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ABSTRACT
◥

The epithelial-to-mesenchymal transition (EMT) is a dynamic
epigenetic reprogramming event that occurs in a subset of tumor
cells and is an initiating step toward invasion and distantmetastasis.
The process is reversible and gives plasticity to cancer cells to survive
under variable conditions, with the acquisition of cancer stem cell–
like characteristics and features such as drug resistance. Therefore,
understanding survival dependencies of cells along the phenotypic
spectrum of EMT will provide better strategies to target the spatial
and temporal heterogeneity of tumors and prevent their ability to
bypass single-inhibitor treatment strategies. To address this, we
integrated the data from a selective drug screen in epithelial and
mesenchymal KRAS/p53 (KP)-mutant lung tumor cells with sep-
arate datasets including reverse-phase protein array and an in vivo
shRNA dropout screen. These orthogonal approaches identified
AXL andMEK as potential mesenchymal and epithelial cell survival
dependencies, respectively. To capture the dynamicity of EMT,

incorporation of a dual fluorescence EMT sensor system into
murine KP lung cancer models enabled real-time analysis of the
epigenetic state of tumor cells and assessment of the efficacy of
single agent or combination treatment with AXL and MEK inhi-
bitors. Both two- and three-dimensional culture systems and in vivo
models revealed that this combination treatment strategy of MEK
plus AXL inhibition synergistically killed lung cancer cells by
specifically targeting each phenotypic subpopulation. In conclusion,
these results indicate that cotargeting the specific vulnerabilities of
EMT subpopulations can prevent EMT-mediated drug resistance,
effectively controlling tumor cell growth and metastasis.

Significance:This study shows that a novel combination ofMEK
and AXL inhibitors effectively bypasses EMT-mediated drug resis-
tance in KRAS/p53-mutant non–small cell lung cancer by targeting
EMT subpopulations, thereby preventing tumor cell survival.

Introduction
The epithelial-to-mesenchymal transition (EMT) is an evolution-

arily conserved, dynamic epigenetic reprogramming event that is
required for normal biological processes such as embryonic develop-
ment, organogenesis, and response to tissue injury (1, 2). Cells can
bidirectionally shift across a spectrum, transitioning between a dif-

ferentiated epithelial state and a plastic, stem-like mesenchymal state
with the ability to self-renew and become motile. While a normal
developmental process, numerous studies have demonstrated the role
of EMT in cancer progression, contributing to the phenotypic tumor
heterogeneity observed within many solid tumors. In fact, EMT
markers have been correlated with tumorigenicity and metastatic
propensity across several tumor types (3–7), highlighting the impor-
tance of this complex process in driving tumor progression.

EMT is tightly regulated in normal cells but becomes dysregulated
in tumors by upregulation of mesenchymal transcription factors like
Zeb1 and Snail (8–10). This can occur via aberrant conditions within
the tumor microenvironment (TME), such as hypoxia or inflamma-
tion, which promote secretion of and tumor response to exogenous
factors like TGFb (11, 12). In non–small cell lung cancer (NSCLC), in
particular, the Zeb1/miR-200 double negative feedback loop is one
such tightly regulated axis that can lead to EMT via upregulation of
Zeb1 and concurrent downregulation of epithelial features, including
the miR-200 family, E-cadherin, and other epithelial differentiation
genes (13–17). Upon EMT, cancer cells are more motile and invasive,
and this process can initiate themetastatic cascade. Besides an increase
in invasiveness and metastatic propensity, mesenchymal tumor cells
also gain characteristics that promote aggressiveness, including stem
cell–like features and drug resistance. Thus, to improve prevention and
treatment strategies, it is critical to better understand the survival
dependencies of cells along the epithelial-to-mesenchymal spectrum.

Previous work fromour lab highlighted the dependency of epithelial
KrasG12D;p53R172HDG (KP)-mutant tumor cells on the MAPK path-
way (18). Despite possessing identical Kras mutations, mesenchymal
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tumor cells were intrinsically resistant to MEK inhibition and showed
no response to single-agent treatment. In addition, epithelial tumors
treated over the long term with the MEK inhibitor selumetinib
displayed a robust initial response, but eventually acquired resistance.
The escape of epithelial tumors from MEK inhibitor–mediated cell
death occurred via Zeb1-induced EMT; thus, targeting a single survival
dependency delayed tumor growth, but epigenetic reprogramming by
EMT allowed for tumor cell survival. In fact, despite the prevalence of
KRAS mutations in many cancer types, clinical trials with MEK
inhibitor therapies have demonstrated poor responses (19–21), and
this is likely due to de novo tumor heterogeneity and the emergence of
resistant subpopulations.

To identify potential combinations for lung cancer treatment in
an EMT-centric system, we performed a selective drug targeting
screen using epithelial and mesenchymal KP murine lung cancer
cells. We integrated these results with two additional datasets,
including an in vivo shRNA dropout screen focused on FDA-
approved drug targets and reverse-phase protein array (RPPA) on
epithelial and mesenchymal tumor cells (18, 22). These analyses
revealed that AXL and PARP are selectively mesenchymal tumor
cell sensitivities, whereas AKT and MEK are epithelial cell sensi-
tivities. In vitro experiments with multiple models demonstrated
that combining the MEK inhibitor selumetinib with the AXL
inhibitor bemcentinib is a synergistic combination; thus, we
hypothesized that this cotargeting strategy will combat drug resis-
tance due to EMT and lead to increased tumor cell death.

Wepursued this combination by utilizing the Z-cad dualfluorescent
reporter sensor, which allows dynamic monitoring of EMT (23). In a
highly metastatic KP-mutant murine cell line, we expressed the Z-cad
reporter and analyzed the impact of single-agent treatments on
epithelial and mesenchymal subpopulations over time in two- and
three-dimensional (2D and 3D) culture model systems. We deter-
mined that the MEK inhibitor effectively killed RFPþ epithelial
cells, whereas AXL inhibitor effectively killed GFPþ mesenchymal
cells. The combination treatment in vivo demonstrated significantly
improved efficacy in suppressing tumor growth compared with
either single agent alone, thus confirming that coinhibition of MEK
and AXL targets multiple phenotypic subpopulations within a
heterogeneous tumor.

Materials and Methods
Cells lines and cell culture

All cell lines used are found in Supplementary Table S1. All cells
were cultured at 37�C in a humidified incubator at 5% CO2 and
maintained in RPMI1640 and 10% FBS (Gibco). Human cell
lines were purchased from ATCC and murine KRAS/p53 lung
cancer cell lines were derived as described previously (14).
Mycoplasma-negative cells were used for all experiments and
testing was performed using LookOut Mycoplasma PCR Detection
Kit (Sigma-Aldrich).

