufacturer’s pro-
tocol. Glutamine uptake was terminated by adding 6 mM glutamine
to yield a final concentration of 4 mM. Luminescence was measured
using a POLARstar Omega luminometer.

FOXO reporter assay

FOXO reporter activity induced by FOXO3a was monitored using a
luminescence-based assay kit (BPS Bioscience) following the man-
ufacturer’s protocol, with slight modifications on transfection time
and incubation. The assay is designed to assess the activity of FOXO
transcriptional activity triggered by transfection-ready FOXO3 ex-
pression vector in cultured cells. The reporter vector is PI3K/Akt
pathway responsive, which contains a firefly luciferase gene under
the control of multimers of the FOXO responsive element located
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upstream of a minimal promoter. A constitutively expressing sea
pansy (Renilla) luciferase vector served as an internal control for the
transfection efficiency, while a noninducible firefly luciferase vector
premixed with constitutively expressing Renilla luciferase vector was
used as a negative control. Luminescence was read on a POLARstar
Omega luminometer.

Bioinformatics

We downloaded and curated pharmacological data from the GDSC.
We accessed the preprocessed dataset on drug response and drug sen-
sitivity of cell lines (available as an Excel file TableS5C.xlsx in their
database), which contains discretized data for logic modeling of
binarized drug response classification as “drug-resistant” (R) or “drug-
sensitive” (S) assigned on each drug per cell line. Blank corresponds
to baseline ICsy. Note that the threshold values used in this process
corresponded to 3 SDs above/below the mean of the normalized
scores. The output feature was the response of the cancer cell lines
to an anticancer drug as measured by the ICs. ICs values were re-
corded as the natural logarithm of the half-maximal inhibitory
micromolar concentrations. Using Circos, we visualized the core-
sistance status (that is, two drugs that have the same “R” classifica-
tion per cell line) of all the drugs screened that are grouped according
to their target pathway or process (grouping of drugs as in TableS1F.
xlsx GDSC file). We then curated the cell lines identified to have
resistance to paclitaxel (or other microtubule-targeting drugs) and
individually ranked the coresistance of other drugs and presented as
radial plots. Custom R and Python scripts used for plotting are
available in https://github.com/borrisHUBO/Aldonza-et-al.-Science-
Advances-Paper. In exploring the correlation of specific gene ex-
pression (ABCB1 and FOXO3a) with drug sensitivity, we used a
previously developed in silico prediction interface using data from
the CCLE and GDSC (49). For survival analysis, the overall, first
progression, and RFS were queried through Kaplan-Meier plotter
for breast and lung cancers in http://kmplot.com/analysis, using the
2017 version of the database. All biased arrays were excluded. The
probed cohorts used in the analyses are indicated in datasets with
Affymetrix IDs 204132_s_at (breast cancer cohorts) and 217399_s_
at (lung cancer cohorts). Median expression of queried genes was used
to separate high/low expression patient groups.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaav7416/DC1

Supplementary Methods

Fig. S1. GDSC parameters on selected compounds.

Fig. S2. Resistance potential assay on all parental cell lines used in the study.

Fig. S3. Characterization of paclitaxel-resistant cancer cells for cell cycle progression and
collateral resistance to other microtubule-targeting drugs.

Fig. S4. Collateral EGFR-TKI resistance in paclitaxel-resistant cancer cells.

Fig. S5. Collateral gefitinib resistance in paclitaxel-resistant xenograft tumors.

Fig. S6. GDSC-based coresistance ranking of some microtubule-targeting drugs with EGFR-TKIs
and validation study using epothilone B-resistant cell lines.

Fig. S7. BrdU incorporation assay on all EGFR-TKI persister models used in the study.

Fig. S8. Characterization of GPs derived from EGFR-TKI hypersensitive cell lines.

Fig. S9. Characterization of EMT profile.

Fig. $10. B-Catenin translocation and invadopodia protrusion are correlated with stemness in
GPs derived from paclitaxel-resistant cancer cells.

Fig. S11. Characterization of glycolysis parameters in EGFR-TKI persisters.

Fig. S12. FOXO3a activation is associated with the metastatic propensity of paclitaxel-resistant tumors.
Fig. S13. FOXO3a expression is correlated with therapy relapse breast cancer patients and with
drug resistance to various chemotherapy and targeted therapy agents in cancer cell lines.
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Fig. S14. Consequences of FOXO3a inhibition in GPs derived from transient and stable
paclitaxel-resistant cells.

Fig. S15. FOXO3a affects protein kinase activities of EGFR and downstream signaling to
facilitate apoptosis rewiring in PTXR-derived GPs.

Fig. S16. Phenotypic consequences of FOXO3a inhibition on the state of apoptosis and
stemness.

Fig. S17. Expression and activity of ABC drug efflux pumps are not required for a more stable
secondary EGFR-TKI resistance.

Fig. S18. MET amplification is dispensable for entering gefitinib persistence in paclitaxel-
resistant cancer cells.

Fig. S19. Mutant KRAS is dispensable for collateral EGFR-TKI persistence development in
paclitaxel-resistant cancer cells.

Fig. S20. Calculated ICsg values.

Table S1. Clinicopathologic information of human breast cancer patients.

Table S2. Primer sequences for qRT-PCR.

View/request a protocol for this paper from Bio-protocol.
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