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Abstract

Rationale: The mitogen-activated protein kinase pathway (MAPK) is one of the major cancer-driving pathways
found in non-small cell lung cancer (NSCLC) patients. ERK inhibitors (ERKi) have been shown to be effective in
NSCLC patients with MAPK pathway mutations. However, like other MAPK inhibitors, ERKi rarely confers
complete and durable responses. The mechanism of tumor relapse after ERKi treatment is yet defined.

Methods: To best study the mechanism of tumor relapse after ERK inhibitor treatment in NSCLC patients, we
treated various NSCLC cell lines and patient-derived xenograft (PDX) with ERK inhibitors and evaluated the
enrichment of cancer stem cell (CSC) population. We then performed a Next-generation sequencing (NGS) to
identify potential pathways that are responsible for the CSC enrichment. Further, the involvement of specific
pathways was examined using molecular and cellular methods. Finally, we investigated the therapeutic benefits
of ERKi treatment combined with JAK/STAT pathway inhibitor using cellular and xenograft NSCLC models.

Results: We found that ERKi treatment expands the CSC population in NSCLC cells through enhanced
epithelial-to-mesenchymal transition (EMT)-mediated cancer cell dedifferentiation. Mechanistically, ERK
inactivation induces EMT via pSTAT3-mediated upregulation of Slug, in which, upregulation of miR-204 and
downregulation of SPDEF, a transcription repressor of Slug, are involved. Finally, the JAK/STAT pathway
inhibitor Ruxolitinib blocks the ERK inactivation-induced EMT and CSC expansion, as well as the tumor
progression in xenograft models after ERKi treatment.

Conclusions: This study revealed a potential tumor relapse mechanism of NSCLC after ERK inhibition
through the unintended activation of the EMT program, ascertained the pSTAT-miR-204-SPDEF-Slug axis, and
provided a promising combination inhibitor approach to prevent tumor relapse in patients.

Key words: ERK; ERK inhibitor; Non-small cell lung cancer; Epithelial-to-mesenchymal transition; Slug; Cancer stem cell;
dedifferentiation

Introduction

The Mitogen-activated protein kinase (MAPK)
pathway through the RAS-RAF-MEK-ERK cascades
has been shown to play a critical role in regulating
various cellular processes including proliferation,
differentiation and stress response in both normal and

cancer cells [1,2]. Aberrant MAPK signaling, mainly
induced by activating mutations in RAS and RAF, and
its upstream activator EGFR, is commonly found in
non-small cell lung cancer (NSCLC) [3]. Thus,
targeting RAS-RAF-MEK-ERK signaling network has
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been exploited for treatment of EGFR or
MAPK-driven NSCLC. Indeed, FDA has approved
the BRAF inhibitor dabrafenib and the MEK inhibitor
trametinib to be administrated concurrently for
treatment of patients with metastatic NSCLC
harboring BRAF V600E mutation, as well as the KRAS
inhibitor sotorasib for treatment of NSCLC patients
harboring KRAS-G12C mutation.

ERK1/2 is the most downstream effector in the
RAS-RAF-MEK-ERK cascade, activating mutations in
RAS, BRAF, and MEK can eventually activate ERK. In
addition, many patients who acquire resistance to
BRAF, MEK, ALK, CDK4/6, TRKA, and EGFR
inhibitors show activation of ERK [4,5]. Therefore,
ERK was considered as the Achilles’ heel of the
MAPK pathway, and attracted significant interest as a
therapeutic cancer target [6]. Since developed, several
ERK inhibitors (ERKi) have been shown to be active
against different cancers harboring RAS, BRAF, or
MEK mutations, as well as cancers with developed
BRAF/MEK inhibitor resistance [7-11]. Despite this,
as observed with other small-molecule inhibitors [12],
resistance may still develop in ERKIi treated patients,
and tumor might also relapse after treatment
cessation.

Many studies have shown that a small
population of cancer cells, referred to as “cancer stem
cells (CSCs)”, is responsible for tumor treatment
resistance and tumor relapse [13-16]. CSCs, also called
tumor-initiating cells, not only possess the properties
of normal stem cells, e.g., self-renewal and
differentiation, but also exhibit extremely high
tumorigenicity. Their multidrug resistance feature
also allows them to survive most treatment including
chemo- and radio-therapy. Therefore, surviving CSCs
can regenerate a new tumor through their
self-renewal and differentiation properties, and
contribute to tumor relapse.

Based on a model of cancer cell plasticity [17,18],
non-CSCs and CSCs can convert to each other and
achieve an equilibrium in a tumor. However, this
equilibrium can be disrupted by specific micro-
environmental signals or cancer therapies, leading to
a predominant non-CSC-to-CSC conversion, and an
expansion of the CSC population. It has been well
known that epithelial-to-mesenchymal transition
(EMT) can generate CSCs by reprogramming non-
CSCs [19]. EMT is a crucial cellular process that
facilitates polarized epithelial cells to lose their
junctions and polarity, and transit toward
mesenchymal cells characterized by increased
motility. During the EMT process, cells repress
epithelial protein expression (e.g., E-Cadherin) to
reinforce the destruction of adherent junction, and
upregulate expression of mesenchymal markers (e.g.,

N-Cadherin, Vimentin) to promote migration [20].
EMT is exploited by cancer cells to transport from the
primary tumor site to secondary organs, resulting in
cancer metastasis [21]. This transition is often
orchestrated by a group of core EMT transcription
factors (EMT-TFs) of the SNAIL, ZEB, and TWIST
families in response to pleiotropic signals [22,23].

In this study, we demonstrated that ERKi
treatment could cause expansion of the CSC
population through EMT-mediated cancer cell
dedifferentiation. Mechanistically, ERK inactivation
induces EMT via pSTAT3-mediated upregulation of
Slug. Finally, we found that the JAK-STAT pathway
inhibitor Ruxolitinib could not only reverse the
ERKi-induced EMT and block expansion of the CSC
pool, but also impede ERKi-induced tumor relapse,
providing a proof of concept for combination
inhibitor approach for treating NSCLC patients
harboring aberrant MAPK signaling.

Materials and Methods

Cell culture and chemicals

Human NSCLC cell lines A549, HCC827, H460,
H2122, H2030, and H838 were obtained from
American Type Culture Collection (ATCC). PDX72
primary tumor cells were isolated from a NSCLC
patient-derived xenograft (PDX) established by
transplanting freshly removed NSCLC tumor tissue
(KRAS G12C mutation) into NSG  mice
subcutaneously. All cells were authenticated by
ATCC wusing Short Tandem Repeat (STR) DNA
profiling and tested for mycoplasma contamination
routinely. Cells were cultured in RPMI 1640 medium
(Corning) supplemented with 10% (v/v) fetal bovine
serum (FBS, R&D Systems, Cat. No. S11150), 100
pg/ml streptomycin and 100 units/ml penicillin,
incubated at 37°C in a humidified atmosphere with
5% COa. All experiments were conducted using cells
within 3-20 passages after thawing from the original
stocks. Spheroid cancer cells were obtained by
culturing bulk cancer cells in serum-free PromoCell
3D Tumorsphere Medium XF (PromoCell, Cat. No.
C-28070) in Ultra-Low Attachment dishes (Corning)
for at least 12 days. ERK1/2 selective inhibitors
BVD-523  (Ulixertinib) and SCH772984, MEK
inhibitors trametinib (GSK1120212) and U0126, as
well as the JAK1/2 inhibitor Ruxolitinib, were
purchased from MedChemExpress (MCE).