In vitro drug screen
393P or 344P cells were plated in 96-well plates. Twenty-four

hours after seeding, drugs listed in Supplementary Table S2 were
added at indicated concentrations (n ¼ 8). After 72 hours, MTT (3-
(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide;
Sigma-Aldrich) was added and incubated at 37�C for 1–2 hours.
Media were aspirated and DMSO was added to formazan crystals.
Absorbance was measured at 570/630 nm and viability was nor-
malized against cells with solvent control. IC50 values were deter-

mined using nonlinear regression function in GraphPad Prism
software and are in Supplementary Table S3.

Short hairpin RNA screen
The 393P and 344P murine cell lines were infected with a pooled

short hairpin (shRNA) lentiviral library targeting 192 genes. Infected
cells were implanted into 129sv mice as described previously (18, 22),
and the genes and RSA values are in Supplementary Table S4.

In vivo tumor experiments
Animal studies were approved by the Institutional Animal Care and

Use Committee at The University of Texas MD Anderson Cancer
Center (Houston, TX; approved protocols #1271&#1191). 344SQ cells
or 344SQ_Z-cad cells were implanted subcutaneously into the right
flank of 129sv mice of 3–7 months of age, and A549 human cells were
implanted into athymic nude male mice. After palpable tumor for-
mation, mice were treated daily with selumetinib (Selleckchem) at
25 mg/kg, orally, and/or bemcentinib (BerGenBio) at 100 mg/kg,
orally. Additional details are found in the Supplementary Methods.

Results
Identification of specific survival dependencies in epithelial and
mesenchymal tumor cells

Because of the heterogeneity within tumors partly driven by epi-
genetic reprogramming events like EMT, it is imperative to target and
kill tumor cells regardless of which state the cells are in at a given time.
To broach this, we integrated the results from three different datasets
to highlight targets worth pursuing as EMT-centric drug targets.

First, we performed a selective drug screenmeasuring cell growth of
the 393P and 344P murine KP-mutant lung cancer cells, which we
previously described as being representative of epithelial and mesen-
chymal tumor cell subtypes, respectively (Supplementary Table S1;
ref. 14). The screen utilized 62 compounds targeting common
oncogenic pathways activated within tumor cells. The results of
this screen revealed that some compounds kill equally well in
both 393P and 344P cells, such as the Ras pathway inhibitor
rigosertib (Supplementary Table S3). However, to identify those
compounds targeting one epigenetic state or the other, we com-
pared the fold change in IC50 for each compound between 393P
and 344P cells. We implemented a cutoff in fold change value as
1.5 or greater and removed any compound with an IC50 in the
sensitive cell line above 10 mmol/L to reduce likely off-target effects.
Using these criteria, we found 12 compounds that specifically
targeted the epithelial 393P cells and 9 compounds targeting the
mesenchymal 344P cells (Fig. 1A; Supplementary Fig. S1A and S1B;
Supplementary Table S3).

Second, we leveraged additional orthogonal datasets on the epithe-
lial and mesenchymal tumor cells. We previously reported the results
of a shRNAdropout screenwith 393P and 344P cells to determine their
survival dependencies (18, 22). Briefly, this screen included shRNAs
targeting approximately 200 genes encoding for clinically actionable
targets (termed the FDAome). FDAome-expressing cells were
implanted in vivo with or without immune checkpoint blockade
treatment (22), although for the purposes of this study, we focused
on tumors without immune checkpoint blockade treatment. Deep
sequencing for the barcoded shRNAs revealed genes necessary for cell
survival, and genes were ranked upon the significance of shRNA
dropout (RSA value). Because the drug screen focused on common
oncogenic pathways, there was significant overlap with the FDAome
screen. The RSA values from the in vivo FDAome screen for genes
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Figure 1.

Identification of mesenchymal or epithelial cell sensitivities and selective drug targets. A, 393P epithelial and 344P mesenchymal cells were utilized for a selective
drug screen measuring cell growth via MTT assay. The fold change in IC50 between 393P and 344P cells was calculated, and fold change values 1.5 or greater are
depicted. Red, 393P epithelial-specific sensitivities; green, 344P mesenchymal sensitivities. B, The FDAome shRNA dropout screen was performed previously in the
393P and 344P cells and tumors (18, 22). Of the approximately 200 total targets in the screen, only those that correspond to each drug screen target performed inA
are depicted. The gene rank percentile of these hits was calculated and graphed as a function of the significance of the shRNA dropout score [redundant shRNA
activity (RSA) value]. Genes shown in gray are those that dropped out significantly in both 393P and 344P tumors. Mapk1 and Akt2 are depicted in red as epithelial
drug screen hits, and Parp3 and Axl are depicted in green as mesenchymal drug screen hits. C, Heatmap of RPPA profile showing statistically significant (P < 0.05)
differentially expressed proteins in epithelial or mesenchymal murine lung cancer cell lines. D, Venn diagrams depicting the overlap between shRNA screen, RPPA,
and drug screen described in A–C. The number of hits that overlap between each respective screen are shown.
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corresponding to the 64 drug screen targets are depicted against the
overall gene rank across the entire library (Fig. 1B; Supplementary
Table S4).We found that AXL or PARP knockdown caused dropout in
the 344P mesenchymal tumors, whereas MAPK or AKT knockdown
produced dropout in the 393P epithelial tumors. Thus, these in vivo
data corroborate the results of the in vitro drug screen, with drug
targeting of specific pathways demonstrating differential response in
either cell line.

Finally, RPPA was completed on panels of human and murine
epithelial and mesenchymal NSCLC cell lines to discover pathways
that are differentially activated in each cell state (18). RPPA analyses
revealed phospho-MEK and phospho-AKT to be more highly
expressed in epithelial cells, whereas mesenchymal cells have higher
expression of phospho-AXL and PARP (Fig. 1C; Supplementary
Fig. S1D). These results were confirmed via Western blot analysis
on a panel of epithelial and mesenchymal murine cell lines,
although total PARP did not show a significant trend in this assay
(Supplementary Fig. S1F). We found similar pathway activation in
the human cell RPPA analysis (Supplementary Fig. S1E; Supple-
mentary Table S1), as well as in viability assays using inhibitors
against AKT, PARP, and AXL in a panel of human cell lines.
Epithelial human cancer cell susceptibility to MEK inhibition was
shown previously (18), and AKT inhibition specifically inhibited the
viability of the epithelial cells, with only one of the mesenchymal
lines having a similar IC50 value (Supplementary Fig. S1C; Supple-
mentary Table S5). The mesenchymal human cell lines all demon-
strated a lower IC50 when treated with either the PARP or AXL
inhibitor as compared with the epithelial lines, thus corroborating
the murine data.

Together, the overlap of three independent datasets revealedAKTas
a novel epithelial cell dependency and confirmed preferential MAPK
pathway activation in epithelial cells. In contrast, PARP and AXLwere
identified as potential mesenchymal cell survival dependencies
(Fig. 1D).

Z-cad dual sensor detects EMT in a dynamic fashion in 344SQ
murine lung cancer cells

The integration of the drug screen, shRNA screen, and RPPA
datasets narrowed the potential combinations for targeting both
epithelial and mesenchymal tumor cells to 2 targets each. However,
bulk assays do not provide clear insight into whether these drugs are
specifically targeting their respective subpopulations.

To further investigate the effects on population heterogeneity, we
employed a fluorescent reporter stably transfected into our murine
lung cancer cells (23). Briefly, this two-plasmid sensor system, termed
the Z-cad sensor, uses one construct with a destabilized GFP linked to
the 30 UTR of Zeb1 and a separate plasmid with RFP expressed
downstream of the E-cadherin promoter (Fig. 2A). When cells are
in a mesenchymal state, the endogenous Zeb1 protein levels are high,
leading to suppression of its targets including miR-200 and E-cad-
herin, and thus RFP expression. In an epithelial state, high miR-200
levels downregulate Zeb1 levels posttranscriptionally via its 30UTR,
decreasing the GFP signal. The suppression of Zeb1 leads to the
derepression of the E-cadherin promotor and increased RFP
expression.

We coexpressed the Z-cad sensor plasmids in the mesenchymal
344SQmurine cell line (344SQ_Z-cad). We utilized the 344SQ instead
of the 344P cells as an additional validation of the findings and because
while both are mesenchymal in 2D culture, the 344SQ cells display
even greater plasticity and readily undergo MET under different
conditions (14, 24); thus, they were an ideal cell line to test the dynamic

readout of the Z-cad reporter. We confirmed the functionality of
the sensor in detecting each phenotypic state. In 2D culture, the
344SQ_Z-cad cell line is approximately 58% GFPþ at baseline by flow
cytometry and fluorescent imaging, whereas only approximately 4% of
the population is RFPþ (Fig. 2B and C). To determine that the sensor
responds in a dynamic manner to EMT-promoting conditions, the
344SQ_Z-cad cells were stimulated with TGFb1 to further induce a
mesenchymal state. As expected, the addition of TGFb1 significantly
increased the percentage of GFPþ cells within 24 hours, with a
significant decrease in the RFPþ epithelial cells occurring within 2 days
and continuing throughout the experiment (Fig. 2B and C). We
confirmed that TGFb1 induced a molecular EMT by measuring Zeb1,
vimentin, N-cadherin, E-cadherin, and themiR-200 family expression
(Fig. 2D–F).

The phenotypically plastic 344SQ cells can shift their EMT status
based on external stimuli. When cultured in a 3D laminin-rich
Matrigel matrix, the cells form polarized epithelial spheres (14). Thus,
we tested whether these epithelial structures were also RFPþ by plating
the 344SQ_Z-cad cells in a Matrigel matrix. Fluorescent imaging and
flow cytometry confirmed that while 50% GFPþ after initial plating,
each day in Matrigel caused a reduction in the GFPþ subpopulation
with a steady increase in the RFPþ population (Fig. 2G and H). After
9 days in culture, the 3D structures were roughly 40% RFPþ and
<10% of cells maintained GFP expression. Again, addition of
TGFb1 at day 5 of 3D culture stimulated EMT and produced GFPþ

expression within 24 hours (Fig. 2G and H), overcoming the
influence of the Matrigel matrix. Finally, we confirmed that the
344SQ_Z-cad cell lines mirror the parental 344SQ cells in their
migratory and invasive phenotype and that TGFb1 increased their
invasive capability in Transwell assays, again correlating with a
mesenchymal phenotype (Fig. 2I and J).

Detecting RFPþ epithelial cells in 393P cells with inducible GFP-
Zeb1 as a half sensor of EMT

As the 344SQ_Z-cad cells are mainly mesenchymal but plastic at
baseline, we sought to create a converse model of an epithelial cell line
that can effectively sense induction of EMT. Thus, we created a half
sensor in the epithelial 393P cells expressing a doxycycline-inducible
GFP-tagged Zeb1 (18). In these cells, we introduced a single plasmid,
the construct expressing RFP downstream of the E-cadherin promoter
(393P_pTG-Zeb1-ER). Asmeasured by flow cytometry and confirmed
qualitatively by fluorescent microscopy, these cells are approximately
80% RFPþ at baseline with no detectable GFP without doxycycline
(Supplementary Fig. S2A and S2B). However, GFP-Zeb1 expression
increased 4 hours after doxycycline, with a robust increase observed
after 48 hours (Supplementary Fig. S2A and S2B). Similar results were
observed when the 393P_pTG-Zeb1-ER cells were cultured within a
3D Matrigel matrix, with structures converting from RFPþ to GFPþ

within 5 days of GFP-Zeb1 induction (Supplementary Fig. S2C). We
confirmed a molecular EMT by analyzing the mRNA and protein
levels of E-cadherin and Zeb1 (Supplementary Fig. S2D and SE),
and the miR-200 family expression (Supplementary Fig. S2H). In
addition, we confirmed that GFP-Zeb1 expression significantly
promoted both migration and invasion as compared with the no
doxycycline control and wild-type 393P cells (Supplementary
Fig. S2F and S2G). Finally, we compared the Zeb1-induced EMT
with a TGFb1-stimulated EMT and found that both GFP-tagged
Zeb1 and TGFb1 stimulation were able to significantly repress the
RFPþ population in the 393P_pTG-Zeb1-ER cells (Supplementary
Fig. S2I–S2K). Taken together, we confirmed that these cells can
dynamically detect an EMT.
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Figure 2.

The Z-cad dual sensor dynamically detects EMT in murine NSCLC. A, Schematic diagram illustrating the Z-cad dual sensor constructs. The d2GFP-Zeb1 30UTR
construct constitutively expresses destabilized GFP under the control of a ubiquitin promoter. The Zeb1 30 UTR, which contains eight miR-200–binding sites, is
expressed downstreamof d2GFP. The E-cad-RFP construct contains the E-cadherin promoter, with 3 E-box domains. This promoter regulates the expression of RFP.
B, The Z-cad dual sensor systemwas expressed in the 344SQmurine cancer cells (344SQ_Z-cad cells). Flow cytometry for the percentage of GFPþ (left) and RFPþ

(right) cells was performed over 4 days with and without TGFb (5 ng/mL). Data were analyzed using unpaired Student t test. n.s., not significant. �� , P < 0.01;
��� , P < 0.001. C, The 344SQ_Z-cad cells were grown over 4 days with and without TGFb (5 ng/mL), and fluorescent microscopy was performed.
Representative images are shown. Scale bar, 100 mm. D, Real-time PCR (qPCR) analysis for relative expression of Zeb1 and E-cadherin in 344SQ_Z-cads over
4 days with and without TGFb (5 ng/mL). Expression values are normalized against L32 reference gene. Statistical difference compared with day 0 for all
samples. ��, P < 0.01; ���� , P < 0.0001. (Continued on the following page.)
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Utilizing the sensor cells to confirm the EMT-centric drug screen
results

Utilizing the 344SQ_Z-cad and 393P_pTG-Zeb1-ER cell lines as
sensors for EMT, we confirmed that the manipulated cell lines
responded similarly to their corresponding parental cell lines upon
treatment with the drugs indicated in Fig. 1, and further assessed
whether EMT directly alters the sensitivity of the cells to each drug.