Plasmid, siRNA, shRNA, miRNA, gene
transfection and establishment of Tet
On-inducible stable cell line

SlugMyc_pcDNA3 was a gift from Paul Wade
(Addgene plasmid # 31698) [24]. siGENOME Human
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SNAI2 siRNA SMART pool was purchased from
Dharmacon (Lafayette, CO). SPDEF shRNA was
purchased from Millipore Sigma (shSPDEF#1:
5-CCTGGATGAAAGAGCGGACTT-3, shSPDEF#2:
5-CTACCTCTCCTACTTTGACAT-3). Negative
control mirVana miRNA mimic (NC-M), hsa-miR-204
mirVana miRNA mimic (miR-204-M), Negative
control mirVana miRNA inhibitor (NC-I) and
hsa-miR-204 mirVana miRNA inhibitor (miR-204-I)
were purchased from ThermoFisher Scientific. Cells
were transfected with plasmids, siRNAs, shRNAs, or
miRNAs by using Lipofectamine 2000 reagent
(ThermoFisher  Scientific) according to the
manufacture’s protocol.

To establish a cell line stably expressing Tet
On-inducible Slug, we subcloned Slug ¢cDNA from
SlugMyc_pcDNA3 to pLVX-TRE3G vector (TaKaRa)
to construct the pLVX-TRE3G-Slug vector. A549 cells
were first transduced with the pLVX-Tet3G vector
(TaKaRa), selected with G418 at 500 pg/ml. The G418
resistant cells were transduced with pLVX-TRE3G-
Slug followed by selection with 1 pg/ml puromycin.
The successfully stable transfection was confirmed
using immunoblotting after cultured in the presence
of Doxycycline.

Flow cytometry and cell sorting

NSCLC cells were trypsinized, resuspended in
PBS containing 1% BSA, and stained lively with the
APC-conjugated E-cadherin antibody (Miltenyi
Biotec, Cat. No. 130-099-723) or APC-conjugated
N-cadherin antibody (Miltenyi Biotec, Cat. No.
130-116-171) at a concentration recommended by the
manufacturer. Corresponding isotype controls were
used to set negative gates. Cells were either analyzed
by a BD LSR II Flow cytometer, or sorted by a BD Aria
III Flow Cytometer. All data were analyzed and
visualized by Flowjo.

For cellular ALDH activity analysis and ALDH
activity-based cell sorting, the ALDEFLUOR assay kit
(STEMCELL Technologies) was used following the
manufacturer’s protocol with a minor modification. In
brief, cells with or without drug treatment were
grown to at least 70% confluence. After trypsinized,
1x106/ml cells were resuspended in ALDEFLUOR
buffer. Cells were then incubated with 25 pul
ALDEFLUOR reagent per 1x10¢ cells for 45 minutes at
37 °C. One portion of cells from each sample was
treated with 5 pl ALDH inhibitor, diethyl-
aminobenzaldehyde (DEAB, 15 pM), to set the
negative gate. After incubation, cells were washed
once with ALDEFLUOR assay buffer and eventually
resuspended in 500 ul of ALDEFLUOR assay buffer.
Samples were next subjected to a BD LSR II Flow
cytometer for analysis, or a BD Aria III Flow

Cytometer for sorting.

RNA extraction and quantitative reverse
transcription PCR

Total RNA was extracted from the NSCLC cells
using Trizol reagent (Life Technologies, Carlsbad,
CA) according to the manufacture’s protocol. The first
strand of cDNA was generated by the reverse
transcription system (Applied Biosystems) in a 20 pl
reaction containing 1.5 pg of total RNA. A 0.5 pl
aliquot of cDNA was amplified by Fast SYBR Green
PCR Master Mix (Applied Biosystems) in each 20 pl
reaction with an QuantStudio 3 system (Applied
Biosystems). Expression levels were normalized to
18S expression. The primer sequences for PCR are
listed in Table S1. For miRNA detection, TagMan™
MicroRNA Assay Kit (Thermo Fisher Scientific, Cat.
No. 4427975) was wused to determine the
hsa-miR-204-5p expression level. The expression level
was normalized to reference gene RNUG6B.

Immunoblotting

Whole cell lysates were prepared using SDS lysis
buffer [2% (w/v) SDS, 10% (v/v) glycerol, 62 mmol/L
Tris-HCl, pH 6.8, and a complete miniprotease
inhibitor mixture (Roche Applied Science)]. Protein
concentrations were then determined using DC
Protein Assay Reagents (Bio-Rad), equal amounts of
proteins were separated on an SDS-polyacrylamide
gel, and transferred to a nitrocellulose membrane.
Membrane was blocked with 5% nonfat milk in TBST,
and incubated with appropriate antibodies (Table S2)
at 4°C overnight. After extensive washing, membrane
was incubated with the goat-anti-rabbit or
goat-anti-mouse antibodies conjugated with HPR
(Millipore Sigma, Cat. No. 12-348, 12-349) for 1 h at
room temperature. After washing, the protein bands
were detected with chemiluminescence.

Immunofluorescence

Immunofluorescence staining was conducted
according to our previous description [25]. Briefly,
NSCLC cells treated with ERKi or transfected with
siRNAs were seeded and cultured on cover slips.
Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1%Triton X-100. After blocking
with 20% normal goat serum in PBS, coverslips were
incubated with the primary antibody (Table S2)
overnight at 4°C. After washing 4 times with PBST,
slides were incubated with goat-anti-rabbit or
goat-anti-mouse IgG conjugated with FITC for 1 h at
room temperature, further washed with PBST, and
mounted with Vectashield mounting medium
containing DAPI (Vector Laboratories, Burlingame,
CA). Cell images were visualized using the Revolve
fluorescent microscope (ECHO).
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Immunohistochemistry (IHC) were enriched using oligo(dT) beads, then
PDX72 tumor tissues were fixed with 3.7%  fragmented randomly in fragmentation buffer,

formaldehyde for 48 h and embedded with paraffin.
Tissue blocks were cut into 5 pm slides. IHC was
performed as previously described [26] to examine
expression of E-cadherin and Vimentin using the
corresponding antibodies (Table S2). Slides were
imaged under Revolve microscope (ECHO).

Sphere formation assay

The sphere forming ability was assessed using a
semi-solid sphere formation assay established in our
previous study [26]. Briefly, designated number of
cells were mixed with semisolid media (MethoCult
H4100; STEMCELL Technologies) in PromoCell 3D
Tumorsphere Medium XF, and seeded in six-well
Ultra-Low Attachment plates (Corning). Cells were
maintained in a humidified incubator at 37 °C with
5% CO, for 12 days. Meanwhile, 100 cells were also
seeded in each well of a regular 6-well plate, cultured
in the regular RPMI 1640 medium supplemented with
10% FBS for 12 days, to determine the colony
formation ability of these cells. The number of
tumorspheres was counted under an inverted Nikon
microscope, and the sphere formation rate was
normalized to the colony formation rate.