Specifically, we compared the viability of the 344SQ_Z-cad and
parental 344SQ cells, and the 393P_pTG-Zeb1-ER cells to the parental
393P cells when treatedwith inhibitors ofAKT,MEK, PARP, andAXL.
We found that each sensor cell line responded similarly as the
corresponding parental cell line (Fig. 3A), providing confidence that
the manipulated cell lines can be used for future analyses. We
confirmed that each drug hit its respective target by Western blotting
after treatment with escalating doses of each agent in the 344SQ_Z-cad
cells for 48 hours (Fig. 3B). We also induced the expression of GFP-
Zeb1 in the 393P_pTG-Zeb1-ER cell line with doxycycline, pushing
these cells into a mesenchymal state (Supplementary Fig. S2). Taking
all cell lines together and comparing the epithelial to the mesenchymal
groups, we found a significant difference in the sensitivities to each of
the drugs. The epithelial lines (red shades) were significantly less viable
in the face of the AKT inhibitor MK2206 or the MEK inhibitor
selumetinib, whereas the mesenchymal cell lines (blue-green shades)
were significantly less viable when treated with either the PARP
inhibitor talazoparib or the AXL inhibitor bemcentinib (Fig. 3A). We
also found that longer term treatments with single-agent selumetinib
or MK2206 (�4 weeks) produced a partial resistance to the drug
(Supplementary Fig. S3A) and induced an EMT in the 344SQ_Z-cad
cell lines, as shown by immunofluorescence images demonstrating a
downregulation of membranous E-cadherin and upregulation of Zeb1
(Supplementary Fig. S3B and S3C). Conversely, long-term treatment
with and subsequent resistance to bemcentinib or talazoparib induced
an MET, with a robust increase in membranous E-cadherin and
downregulation of Zeb1 (Supplementary Fig. S3A–S3C).

Finally, we tested the impact of EMT on drug sensitivity in human
NSCLC cell lines. Specifically, we used H358 and H441 epithelial cells
and H1299, H157, and H460 mesenchymal cell lines. To induce EMT
in the epithelial lines, we introduced the doxycycline-inducible
GFP-Zeb1 vector, and in the mesenchymal cells, we introduced a
doxycycline-inducible miR-200a/b vector to induceMET, as described
previously (18). Using these cell lines, we performed viability assays
with AKT, MEK, AXL, and PARP inhibitors and determined the IC50

values. We found that cells in a mesenchymal state are more sensitive
to bemcentinib and talazoparib than when in an epithelial state, and
conversely, epithelial cells are more sensitive to selumetinib and
MK2206 than the mesenchymal cells (Fig. 3C; Supplementary
Table S5).

Overall, these data indicate that the EMT sensor cell lines are
representative of the parental cell lines in terms of drug response and
that EMT significantly alters the sensitivity of cells to inhibitors
targeting AXL, PARP, MEK, or AKT in murine and human lung
cancer cells.

MEK and AXL inhibitors synergistically decrease the viability of
344SQ Z-cad cells

Our data indicate that selumetinib and MK2206 target epithelial
cells and bemcentinib and talazoparib target mesenchymal cells.
However, our goal was to identify a drug combination(s) efficacious
against heterogeneity by killing subpopulations in either phenotypic
cell state. Therefore, we performed synergy analyses with combina-
tions of one epithelial drug and one mesenchymal drug.

We treated the 344SQ_Z-cad cells with an epithelial cell targeting
drug or a mesenchymal cell targeting drug for 72 hours. We applied
two different tools to assess synergy, the Chou–Talalay method based
on Loewe additivity (25) and SynergyFinder 2.0 using Bliss analy-
sis (26). Inhibitors were combined and the fraction affected (Fa) values
were obtained after exposure to a series of fixed concentrations
(Fig. 4A). The combination index (CI) and drug reduction index
(DRI) were calculated for each dose using the Chou–Talalay method
(Supplementary Fig. S4A and S4B).We relied on favorableDRI, shown
in yellow (Supplementary Fig. S4B), to confirm the CI data. The drug
combinations of selumetinib þ bemcentinib and bemcentinib þ
MK2206 showed favorable DRI (DRI>1) and evidence of synergy
(CI<1; Fig. 4B; Supplementary Table S6). In addition, we evaluated the
drug combinations using a nonconstant ratio (Fig. 4C; drug concen-
trations listed in Supplementary Table S7). Utilizing SynergyFinder,
we found the combination of selumetinib þ bemcentinib and talazo-
parib þ selumetinib had the highest bliss synergy scores, indicating
synergism (Fig. 4D).

We also tested the efficacy of combiningMEKandAXL inhibitors in
the human NSCLC lines, A549 and H358. Using the Chou–Talalay
method, we found that MEK plus AXL inhibition was a synergistic
combination in both lines (Supplementary Fig. S4C and S4D). Inter-
estingly, when cells are “locked” into one phenotypic state by expres-
sion of Zeb1 or miR-200, synergy is diminished. Specifically, in the
epithelial H441 cells expressing the control vector, we found very
strong synergism with selumetinib þ bemcentinib (Supplementary
Fig. S4E). However, with Zeb1 induction, there was only slight
synergism observed at the highest concentrations of the combination
(Supplementary Fig. S4F). Similarly, the combination was strongly
synergistic in themesenchymal H1299 cells (Supplementary Fig. S4G),
but with forced miR-200 expression, synergism is only observed at the
highest concentrations, but with unfavorable DRI (Supplementary
Fig. S4H; Supplementary Table S6). Thus, these data suggest that a
heterogeneous population is required for the observed drug synergism
with the combination of MEK and AXL inhibitors.

Further evidence for the combination of MEK and AXL inhibitors
was explored by analyzing a previously described selumetinib-resistant
cell line, derived from 393P tumors that have undergone EMT after
long-term in vivo treatment (393P_AZDR1; ref. 18). Unlike the 393P
control line, the resistant cells are no longer receptive to selumetinib
(Supplementary Fig. S5A), but demonstrate a shift in sensitivity to
bemcentinib, with approximately 2.5-fold decrease in IC50 as com-
pared with the control cells. In addition, protein analyses demonstrate
that MEK is shut off in the AZDR1 cells, as expected, but they have a

(Continued.) E, qPCR analysis of miR-200a/b/c in 344SQ_Z-cad cells with or without TGFb treatment. Values were normalized to miR-16. ��, P < 0.01;
���� , P < 0.0001. F, Western blot analysis was performed on the 344SQ_Z-cad cells treated with TGFb (5 ng/mL) over 5 days. Zeb1, E-cadherin, N-cadherin,
and vimentin were probed as markers of EMT, and b-actin was used as a loading control. G, Fluorescent confocal images were acquired of 344SQ_Z-cad cells
plated on a Matrigel matrix. On day 5, TGFb (5 ng/mL) was added. Confocal images acquired over 9 days, and representative images are shown on each day.
Scale bar, 50 mm. H, Flow cytometry of the percentage of GFPþ and RFPþ cells was performed on the 344SQ_Z-cad 3D spheres grown over 9 days as
described in F. TGFb (5 ng/mL) added on day 5 shown in gray line. Data were analyzed using unpaired Student t test. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001.
I, 344SQ wild-type and 344SQ_Z-cad cells � TGFb (5 ng/mL) were plated in Transwell migration and invasion assays. Representative images of chambers
in each condition are shown. Scale bar, 1 mm. J, The relative cell number per field in migration and invasion chambers from H were analyzed. n ¼ 3 chambers
per condition. Data were analyzed using an unpaired Student t test. �� , P < 0.01; ��� , P < 0.001.
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Figure 3.

EMT alters sensitivity of cells to AKT, MEK, PARP, and AXL inhibitors inmouse and human lung cancer cell lines.A, In vitro cell viability wasmeasured viaMTT assay in
epithelial cell lines [393P (red), 393P_pTG-Zeb1-ER (�) doxycycline (dark red)], and in mesenchymal cell lines [393P_pTG-Zeb1-ER (þ) doxycycline (dark green),
344SQ (teal), and 344SQ_Z-cads (light green)] treatedwith MK2206 (AKTi), selumetinib (MEKi), talazoparib (PARPi), or bemcentinib (AXLi) for 72 hours.N¼ 8 per
each drug concentration. The curve was generated using a nonlinear regression fit model. IC50 values are listed in the table below the graphs � SD. Statistical
analysis was performed using an unpaired Student t test comparing epithelial cells lines (reds) to mesenchymal cell lines (greens). Epi/E, epithelial; Mes/M,
mesenchymal. B, 344SQ_Z-cad cells were treated with each of the drugs from A for 48 hours, and Western blot analysis was utilized to demonstrate drug efficacy
over adose range. ForAKT inhibitor treatment, phospho-AKTwasused to demonstrate efficacy. Phosphorylated ERKwas used as amarker forMEK inhibitor efficacy.
With treatment with PARP inhibitor, increased expression of phospho-CHK1 was used to demonstrate drug efficacy. (Continued on the following page.)
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robust increase in AXL (Supplementary Fig. S5B). Finally, we analyzed
signaling cascades in the face of each single agent in both cell lines and
tumors and found a robust increase in phospho-AXLwith selumetinib
treatment (Supplementary Fig. S5C and S5D), whereas treatment with
the AXL inhibitor caused an increase in phospho-ERK levels. Togeth-
er, these data suggest that treatment with one compound sensitizes the
remaining viable cells to the other, further supporting that the
combination of selumetinib and bemcentinib synergistically impacts
the growth of lung cancer cells.

MEK and AXL inhibition targets epithelial and mesenchymal
cells, respectively

We identified the combination of the MEK inhibitor selumetinib
and the AXL inhibitor bemcentinib as a synergistic combination in
bulk assays analyzing cell viability. However, we next wanted to utilize
the EMT-sensing cells to determine whether each drug specifically
targets its respective subpopulation, as well as analyze the impact of the
drug combination.

To accomplish this, we performed confocal microscopy of
344SQ_Z-cad cells treated with single agent or the selumetinib/bem-
centinib combination, and cells were stained with a caspase-3/7
substrate dye as a readout for apoptosis. In 2D culture, DMSO control
showed little caspase-3 activity (Fig. 5A–C). In the selumetinib
treatment, there was a significant increase in caspase-3þ/RFPþ cells,
with approximately 40% of the RFPþ cells undergoing cell death,
whereas less than 10% of the GFPþ cell population underwent
apoptosis with selumetinib treatment (Fig. 5C). Conversely, bemcen-
tinib treatment specifically killed 60% of the GFPþ subpopulation
with a slight increase in death in the RFPþ cells. Combination
treatment demonstrated a significant increase in the total amount of
cell death as measured by total caspase-3þ cells (Fig. 5B), and
interestingly, the combination killed both subpopulations to a greater
degree than either single agent (Fig. 5C). These data were supported
by flow cytometry analysis from 344SQ_Z-cad cells treated with
single agent or combination, which found that selumetinib treat-
ment significantly decreased the RFPþ viable population, whereas
bemcentinib treatment significantly decreased the GFPþ viable
population (Supplementary Fig. S6A).

We also tested the effect of each drug on epithelial andmesenchymal
subpopulations when cultured in 3D matrices. We embedded the
344SQ_Z-cad cell lines within a 3D matrix and treated with single
agent or combination of selumetinib and bemcentinib. As shown
previously, the 344SQ_Z-cad cells shift toward RFPþ epithelial phe-
notype when embedded within a Matrigel (MG) matrix (Supplemen-
tary Fig. S6B). To quantify, we calculated the percentage of the colored
pixels that are either GFP or RFP per field of view (Supplementary
Fig. S6C). Selumetinib treatment caused an enrichment in GFPþ

structures (Supplementary Fig. S6B and S6C), whereas bemcentinib
had little effect, likely due to the lower percentage of GFPþ cells at
baseline. Therefore, we also utilized a collagen type I and Matrigel
(Coll/MG)matrix,whichpromotes amesenchymalphenotype (24, 27).
In a Coll/MG matrix, 344SQ_Z-cad structures were 68% GFPþ at

baseline (Supplementary Fig. S6B and S6C). Treatment with selume-
tinib had little impact in this matrix; however, bemcentinib signifi-
cantly enriched the epithelial RFPþ population. In both matrices, the
combination of selumetinib and bemcentinib returned the RFP and
GFP percentages to about 50:50, suggesting that both tumor cell
subpopulations are being targeted equally. We also analyzed the
viability of these 3D structures in single-agent and combination
treatments. In MG, selumetinib significantly decreased cell viability,
whereas bemcentinib had no significant effect. Combining selumetinib
and bemcentinib significantly decreased viability compared with
single-agentMEK inhibition. InColl/MG, both single agents decreased
viability to about 50%, whereas the combination had a greater impact
than either single agent (Supplementary Fig. S6D).