Wound healing assay

NSCLC cells treated with compounds or
transfected with siRNAs were grown to confluent in
6-well plates and scratched with a 200-pl pipette tip.
Cells were washed with PBS twice and further
cultured for 24 h. Cell images were taken at 0 h and 24
h for measuring the distance of the scratch. The
scratch area was quantified using Image] and the
closure rate was calculated accordingly.

Transwell invasion assay

A Corning Biocoat Matrigel Invasion Chamber
(Corning) was used to assess the cell invasion ability
of NSCLC cells after ERKi treatment. Briefly, 5 x 10+
cells were seeded into Matrigel coated chambers and
incubated for 24 h. After incubation, non-migrated
cells on the upper membrane were removed with a
cotton swab and migrated cells were fixed with cold
methanol and stained with crystal violet. Migrated
cells were counted under the Revolve microscope,
and the relative invasion ability was calculated.

RNA Sequencing and data analysis

Ab549 cells were treated with either BVD at 2.5
M or DMSO for 5 days. Total RNA was isolated
using Norgen Total RNA Purification Kit (Norgen
Biotek) following manufacturer’s instructions. After
the quality control procedure, mRNA from samples

followed by cDNA synthesis using random hexamers
and reverse transcriptase. cDNA library was then
constructed and subjected to sequencing by
Novogene. The original raw data from Illumina HiSeq
were transformed to Sequenced Reads by base calling,
raw reads were filtered to remove reads containing
adapters or reads of low quality, and mapped to a
reference genome using TopHat2 algorithm. Gene
expression levels were measured by transcript
abundance, and expressed as number of Fragments
Per Kilobase of transcript sequence per Millions
(FPKM). The differential gene expression analysis was
conducted using DESeq [27]. Gene Set Enrichment
Analysis (GSEA) and hallmark gene sets in Molecular
Signatures Database (MSigDB) were used to
determine enriched pathways.

Animal study

Animal studies were performed under the
guidance of The Institutional Animal Care and Use
Committee (IACUC) of the Ohio State University. Six
to eight-week-old NOD scid gamma mice (NSG™)
were purchased from The Jackson Laboratory. To
determine the frequency of tumor-initiating cells
(TICf) using the limiting dilution assay, designated
numbers of cells (1:1 mixed with Matrigel Matrix,
Corning, Cat. No. 356231, 0.1 ml total volume) were
subcutaneously injected into the axilla of NSG mice.
Mice were monitored for tumor initiation for up to 4
weeks post-injection, and the tumor number per
group within this period was recorded to calculate the
TICf using the Extreme Limiting Dilution Analysis
(ELDA) software (http:/ /bioinf.wehi.edu.au/
software/elda/indew.html) [28].

To generate a NSCLC PDX model, PDX72 tumor
fragments were implanted into NSG mice (male:
female=1:1) subcutaneously. After tumors reached
200 mm?, mice were randomized into two groups, and
administrated with either BVD (50 mg/kg) or vehicle
reagent (DMSO) orally once every day. Tumor
volume was measured every other day. Mice were
treated for 10 days and sacrificed. Tumor masses were
collected, weighted, and fixed for pathological
analysis. To obtain primary tumor cells from the
PDX72 xenograft, tumor pieces were minced and
digested with collagenase in RPMI-1640 medium at
37°C for 2 h. The digested tissue was passed through a
70-pm cell strainer to obtain single cell suspension.
Excess RBC was removed by Histopaque-1077
centrifugation. The live, nucleated cells collected were
seeded in culture dishes and cultured in RPMI 1640
medium supplemented with 10% FBS, 100 ng/ml
Streptomycin, and 100 units/ml Penicillin.
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To determine tumor relapse, A549 cells (1 x 109)
and HCC827 «cells (1 x 10% were injected
subcutaneously into nude mice (male:female=1:1) to
generate xenografts. After tumors reached around 5
mm in diameter, mice were randomly divided into
four groups, administrated with vehicle, BVD (50
mg/kg), Ruxolitinib (100 mg/kg), or BVD+
Ruxolitinib orally once every day for 9 days. Tumor
volume was measured every other day. Mice were fed
continuously after treatment cessation, and tumor
volume was measured every day.

Statistical analysis

The data were presented as mean * SD as shown
in the histograms or lines of all figures. Two sample
t-tests or ANOVA were used to compare the
difference between two groups or multiple groups,
respectively. The RT-PCR data was first normalized to
the internal control and then compared with the
2AMACT method. Holm's procedure was used to
control for multiple comparisons when needed.
Linear mixed effects models were used to analyze
tumor growth trends across times. For all statistical
testing, P < 0.05 was considered statistically
significant. All tests were two-sided.

Results

ERK inactivation expands the CSC population
in NSCLC

It has been reported that suppressed ERK
signaling is critical to maintenance of the self-renewal
property of embryonic stem cells (ESCs) [29,30], while
enhanced ERK signaling promotes the differentiation
of ESCs [31]. Our previous study has demonstrated
that ovarian CSCs possess reduced ERK activity
compared to the bulk cancer cells, and inactivated
ERK signaling facilitates the maintenance of CSC
properties [32]. Given that ERKi are used to treat
MAPK signaling-driven NSCLC, we wanted to know
whether inhibition of the ERK activity can expand the
CSC population. High enzymatic activity of aldehyde
dehydrogenase (ALDH) is observed in CSCs and is
often used to isolate and functionally characterize
CSCs in NSCLC [33]. We also confirmed the higher
tumorigenic potential of ALDH* cells compared to
ALDH- cells isolated from both A549 and HCC827 cell
lines (Figure S1A-D). In addition, CSCs are often
assessed functionally by determining their sphere
forming ability in vitro and tumorigenicity in vivo [34].
Thus, we determined the abundance of CSCs in
NSCLC cells after ERKi treatment by analyzing these
three parameters. We treated A549 and HCC827 cells,
two NSCLC cell lines harboring aberrant MAPK
signaling (KRAS-G12S and EGFR mutation,

respectively), with two ERK inhibitors, BVD-523
(BVD) and SCH772984 (SCH), at a dose (2.5 pM) that
is around their IC50 (Figure S2A-B). The inhibition of
the ERK activity was also confirmed by analyzing the
phosphorylated RSK (pRSK), a known ERK1/2
downstream target (Figure S2C). We found that both
BVD and SCH can increase the CSC population
characterized by high ALDH activity (Figure 1A-B),
increase their sphere formation ability (Figure 1C-D),
and enhance their tumorigenic potential (Figure 1E-F,
Figure S3A-B) in these cell lines. The enrichment of
ALDH?Y cells and enhanced sphere formation ability
were also found in primary tumor cells isolated from
a NSCLC PDX after treated with BVD (Figure 1G-H).
Furthermore, treatment of A549 and HCC827 cells
with a MEK inhibitor, trametinib, increased the CSC
population characterized by high ALDH activity as
well (Figure S4A-D). All these data indicate that ERK
inactivation indeed expands the CSC population in
NSCLC.