Finally, we tested the specific cytotoxicity of each drug on their
respective EMT subpopulation within a 3Dmicroenvironment. Using
the caspase-3/7 substrate dye described above, we found a robust
increase in total cell death in the combination of selumetinib and
bemcentinib in both MG and Coll/MG conditions (Fig. 5D and E;
Supplementary Fig. S6E). Analyzing the caspase-3þ cells within EMT
subpopulations, we determined that selumetinib is specifically cyto-
toxic toward the RFPþ epithelial cells in both Coll/MG (Fig. 5F) and
MG (Supplementary Fig. S6E) matrices, whereas bemcentinib specif-
ically targets the GFPþ mesenchymal population. Combining these
inhibitors caused a significant increase in death in both subpopulations
to a greater degree than single-agent treatments.

Using the Z-cad EMT reporter system, we determined that theMEK
inhibitor selumetinib specifically targets and kills RFPþ epithelial cells,
whereas the AXL inhibitor bemcentinib specifically targets GFPþ

mesenchymal tumor cells. Together, the combination targets both
subpopulations effectively, significantly decreasing overall tumor cell
viability in 2D and 3D cultures.

Cotargeting MEK and AXL significantly repressed tumor growth
in vivo

To determine the translational relevance of the combination of
selumetinib and bemcentinib inhibitors, we tested the in vivo efficacy
of this treatment strategy.

We implanted the 344SQ_Z-cad cells subcutaneously in immuno-
competent wild-type mice. In two independent studies, we treated
mice with selumetinib, bemcentinib, or the combination for 3–4 weeks
after tumor formation. Using caliper measurements over time, we
found that single agents did delay tumor growth (Fig. 6A; Supple-
mentary Fig. S7A–S7D); however, this effect was largely lost by the
end of treatment as shown by tumor weights and images taken at
necropsy (Fig. 6B andC; Supplementary Fig. S7D). In addition, single-
agent treatment with bemcentinib in wild-type 344SQ tumors also
demonstrated no significant difference in primary tumor size or in
lung metastatic nodule formation (Supplementary Fig. S7E), suggest-
ing single-agent resistance develops rapidly. In contrast, the cotarget-
ing treatment strategy had a significant impact on tumor growth
throughout the duration of treatment (Fig. 6A; Supplementary
Fig. S7C). In addition, we analyzed the impact of treatment on the

(Continued.) Phospho-AXL was used to demonstrate efficacy of AXL inhibitor treatment. Total levels of proteins and b-actin were used as controls across all drug
treatments. Concentrations of drugs utilized are depicted above each lane. Densitometry calculations were performed using ImageJ software. The phosphorylated
protein of interestwasmeasured andnormalized to the loading control for each sample, and then normalized to the control (first lane) for eachdrug.C,HumanNSCLC
cell lineswere also tested for sensitivity to thedrugs described inAas a function of EMT. Epithelial cell lines usedwereH358 andH441, andmesenchymal cell lines used
were H460, H157, and H1299. The epithelial cells were driven to undergo EMT via doxycycline-inducible Zeb1, and mesenchymal cells were driven to undergo
mesenchymal-to-epithelial transition (MET) via doxycycline-induciblemiR-200ab. The vector only cell lineswere used as controls. IC50 valueswere obtained for each
cell line with each drug treatment, log transformed, and graphed on a heatmap, with blue indicating high IC50 values and yellow indicating low IC50 values.
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Figure 4.

MEK and AXL inhibition is a synergistic combination in themurine 344SQ_Z-cad sensor cell line and human lung cancer cell lines.A, 344SQ_Z-cad cells were treated
with bemcentinib (AXLi), selumetinib (MEKi), talazoparib (PARPi), or MK2206 (AKTi) single agents or the indicated combinations for 72 hours, and cell growth was
measured using MTT assays. A constant drug ratio was used for each combination, and ratios are listed in Supplementary Fig. S4C. The fraction affected (Fa) versus
drug concentration is shown for each individual drug and the combination (purple). Values were normalized to DMSO control wells. B, The four-drug combinations
from A were used to determine the drug reduction index (DRI) and combination index (CI) using the Chou–Talalay method. C, Fa tables are shown for four drug
combinations of MEKi, AXLi, PARPi, and AKTi. Combinations used are listed on each table over five concentrations of 0, IC10, IC20, IC50, and IC70 of each drug. Exact
concentrations used for each drug are listed in Supplementary Table S5. D, Synergy scores were calculated for all independent combinations from C, using the Bliss
independence model. Mean synergy scores are shown. Red sections, areas of synergism; green, areas of antagonism; white, areas of additive interactions.
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Figure 5.

MEK andAXL inhibitors target epithelial andmesenchymal cells, respectively, decreasing tumor cell viability in 3D.A–C, 344SQ_Z-cad cells were treatedwith DMSO,
selumetinib (MEKi; 5 mmol/L), bemcentinib (AXLi; 2 mmol/L), or the combination. NucView 405 Caspase-3 substrate was added to each condition as a readout for
apoptosis. Representative fluorescence microscopy images are shown in A, which were acquired 72 hours after addition of drugs. Scale bar, 20 mm. Red, epithelial
cells; green, mesenchymal cells; blue, NucView 405 Caspase-3 substrate. B, Images fromAwere quantified for total caspase-3þ cells as a percentage of total cells in
each field of view (FOV). n¼ 4–7 FOV. C, Images fromAwere also quantified for the percentage of RFPþ or GFPþ cells that were also caspase-3þ in each FOVwithin
each treatment condition. D–F, 344SQ_Z-cad cells were plated in a Matrigel (MG) or a Collagen/Matrigel (Coll/MG) matrix. After 24 hours, spheroids were treated
with DMSO, MEKi (5 mmol/L), AXLi (2 mmol/L), or the combination. After 3 days of treatment, NucView 405 Caspase-3 substrate was added to each condition as a
readout for apoptosis and confocal images were acquired. Representative images are shown in D. Scale bar, 50 mmol/L. E, 344SQ_Z-cad spheroids from D were
disassociated from the 3D Coll/MG matrix environment and processed into single cells. These cells were then analyzed by flow cytometry for the percentage of
caspase-3þ cells (E) as well as the percentage of RFPþ or GFPþ cells that were also positive for caspase-3 (F). � , P < 0.05; ��, P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Figure 6.