ERK inactivation promotes cancer cell
dedifferentiation

Due to the cancer cell plasticity, the abundance
of CSCs in tumors can be affected by CSC
differentiation and non-CSC dedifferentiation [35]
(Figure 2A). To determine whether inhibition of ERK
activity can affect cancer cell plasticity, we sorted
ALDH- cells from A549 and HCC827 cells to represent
non-CSCs, and ALDH* cells to represent CSCs (Figure
2B) [36], and analyzed the conversion between ALDH-
and ALDHY cells in the absence and presence of BVD.
BVD treatment could significantly promote the
conversion from ALDH- cells to ALDH* cells, while it
did not influence the conversion of ALDH* cells to
ALDH- cells in both cell lines (Figure 2C-F).
Furthermore, BVD treatment can significantly
enhance the expression of stemness genes (Sox2 and
Oct 4 in A549 cells, Nanog in HCC827 cells), as well as
the sphere formation ability in ALDH- cells isolated
from both A549 and HCC827 cells (Figure S5A-C).
These data indicate that ERK inactivation could
promote cancer cell dedifferentiation, thereby
expanding the CSC population. The enrichment of the
CSC population after ERKi treatment could also be a
result of selective killing or growth inhibition of
non-CSCs, leading to a relative increase in the CSC
population. However, we found that BVD can
equivalently inhibit the ERK activity and inhibit cell
growth in both ALDH- and ALDH?* cells isolated from
A549 and HCC827 cells without significant induction
of cell death (Figure S6A-C), excluding the possibility
that the expansion of CSCs after ERKi treatment is
due to selective sensitivity of non-CSCs to ERKi.
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Figure 1. ERK inactivation expands the CSC population in NSCLC cells. (A-B) Effect of ERKi treatment on the abundance of ALDH* cells in NSCLC cell lines. A549
(A) and HCC827 (B) cells were treated with BVD or SCH at 2.5 pM for 5 days. ALDH* cells were assessed using the ALDEFLURE flow cytometry assay. DEAB (15 pyM) treated
cells were used as negative control for setting the gate. (C-D) Effect of ERKi treatment on the sphere-formation capacity of NSCLC cell lines. A549 (C) and HCC827 (D) cells
were treated with BVD or SCH as aforementioned, the sphere-formation capacity was measured using the semisolid sphere-forming assay. (E-F) Effect of ERKi treatment on
tumorigenicity of NSCLC cell lines. A549 (E) and HCC827 (F) cells were treated with BVD or SCH as described above, the TICf was quantified by a xenograft assay with limiting
dilution. (G-H) Effects of BVD treatment on the abundance of CSCs in primary NSCLC cells. Primary tumor cells isolated from a NSCLC PDX (PDX72) were treated with BVD
at 2.5 pM for 5 days; ALDH* cells (G) and their sphere-formation capacity (H) were examined as described in (A-B) and (C-D). N = 3, bar: SD, **: P < 0.01.
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Figure 2. ERK inactivation promotes dedifferentiation of NSCLC cells. (A) Schematic illustration of cancer cell plasticity. (B) Isolation of ALDH- and ALDH* cells from
NSCLC cell lines. A549 and HCC827 cells were incubated with ALDEFLUOR reagents, ALDH- and ALDH* cells were sorted using flow cytometer. (C-F) Conversion between
ALDH- and ALDH* cells in the absence or presence of BYD. ALDH- and ALDH* cells isolated from A549 (C, D) and HCC827 (E, F) cell lines were cultured in the absence or
presence of 2.5 yM BVD for 5 days. ALDEFLUOR-based flow cytometry assay was conducted to assess the percentage of ALDH* cells, DEAB treated cells were used as negative
control for setting the gate (C, E). The percentage of ALDH* cells in each group was plotted (D, F). N = 3, bar: SD, **: P < 0.01.

ERK inactivation promotes EMT in NSCLC
cells

To elucidate the mechanism behind ERK
inactivation-induced cancer cell dedifferentiation and
CSC enrichment, we analyzed altered gene expression
caused by BVD treatment in A549 cells using
RNA-seq. We have noticed a cell morphological
change from epithelial morphology to elongated
mesenchymal morphology when A549 cells were
treated with BVD (Supplementary Figure S7A),
suggesting that BVD may induce EMT. Thus, we first
examined BVD-induced gene expression change of a
panel of EMT biomarkers [26] in our RNA-seq data.
We found that almost all mesenchymal marker genes

are upregulated in A549 cells treated with BVD
(Supplementary Figure S7B). Gene Set Enrichment
Analysis (GSEA) further shows enrichment of the
EMT hallmark gene set in BVD-treated A549 cells
(Figure 3A). Next, we validated EMT in two NSCLC
cell lines by analyzing expression of various EMT
markers, as well as their ability of migration and
invasion. Treatment with BVD and SCH was able to
enhance the mRNA level of a panel of mesenchymal
markers, e.g., Vimentin, N-Cadherin (N-Cad), and
Fibronectin in A549 and HCC827 cells (Figure S8A-B).
Furthermore, BVD and SCH-induced increase in
Vimentin and decrease in E-Cadherin (E-Cad) were
found in the primary tumor cells isolated from a
NSCLC PDX (Figure S8C). We then confirmed the
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increase in the mesenchymal marker Vimentin and
the decrease in the epithelial marker E-Cad in A549
and HCC827 cells after BVD and SCH treatment at the
protein level (Figure 3B-C). We also validated EMT by
examining the expression of E-Cad and N-Cad in
BVD-treated A549 cells using flow cytometry (Figure
S8D-E). The key functions of the EMT program, cell
migration and cell invasion, were also enhanced by
treatment with BVD or SCH in A549 and HCC827
cells (Figure 3D-G, Figure S8F-I).

To verify the ERKi-induced EMT in vivo, we
treated mice bearing NSCLC PDXs with BVD for 10
days. As expected, BVD treatment significantly halted
tumor growth (Figure S9A-B), and inhibited the
proliferation of tumor cells reflected by reduced
percentage of Ki-67 positive cells (Figure 3H). More
importantly, the EMT program was indeed found in
the surviving tumor cells, reflected by enhanced
expression of Vimentin and reduced expression of
E-Cad in tumors treated with BVD (Figure 3H).

Taken together, all these data indicate that ERK
inactivation can promote EMT in NSCLC cells. More
interestingly, we found that a MEK inhibitor,
trametinib, which can eventually inhibit the ERK
activity, could also enhance the mRNA level of a
panel of mesenchymal markers, e.g., N-Cad and
Vimentin in A549 cells, as well as N-Cad, Fibronectin,
and Vimentin in HCC827 cells (Figure S4A, C, Figure
S10A-B), further supporting our finding that ERK
inactivation can induce the EMT program.

Slug mediates ERK inactivation-induced EMT
in NSCLC cells

EMT is largely triggered by a set of EMT-TFs,
including Snail, Slug, Twistl, Twist2, Zebl, and Zeb2
[23]. To identify the EMT-TF that plays a critical role
in ERK inactivation-induced EMT, we first analyzed
the RNA-seq data obtained from BVD-treated and
DMSO-treated A549 cells. We found SNAI1, SNAI2,
ZEB1, and ZEB2? were highly expressed in
BVD-treated cells. Among them, SNAI2 (encodes
Slug) was the most enhanced one (Figure S7C). We
further analyzed expression of these EMT-TFs in A549
and HCC827 cells after treated with BVD and SCH
using qRT-PCR. Among all tested EMT-TFs, SNAI2
was the one that is most induced by both BVD and
SCH (Figure 4A-B). In addition, BVD-induced SNAI2
expression at the mRNA level was validated in
primary NSCLC cells (PDX72) and a panel of NSCLC
cell lines that have the KRAS mutation, e.g., H460,
H2122, and H2030, but not in H838 cells, which does
not possess aberrant RAS/RAF/MEK/ERK signaling
(Figure 4C-D). The induction of Slug at the protein
level in A549 and HCC827 cells by both BVD and SCH
treatment were confirmed using immunoblotting

(Figure 4E). Interestingly, treatment with the MEK
inhibitor trametinib and U0126 also induced SNAI2
expression in A549 cells (Figure S10C-E), indicating
that both direct and indirect inhibition of ERK activity
can increase expression of the EMT-TF Slug (SNAIL2).

To further characterize Slug as an EMT inducer
in NSCLC cells after treatment with ERKi, we
knocked down Slug expression in A549 and HCC827
cells, and analyzed expression of N-Cad after BVD
treatment using flow cytometry, as well as expression
of E-Cad and Vimentin using immunofluorescence.
Consistently, we found that BVD increased the
percentage of N-Cad* cells, as well as reduced E-Cad
and increased Vimentin expression. However,
knockdown of Slug significantly blocked such
BVD-induced EMT gene expression alteration (Figure
4F-1, Figure S11A-B). In addition, BVD-induced cell
migration was also blocked by Slug knockdown in
both A549 and HCC827 cells (Figure 4J-K, Figure
511C-D). Taken together, these data indicate that ERK
inactivation induces the EMT program through
induction of Slug expression.

ERK inactivation upregulates Slug via the
miR-204-SPDEF axis

Expression of Slug can be regulated by multiple
mechanisms, among which, SAM pointed domain
containing ETS transcription factor (SPDEF) was
reported to suppress the transcription of SNAI2
[37-39]. Interestingly, our RNA-seq analysis identified
SPDEF as one of the most downregulated
transcription factors in A549 cells after BVD treatment
(Figure S7D). Downregulation of SPDEF by ERK
inactivation was further validated in NSCLC cell lines
(A549 and HCC827) at both mRNA and protein levels,
as well as in primary NSCLC cells (PDX72) at the
mRNA level (Figure 5A-B). In addition, we further
confirmed the function of SPDEF in the repression of
SNAI2 expression in A549 and HCC827 cells (Figure
5C, Figure S12). These results indicate that ERK
inactivation can induce Slug expression by
downregulating its transcriptional repressor SPDEF.

Next, we investigated how ERK inactivation
downregulates SPDEF expression. It has been
reported that SPDEF can be downregulated by
miR-204 [40], which was validated in A549 and
HCCB827 cells by transfecting them with miR-204
mimics (Figure S13). Given that miR-204 can be
upregulated by BRAF inhibition [41,42], which
eventually inhibits the ERK activity, we reasoned that
direct ERK inhibition may also upregulate miR-204,
thereby downregulating SPDEF and upregulating
Slug. In support of this hypothesis, we found that
both BVD and SCH could elevate the miR-204 level in
A549 and HCC827 cells (Figure 5D). More
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importantly, miR-204 inhibitors were able to inactivation can promote miR-204-mediated depletion
antagonize BVD-induced downregulation of SPDEF  of SPDEF. As a transcription repressor of SNAI2,
and upregulation of SNAI2, at least partially (Figure = SPDEF downregulation derepresses the transcription
5E, F). Taken together, these data indicate that ERK  of SNAI2, thereby enhancing Slug expression.
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Figure 3. ERK inactivation promotes EMT in NSCLC cells. (A) RNA-seq and GSEA showed enrichment of EMT related genes among BVD-treated A549 cells. (B-C)
Effect of ERKi treatment on expression of EMT markers. A549 and HCC827 cells were treated with BVD or SCH at 2.5 yM for 5 days. Immunofluorescence staining (B) and
immunoblotting (C) were conducted for determining E-Cad and Vimentin expression. The pRSK level was examined to show inhibition of the ERK activity by BVD and SCH in
(C). (D-E) Effects of ERKi treatment on cell migration of NSCLC cell lines. A549 (D) and HCC827 (E) cells were treated with BVD or SCH at 2.5 pM for 5 days. The migration
ability of these cells was assessed using the wound healing assay. (F-G) Effects of ERKi treatment on cell invasion of NSCLC cells. A549 (F) and HCC827 (G) cells were treated
with BVD or SCH at 2.5 pM for 5 days. The invasion ability of these cells was assessed using the transwell cell invasion assay. H, Effects of BVD treatment on expression of EMT
markers in NSCLC tumor tissues. PDX72-bearing NSG mice were treated with BVD for 10 days, E-Cad and Vimentin expression in tumor tissues was determined using IHC. N
=3, bar: SD, *: P < 0.01.
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Figure 4. Slug mediates ERKi-induced EMT in NSCLC cells. (A-B) Effects of ERKi treatment on expression of EMT-TFs in NSCLC cell lines. A549 (A) and HCC827 (B)
cells were treated with BVD or SCH at 2.5 uM for 5 days. The mRNA levels of a panel of EMT-TFs were examined using qRT-PCR. (C) Effect of ERKi treatment on SNAI2
expression in primary NSCLC cells. Primary tumor cells isolated from a NSCLC PDX (PDX72) were treated with BVD or SCH at 2.5 uM for 5 days, the mRNA level of SNAI2
was examined. (D) Effect of ERKi treatment on SNAI2 expression in multiple NSCLC cell lines. H460, H2122, and H2030 cancer cells with KRAS mutation and H838 cancer cells
with wild-type KRAS were treated with BVD at 2.5 uM for 5 days, the mRNA level of SNAI2 was determined. (E) Effect of ERKi treatment on the protein level of Slug in NSCLC
cell lines. A549 and HCC827 cells were treated with BVD or SCH at 2.5 pM for 5 days. Immunoblotting was conducted to determine the protein level of Slug. GAPDH was
blotted as a loading control. (F-I) Effects of Slug knockdown on BVD-induced EMT. A549 cells were transfected with either control siRNA (siCtrl) or Slug siRNA (siSlug) pool
for 24 h, then treated with BVD at 2.5 uM for 5 days. Inmunoblotting was performed to determine the protein level of Slug (F). FACS was conducted to determine the presence
of N-Cad* cells (G), the percentage of N-Cad* cells in each group was plotted (H). Immunofluorescence staining was conducted to determine E-Cad and Vimentin expression
(). (J-K) Effects of Slug knockdown on BVD-induced enhancement of the cell migration ability. siCtrl and siSlug transfected A549 cells were treated with BVD at 2.5 pM for 5
days. The wound healing assay was carried out to determine the migration ability of these cells (J), the relative wound closure was plotted (K). N = 3, bar: SD, *: P < 0.05; **: P
<0.0lI.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 16