Cotargeting MEK and AXL significantly decreases tumor growth and viability in vivo. A, In vivo tumor volume measurements at the indicated time points (days) for
344SQ_Z-cad subcutaneous tumors in syngeneic 129/Svmice after daily treatmentwith selumetinib (MEKi; 25mg/kg), bemcentinib (AXLi; 100mg/kg), combination
[MEKi (25 mg/kg)þAXLi (100mg/kg)], or vehicle control. Treatment start time was day 10, and endpoint was day 32. Treatment performed on 5–8mice per group.
Tumor volume data plotted asmean and SD.B, Tumorweightwas recorded at endpoint per group on day 32. � , P <0.05; �� , P <0.01; ���� , P <0.0001.C,Gross images
of tumors from B.D,At necropsy, mouse lungs from the experiment described inAwere analyzed formacroscopic metastatic lung nodules in each treatment group.
�� , P < 0.01; ��� , P <0.001. E, Representative H&E images ofmouse lungs from the experiment described inA. Arrows, singlemetastatic lung nodules. F, Tumors from
the treatment efficacy experiment described in Awere formalin-fixed and paraffin-embedded for H&E and IHC analyses. TUNELwas used tomeasure cell death and
Ki67 was used to measure cell proliferation in vehicle-, MEKi-, AXLi-, or combination-treated mice. G and H, TUNEL (G) and (H) Ki67 IHC images were quantified in
each treatment group. N ¼ 3 mice per group, 3 FOV per mouse for a total of 9 images per group. I, A549 human NSCLC cells were implanted subcutaneously into
athymic nude mice. After tumor formation (�4 weeks), mice were treated with single-agent selumetinib (MEKi), bemcentinib (AXLi), the combination, or vehicle
control. Mice were treated daily, and tumor growth was monitored using weekly caliper measurements. Graph represents tumor volume as a fold change (FC)
normalized to the tumor volume measurement taken 1 day prior to the start of treatment.
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metastatic ability of the tumor cells by macroscopic lung metastatic
nodule counts and lung hematoxylin and eosin (H&E) staining and
found a significant repression in lung metastases with the combi-
nation treatment compared with either single agent or vehicle
(Fig. 6D and E). We observed no change in body weight over time
(Supplementary Fig. S7B), suggesting no overt toxicities with the
treatments. These data were corroborated by histopathologic (Sup-
plementary Fig. S8A and S8B) and serum (Supplementary Fig. S8C)
analyses to analyze the impact of single-agent or combination
treatment on kidney and liver functions (Supplementary
Table S8). Both methods revealed no aberrant changes in liver and
kidney morphology or function, suggesting no chronic toxicity from
treatment.

We confirmed that each drug was targeting its respective pathway
by performing IHC analyses on tumors from each treatment group. As
expected, treatment with the MEK inhibitor caused a reduction in
phospho-ERK, whereas bemcentinib reduced phospho-AXL staining
(Supplementary Fig. S9A). Interestingly, treatment with bemcentinib
increased phospho-ERK levels and selumetinib increased phospho-
AXL levels, supporting the in vitro findings of reciprocal pathway
activation with single-agent treatments.

While the combination significantly repressed tumor growth,
the efficacy seemed less impressive than our in vitro studies would
have suggested. To better understand the TME with single-agent and
combination treatments, we performed histologic analyses (Fig. 6F).
H&E sections from these tumors revealed that significant portions of
the combination-treated tumors encompassed non-nucleated regions
as measured by area of eosin staining per field of view (FOV; Fig. 6F;
Supplementary Fig. S9B). This suggests that the impact of combination
treatment cannot be wholly measured by the tumor size alone. In
addition, we found a significant increase in apoptotic cells asmeasured
by terminal deoxynucleotidyl transferase–mediated dUTP nick end
labeling (TUNEL) staining (�2–3-fold), and conversely, a significant
repression in proliferation as measured by Ki67 in combination-
treated tumors (�4-fold; Fig. 6F–H). Together, our data indicate that
inhibiting MEK and AXL together significantly reduced tumor cell
viability as well as likely influenced other factors within the TME.

In addition, we tested the efficacy of combining MEK and AXL
inhibitors in a human xenograft model. Human A549 cells were
implanted subcutaneously into athymic nude mice. Once tumors were
palpable (�4 weeks), we treated with single agents or the combination
of selumetinib and bemcentinib. Similar to the 344SQ_Z-cad study, we
found that the combination treatment was more efficacious in con-
trolling tumor growth (Fig. 6I; Supplementary Fig. S9C). Specifically,
these tumors demonstrated only 2.7-fold increase in growth over the
6 weeks of treatment, as compared with approximately 13-fold in
vehicle control mice. Single-agent treatments were partially effective,
with 7.6-fold and 5.6-fold increase in tumor growth with bemcentinib
and selumetinib treatment, respectively. These data confirm that
cotargetingMEK andAXL in a representative human xenograft model
has a significant effect in controlling tumor cell growth.

MEK and AXL inhibitors are efficacious in combination by
targeting epithelial andmesenchymal subpopulations in tumors

To analyze the impact of treatment on EMT subpopulations, we
collected the 344SQ_Z-cad tumors at day 10 (prior to receiving any
treatment; D10) as well as at necropsy for flow cytometry analysis of
tumor cell viability, and RFP or GFP signals from the subpopulations
(Supplementary Fig. S9D). Consistent with the tumor growth patterns
and the in vitro data, we found total viable cells as measured by Ghost
510 live/dead marker to be significantly reduced in the combination

treatment arm with a corresponding significant increase in nonviable
tumor cells (Fig. 7A and B; Supplementary Fig. S9E). In fact, com-
bination treatment tumors had only approximately 10% viable cells
after the 3 weeks of treatment compared with approximately 40%
viable tumor cells in either single-agent treatment or approximately
60% in controls. From the remaining viable cells, we analyzed the
percentage of GFPþ and RFPþ cells. As expected, the majority of cells
within the vehicle-treated tumors were GFPþ (roughly 60%; Fig. 7C
andD), and this was not statistically different from the day 10 tumors.
There was a marginal yet statistically significant decrease in viable
GFPþ cells with the treatment of selumetinib, whereas bemcentinib
caused a more robust and significant decrease in this population to
<40%. The combination of selumetinib and bemcentinib demonstrat-
ed the greatest reduction in the GFPþ mesenchymal population,
significantly lower than the D10 early tumors and the time-
matched vehicle-treated mice. Conversely, we found a significant
increase in the RFPþ population between early (D10) and late tumors
(Veh), suggesting the epithelial population increases over time. Selu-
metinib treatment significantly decreased the RFPþ to less than 10%
(Fig. 7D). Interestingly, we also observed a significant decrease in
RFPþ cells with bemcentinib treatment, which returned the RFPþ

population back to the baseline levels observed in the early D10
tumors, although this effect was not as strong as that seen with
selumetinib. Combination treatment also significantly decreased the
RFPþ subpopulation, though the decrease in RFPþ cells was less robust
than that observed with single-agent treatments, with approximately
20% of RFPþ epithelial cells still viable in the combination treatment
group. Overall, the in vivo data revealed that the combination therapy
was superior in controlling mesenchymal tumor cell growth than
either single agent, whereas the effect on the epithelial population is
slightly more ambiguous.