7061

A B
T Ab49 z HCC827 T PDX72 A549 HCCB827
215 faad 215 *k 245 okl
= ke = ok z ok BVD - + - - + -
i 1 v 1 X i |
E1.0 E 1.0 E1.0 SCH - - + - - +
i o i
5 05 Eos £os PRSK [—-— S —
oW (5] w % — %
! E [ sroer SN
:;u: gc.s %0.3 Tubul
] o oy —— —
o &gﬂo Qip .:,'D“A o e 6,;:: ;_FC? o & & o ubulin | — ——
c A549 HCC827 D as49 HCC827
—_— Fh
— T
shSPDEF-1 - + - - + - 3] T
- =+ | —
shSPDEF-2 - - + - -+ S & .
= — ) o B
SPOEF IR WITN & t E,
SlUG | — e —— E £
_ T o
Tubylin S — ——— o o
O 0
& o
E i A549 -~ HCC827 F A549 ~ Hcce2?
= *k & *k El o z *k
i 18 1 i 1.5 P e g T = 5 P
= — = — <L =z 4 ™
i = = 7 ir
E 10 Ete ol E
& 5 & o~
5 2 s < 32
Las & 0.5 5, & 1
a @ @ -
= = = b=
= =0 w s}
Bop Eoo g 0
K PR & o R & S & R
= QJQJ'[;‘?Q:"F? < ‘2''H‘;’!__'IE?‘Q\_','S\I £ g ’1& '1& S Q.?‘Qq.n’q
B s 8 ol o 2 %
& & F S & 8
K A 6_\@"6\ &
< & & &

Figure 5. ERK inactivation upregulates Slug via the miR-204-SPDEF axis. (A-B) Alteration of SPDEF expression in NSCLC cells after ERKi treatment. A549, HCC827
cell lines and PDX72 primary tumor cells were treated with BVD or SCH at 2.5 uM for 2 days. The SPDEF mRNA level was examined using qQRT-PCR (A). The SPDEF protein
level in A549 and HCC827 cells were determined using immunoblotting (B). Arrow: non-specific band. (C) Effect of SPDEF knockdown on Slug expression. A549 and HCC827
cells were transfected with two different SPDEF shRNA for 2 days, the expression of SPDEF and Slug were determined using immunoblotting. Arrow: non-specific band. (D) Effect
of ERKi treatment on expression of miR-204. A549 and HCC827 cells were treated with BVD or SCH at 2.5 pM for 2 days. miR-204 expression was determined using qRT-PCR.
(E-F) Effect of miR-204 inhibition on BVD-induced downregulation of SPDEF and upregulation of SNAI2. A549 and HCC827 cells were transfected with either negative control
miRNA inhibitors (NC-I) or miR-204 inhibitors (miR-204-I), treated with DMSO or BVD for 2 days. The mRNA levels of SPDEF (E) and SNAI2 (F) were determined using

qRT-PCR. N = 3, bar: SD, * P < 0.05; **: P < 0.01.

Inhibition of the JAK/STAT pathway
diminishes ERKi-induced EMT and prevents
tumor relapse

It has been reported that MEK, BRAF, and ERK
inhibition could enhance STAT3 phosphorylation at
Tyr 705 (pSTAT-Y705) [43,44], which can further
increase miR-204 expression [41,42]. In addition, our
RNA-seq and GSEA analysis demonstrated an
activated JAK-STAT3 signaling pathway in A549 cells
treated with BVD (Figure S14). Given that enhanced
miR-204 expression plays a critical role in
ERKi-induced Slug expression, we hypothesized that
inhibition of the JAK-STAT3 signaling should be able
to offset the effects of ERK inactivation on EMT and
CSC enrichment. In support of this hypothesis, an
increased pSTAT3-Y705 was found in NSCLC cells

treated with BVD and SCH (Figure 6A), whereas a
blockage of BVD-induced pSTAT3-Y705 was found in
cells treated with Ruxolitinib (Rux), a potent and
selective JAK inhibitor (Figure 6B). We then examined
whether Rux can antagonize the effect of BVD on
miR-204, SPDEF and SNAI2 expression, as well as on
EMT and CSC expansion. Simultaneous treatment
with Rux and BVD at a dose close to their IC50 (Figure
S2A, Figure S15) antagonized BVD-induced
upregulation of miR-204 (Figure 6C), downregulation
of SPDEF (Figure 6D), and upregulation of SNAI2
(Figure 6E). Furthermore, Rux also blocked BVD-
induced increase in expression of the mesenchymal
marker Vimentin and N-Cad, blocked BVD-induced
decrease in expression of epithelial marker E-Cad
(Figure 6F), as well as inhibited BVD-induced cell
migration ability in A549 cells (Figure 6G), suggesting
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that JAK inhibition is able to offset ERKi-induced  ability in A549 cells (Figure 6H), indicating that JAK
EMT. In addition, we demonstrated that Rux blocked  inhibition can impede ERKi-induced enhancement of
BVD-induced augmentation of the sphere formation the self-renewal ability of NSCLC cells.
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Figure 6. The contribution of the JAK-STAT pathway to enhanced EMT, enrichment of CSCs, and tumor progression after ERKi treatment. (A-B)
Activation of JAK-STAT signaling after ERKi treatment. A549 and HCCB827 cells were treated with BVD or SCH at 2.5 uM for 2 days (A); A549 cells were treated with 2.5 yM
BVD and 10 pM Ruxolitinib (Rux) separately or in combination for 2 days (B). Inmunoblotting was conducted to determine pSTAT3-Y705. (C-E) Effects of JAK-STAT inhibition
on ERKi-induced alteration of miR-204, SPDEF and SNAI2 expression. A549 and HCC827 cells were treated with 2.5 yM BVD and 10 uM Rux, either singly or in combination, for
2 days, mRNA levels of miR-204 (C), SPDEF (D) and SNAI2 (E) were determined using qRT-PCR. (F-H) Effects of JAK-STAT inhibition on ERKi-induced EMT and CSC expansion.
A549 cells were treated as in (c, d) for 5 days, the mRNA level of a panel of EMT markers were determined using qRT-PCR (F), the migration ability was determined using the
wound healing assay (G), the sphere-forming capacity was determined using the semisolid sphere-formation assay (H). n = 3, bar: SD, **: P < 0.01. (I-L) Effects of JAK-STAT
inhibition on tumor progression after ERKi treatment. A549 (I, J) and HCC827 (K, L) cells were injected into nude mice to generate subcutaneous xenografts. Mice were treated
with BVD or Rux separately or in combination for 9 days. Tumor growth was continuously monitored for another 6 days. Tumor growth curves during treatment (I, K) and after
treatment (J, L) were plotted. a: P < 0.001 vs. Vehicle group; b: P < 0.001 vs Rux group; c: P < 0.05 vs. BVD group; d: P < 0.001 vs Vehicle group; e: P <0.001 vs BVD group; f:
P < 0.05 vs. Rux group (Linear mixed effects models).
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Finally, we generated subcutaneous xenografts
in nude mice using both A549 and HCC827 cells, and
determined the effect of BVD and Rux on the tumor
growth during and after treatment. BVD, Rux, and
BVD+Rux all significantly retard tumor growth; The
BVD+Rux group showed significant reduced tumor
growth rate compared to the BVD or Rux single
treatment group (Figure 61, K). When treatment was
stopped, xenografts in the previously BVD-treated
group started to grow at a rate like the Vehicle group.
However, simultaneous treatment with BVD and Rux
could significantly block tumor growth even though
treatment is stopped (Figure 6], L). All these results
suggest that activation of JAK-STAT3 signaling is
critical to ERK inactivation-induced EMT, enrichment
of CSCs, and tumor relapse. Inhibition of the
JAK-STAT3 pathway can hinder EMT program, block
expansion of the CSC pool, and impede tumor
progression in NSCLC cell after ERKi treatment.

Discussion

ERK inhibitors have been shown to be effective
in a variety of solid-tumor malignancies, but like
other MAPK inhibitors, they rarely confer complete
and durable responses. In this study, we revealed that
ERK inactivation can expand the CSC population,
which could be a contributor to tumor relapse after
ERK targeted therapy. We further showed that
inhibition of ERK activity triggers EMT by enhancing
Slug expression via a pSTAT3-miR-204-SPDEF axis.
Simultaneous inhibition of the JAK/STAT signaling
could block ERK inactivation-induced EMT,
expansion of the CSC population, and tumor relapse
after ERKi treatment (Figure 7).

It has long been argued regarding the
relationship between ERK signaling and EMT. The

ERK pathway was indicated to be a mediator of EMT,
mainly in non-malignant cells, such as normal murine
mammary gland epithelial cells, mouse cortical tubule
epithelial cells, and MCF-10A non-malignant breast
epithelial cells [45-48]. Prevention of TGF-p-induced
EMT by MEK inhibition was also found in lung cancer
cells, such as H1666 and H358 cells [49]. However,
other studies showed that MAPK inhibition induces
EMT. For examples, the BRAF inhibitor vemurafenib
upregulates EMT gene expression in BRAF or NRAS
mutated melanoma cells and promotes cell invasion
and metastasis [50]; the BRAF inhibitor PLX4032
enhances EMT in BRAF inhibitor-resistant thyroid
cancer cell line 8505C cells [51]. Our study revealed
that BVD and SCH, two ERK inhibitors, were able to
induce EMT in NSCLC cells harboring aberrant
MAPK signaling. This phenomenon was found not
only in multiple cancer cell lines, but also in a NSCLC
PDX. In addition, not only ERKi, but also MEKi, were
shown to induce EMT in NSCLC cells. The difference
between our results showing that ERKi promote EMT
and the results from others showing that MEKi inhibit
EMT might be due to the different cell types or cell
characteristics. It has been shown that MEK inhibition
increased invasion of metastatic melanoma cell lines,
but reduced invasion of non-metastatic cell lines [43];
BRAF inhibitor-resistant thyroid cancer cell line
8505C, but not BRAF inhibitor-sensitive BCPAP cells
presented upregulated EMT following BRAF inhibitor
PLX4032 treatment [51]. Even though all these cells
have aberrant MAPK signaling, there might be
differences in other signaling pathways, such as the
activated AKT pathway in cells harboring KRAS
mutation [52], which may affect their responses to
ERKi in modulating EMT.

Ruxolitinib

ERK inactivation

¥ ERKi—=pSTAT3 = miR-204 =4 SPDEF — Siug

Slug inciuction
Sy - -,(-7’-
S, EMT Sopo og
et TR —— 88

@® MonCSC
@ Pre-existing CSC

;{:79 ERKI induced slug overexpression cells (Mesenchymal phenotype)

® (CSCs derived from ERKi induced slug overexpression cells

Figure 7. Schematic illustration of the mechanism through which ERK inactivation expands the CSC population. ERK inactivation activates the JAK/STAT
signaling pathway, the activated pSTAT3 enhance expression of miR-204, which downregulates SPDEF expression. As a transcription repressor of Slug, SPDEF downregulation
de-represses expression of Slug, triggering EMT and expanding the CSC population. The JAK inhibitor can block ERKi-induced Slug expression, thereby preventing expansion of

CSCs.
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Increasing evidence has shown that both CSCs
and non-CSCs exhibit plasticity, which enables these
cells to transit between different phenotypes when
triggered, and contributes to the maintenance of the
CSC population in tumors. Our data showed that ERK
inhibition expands the CSC population, at least
partially, by enhancing the cancer cell
dedifferentiation. We also clearly demonstrated an
increase in Slug expression and a Slug-mediated EMT
in NSCLC cells after ERKi treatment. Cancer cell
dedifferentiation, a process through which the
non-CSCs acquire stemness properties, has been
linked to EMT [19]. In addition, overexpression of
EMT-TFs, e.g., Twistl, Zebl, or Snail, can also confer
the stem cell traits to normal and transformed
epithelial cells as well as cancer cells [19,53-55]. Thus,
Slug may play a critical role in ERKi-induced cancer
cell dedifferentiation via Slug-mediated EMT.
However, it is also possible that Slug promotes cell
dedifferentiation in an EMT-independent manner.
Indeed, Slug is able to collaborate with Sox9 to induce
differentiated luminal mammary epithelial cells to
enter the mammary stem cells without inducing EMT,
and increase the tumorigenicity of nonmetastatic
breast cancer cells [53]. Nevertheless, inhibition of
ERKi-induced Slug expression should be able to block
enrichment of CSCs after ERKi treatment.

Among all master EMT-TFs, we found ERKi
specifically enhance expression of SNAI2, with a
concurrent downregulation of SPDEF. SPDEF is a
member of the ETS (E-twenty-six transformation-
specific) transcription factor family. It is already
known that SPDEF can block EMT by repressing the
transcription of Slug in breast, hepatocellular,
bladder, and prostate cancer cells [37-39]. In this
study, we found a dramatic decrease in SPDEF
expression after ERKi treatment, and also established
the negative regulation of Slug by SPDEF in NSCLC
cells, further underlining the importance of SPDEF in
regulating Slug and Slug-mediated EMT, and
supporting the concept that SPDEF can be considered
a therapeutic target [56]. It has been reported that
SPDEF expression can be downregulated by miR-204
[40]. In addition, our data demonstrated that
upregulation of miR-204 is one of the contributors to
the reduction of SPDEF expression in NSCLC cells
after ERKi treatment. Thus, inhibition of the function
of miR-204 should be able to restore the expression of
SPDEF, thereby repressing Slug expression. Indeed,
miR-204 inhibitors did partially antagonize
BVD-induced decrease in SPDEF and increase in Slug,.
Therefore, halting miR-204 elevation after ERKi
treatment is a key to prevent EMT and expansion of
the CSC population in the treatment of NSCLC with
ERKi. In this study, we also showed that

downregulation of pSTAT3-Y705 with the JAK/STAT
inhibitor blocked ERKi-induced EMT and expansion
of the CSC population. Given that the expression of
miR-204 can be upregulated by pSTAT3-Y705 in
melanoma cells [41,42], these data indicate that a
pSTAT3-miR-204-SPDEF axis plays an important role
in regulating Slug expression after ERKi treatment. In
addition, it is reported that pSTAT3 can also
upregulates  Slug  expression  directly  [57].
Nevertheless, given that Slug is considered
“undruggable” due to inherent biological properties,
inhibition of STAT3 phosphorylation at Y705 can be
exploited to antagonize ERKi treatment-induced Slug
upregulation, thereby blocking ERK inactivation-
induced EMT, CSC enrichment, and tumor relapse.
Indeed, our data have shown that inhibition of
pSTAT3 with the JAK-STAT inhibitor Ruxolitinib
blocked BVD-induced increase in SNAI2 expression
and achieved the aforementioned aims.