Together, our data provides a rational drug combination that
cotargets MEK and AXL signaling pathways. This combination works
effectively to target cells in an epithelial or mesenchymal phenotypic
state, leading to significant repression of tumor growth and prevention
of resistant outgrowth by targeting EMT-related tumor heterogeneity
(Fig. 7E).

Discussion
EMT is a well-studied but complex and dynamic epigenetic repro-

gramming event that promotes tumor progression, metastasis, and
drug resistance, facilitating cancer cell adaption to conditions within
the TME to ensure survival and thereby producing considerable
cellular heterogeneity. The goal of this study was to identify novel
combination treatment strategies that can inhibit cells in either
phenotypic state to prevent EMT-mediated escape. We performed a
selective drug screen on representative epithelial and mesenchymal
murine lung cancer cell lines and overlapped those select targets with
unbiased datasets analyzing genes necessary for in vivo cell survival
and protein signaling cascades activated in epithelial and mesenchy-
mal cells.We identifiedAKTandMAPKas epithelial cell dependencies
and AXL and PARP as mesenchymal cell dependencies. Previous data
from our lab highlighted that epithelial cancer cells are dependent on
MAPK signaling for survival, whereas mesenchymal cells are not, even
when harboring identical KRAS mutations (18). In addition, the
expression and activity of AXL in mesenchymal cancer cells has been
established in the literature. In patients with esophageal squamous cell
carcinoma, AXL mRNA expression was significantly correlated with
several EMT markers including vimentin and Zeb1 (28). AXL is
expressed in HER2þ breast cancers with a positive EMT signature
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Figure 7.

MEK and AXL inhibitors work synergistically to target phenotypic heterogeneity within tumors. A–D, Flow cytometry analysis was performed on 344SQ_Z-cad
tumors treated with selumetinib (MEKi), bemcentinib (AXLi), the combination, or vehicle control (described in Fig. 6A). Tumors were collected at day 10 (D10),
indicative of an early time point prior to treatment start, and at endpoint (day 32). Tumors were then processed for flow cytometry analysis of live/dead cells.
Nonviable (A) and viable (B) tumor cells were quantitated in each treatment group. n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. C, Flow cytometry
analysis of GFPþ or RFPþ cells from tumors in each treatment group. Tumors were collected and processed for flow cytometry analysis of live/dead cells, and
viable cells were further gated with RFP versus GFP. n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. D, Representative dot plot of the percentage of GFPþ

and RFPþ cells from a single tumor for each treatment group from C. E, Model representing MEK and AXL inhibitors killing epithelial or mesenchymal cells within
a tumor, respectively. In combination, MEK and AXL inhibitors are able to synergistically kill both epithelial and mesenchymal cells within a tumor.
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and essential for metastasis (29), upregulated in drug resistant models
of prostate cancer (30), found in mesenchymal subsets of lung
cancer (31–33), and is an upstream regulator of EMT to promote
cancer stem cell initiation and chemoresistance in breast cancer (34).
Together, these data provide confidence that the targets identified in
our screens were likely EMT-centric hits and worthy of additional
study in a dynamic system.

Methodologies assaying the process of EMT lack the ability to
capture dynamic changes in real-time and/or in a heterogeneous
population. The dual Z-cad reporter system was designed to address
these issues by simultaneously reporting the activity of the miR-200
family on the GFP-Zeb1–30UTR, and conversely, Zeb1 activity on
E-cadherin–driven RFP (23). As the miR-200/Zeb1 axis is critical for
EMT (13–16), thiswas an idealmodel to evaluate EMT shifts in the face
of targeted agent treatments. By expressing the Z-cad sensor in the
murine 344SQ cells, we determined that the MEK inhibitor selume-
tinib and the AXL inhibitor bemcentinib specifically target RFPþ

epithelial and GFPþ mesenchymal populations, respectively, and
when combined, significantly inhibit tumor cell growth in 2D and
3D in vitro systems. While mathematical models generated from 2D
assays revealed synergy with this combination, in some cases the
impact appearsmore additive, such aswithin a 3Dmatrix, although the
combination outperforms single-agent treatment in promoting tumor
cell death. Interestingly, additional data revealed that synergy with
bemcentinib and selumetinib in inhibiting tumor cell growth requires
a heterogeneous cell population. When locked into either an epithelial
or mesenchymal state by induction of miR-200 or Zeb1, respectively,
the combination loses favorable DRI and synergism across multiple
doses; thus, the combination is likely most efficacious in tumors that
present with EMT-mediated heterogeneity or have the capacity to shift
along the EMT spectrum as a mechanism of resistance.

In vivo murine and human cancer cell growth was significantly
inhibited with selumetinib and bemcentinib compared with either single
agent. In fact, the combination had marked efficacy on 344SQ_Z-cad
tumor cell proliferation and death and may even influence the TME as
shown by histology. Similarly, FACS analysis on treated tumors revealed
that bemcentinib treatment reduced bothGFPþmesenchymal andRFPþ

epithelial cells in vivo. This result may be due to effects beyond direct
tumor cell killing in these syngeneic tumors. For example, treatment with
AXL inhibitor has been shown to impact the tumor-infiltrating CD8þ

and CD4þ T cells (35) and alters the immune cytokine and myeloid cell
landscape (36); therefore, further analyses will be required to determine
whether either of these drugs alone or in combination are having non–
cell-autonomous effects on controlling tumor growth.

The compounds utilized in the drug screen were largely selected for
their clinical status; thus, any combination discovered may be readily
translatable to clinical practice. Selumetinib has been and is currently
being tested in clinical trials for treatment of various cancers driven by
oncogenic RAS, including NSCLC. However, most of these trials did
not improve progression free survival. Our group determined that one
avenue of intrinsic and acquired resistance to MEK inhibition is
EMT (18), indicating a need for combinatorial treatment strategies
that either prevent this epigenetic shift or independently target mes-
enchymal cells. The AXL inhibitor bemcentinib was the first AXL-
specific tyrosine kinase inhibitor to enter clinical trials and is currently
in several phase I/II trials for glioblastoma, AML, TNBC, and NSCLC,

either alone or in combination with chemotherapy agents or immu-
notherapies like pembrolizumab. Our data suggest that combining
bemcentinib with an epithelial targeting drug like selumetinib may
work effectively to target phenotypic heterogeneity and EMTplasticity
within tumors, ultimately improving the anti-tumor efficacy of these
targeted agents.
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