It is well known that three major MAPK
pathways exist in mammalian cells, the ERK1/2, the
p38 kinase, and the c-JUN N-terminal kinase (JNK). A
connection between ERK and JNK and/or p38 has
been reported, e.g., the inhibition of ERK activity can
trigger p38 kinase activation and results in activation
of c-JUN N-terminal kinase (JNK) [58-60]. Given that
both p38 and JNK play critical roles in promoting the
CSC phenotype in a variety of tumor types [61,62], it
is possible that ERK inhibition may regulate the CSC
population via altering the activity of p38 and JNK.
Nevertheless, this putative mechanism warrants a
further investigation, but does not affect the
conclusion drawn from the findings in this study.

In summary, our study identified an
unrecognized  phenotype induced by ERK
inactivation. We found that inhibition of ERK activity
via ERKi leads to SNAI2 upregulation by altering the
pSTAT-miR-204-SPDEF pathway. Inhibition of the
JAK-STAT pathway via Ruxolitinib abrogates
ERKi-induced EMT and CSC enrichment in NSCLC
cells, as well as impedes tumor progression in a
xenograft model after ERKi treatment cessation.
Given that Ruxolitinib has been approved by FDA for
the treatment of intermediate or high-risk
myelofibrosis, and its therapeutic potential in solid
tumors are currently undergoing clinical evaluation,
the combination of ERKi and Ruxolitinib could be
exploited for treatment of NSCLC patients with
aberrant MAPK signaling in the future.

Supplementary Material

Supplementary figures and tables.
https:/ /www.thno.org/v12p7051s1.pdf

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 16

7065

Acknowledgements

This research wutilized the services of the
Comparative Pathology and Mouse Phenotyping
Shared Resource (CPMPSR) and Flow Cytometry
Shared Resource (FCSR), which are parts of The Ohio
State University Comprehensive Cancer Center and
supported by NCI/NIH Grant P30CA016058. This
research was also supported in part by NIH
RO1ICA211175 (QEW), NIH R01CA234124 (QEW),
NIH R01CA240374 (JZ), NIHR01CA249198 (JZ), and
OSUCCC Pelotonia Idea Awards. S.C. is supported by
OSUCCC Pelotonia Graduate Fellowship Program.

Author Contributions

Conceptualization, S.C. and QEW,;
Methodology, S.C., N.L; Investigation, S.C., N.L,,
X.B.,, L.L, AB.,, KL, XZ, J.Z; Writing - Original
Draft, S.C., and Q.E.W.; Writing - Review & Editing,
S.C, N.L, XZ,JZ, MV, WD, J.Z., MXW., KH,,
Q.E.W,; Funding Acquisition, Q.E\W., ].Z.; Resources,
J.Z., W.D.; Supervision, Q.E.W.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Shaul YD, Seger R. The MEK/ERK cascade: from signaling specificity to
diverse functions. Biochim Biophys Acta. 2007; 1773: 1213-26.

2. Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L, et al. A
Comprehensive Review on MAPK: A Promising Therapeutic Target in Cancer.
Cancers (Basel). 2019; 11: 1618.

3. Chen Y, Nowak I, Huang J, Keng PC, Sun H, Xu H, et al. Erk/MAP kinase
signaling pathway and neuroendocrine differentiation of non-small-cell lung
cancer. ] Thorac Oncol. 2014; 9: 50-8.

4. de Leeuw R, McNair C, Schiewer MJ, Neupane NP, Brand L], Augello MA, et
al. MAPK Reliance via Acquired CDK4/6 Inhibitor Resistance in Cancer. Clin
Cancer Res. 2018; 24: 4201-14.

5. Cocco E, Schram AM, Kulick A, Misale S, Won HH, Yaeger R, et al. Resistance
to TRK inhibition mediated by convergent MAPK pathway activation. Nat
Med. 2019; 25: 1422-7.

6. Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein
kinase cascade for the treatment of cancer. Oncogene. 2007; 26: 3291-310.

7. Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A, et al. Discovery
of a novel ERK inhibitor with activity in models of acquired resistance to
BRAF and MEK inhibitors. Cancer Discov. 2013; 3: 742-50.

8. Sullivan RJ, Infante JR, Janku F, Wong DJL, Sosman JA, Keedy V, et al.
First-in-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in Patients with MAPK
Mutant Advanced Solid Tumors: Results of a Phase I Dose-Escalation and
Expansion Study. Cancer Discov. 2018; 8: 184-95.

9. Germann UA, Furey BF, Markland W, Hoover RR, Aronov AM, Roix J], et al.
Targeting the MAPK Signaling Pathway in Cancer: Promising Preclinical
Activity with the Novel Selective ERK1/2 Inhibitor BVD-523 (Ulixertinib). Mol
Cancer Ther. 2017; 16: 2351-63.

10. Moschos SJ, Sullivan R], Hwu W], Ramanathan RK, Adjei AA, Fong PC, et al.
Development of MK-8353, an orally administered ERK1/2 inhibitor, in
patients with advanced solid tumors. JCI Insight. 2018; 3: €92352.

11. Bhagwat SV, McMillen WT, Cai S, Zhao B, Whitesell M, Shen W, et al. ERK
Inhibitor LY3214996 Targets ERK Pathway-Driven Cancers: A Therapeutic
Approach Toward Precision Medicine. Mol Cancer Ther. 2020; 19: 325-36.

12. Bedouelle E, Nguyen JM, Varey E, Khammari A, Dreno B. Should Targeted
Therapy Be Continued in BRAF-Mutant Melanoma Patients after Complete
Remission? Dermatology. 2021: 1-10.

13. Visvader JE, Lindeman GJ. Cancer stem cells: current status and evolving
complexities. Cell Stem Cell. 2012; 10: 717-28.

14. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev
Cancer. 2005; 5: 275-84.

15. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, Dirks PB.
Tumour-initiating cells: challenges and opportunities for anticancer drug
discovery. Nat Rev Drug Discov. 2009; 8: 806-23.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017; 23: 1124-34.
Meacham CE, Morrison S]. Tumour heterogeneity and cancer cell plasticity.
Nature. 2013; 501: 328-37.

Cabrera MC, Hollingsworth RE, Hurt EM. Cancer stem cell plasticity and
tumor hierarchy. World J Stem Cells. 2015; 7: 27-36.

Mani SA, Guo W, Liao M]J, Eaton EN, Ayyanan A, Zhou AY, et al. The
epithelial-mesenchymal transition generates cells with properties of stem cells.
Cell. 2008; 133: 704-15.

Lamouille S, Xu ], Derynck R. Molecular mechanisms of
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 2014; 15: 178-96.
Mittal V. Epithelial Mesenchymal Transition in Tumor Metastasis. Annu Rev
Pathol. 2018; 13: 395-412.

Stemmler MP, Eccles RL, Brabletz S, Brabletz T. Non-redundant functions of
EMT transcription factors. Nat Cell Biol. 2019; 21: 102-12.

Nieto MA, Huang RY, Jackson RA, Thiery JP. Emt: 2016. Cell. 2016; 166: 21-45.
Kajita M, McClinic KN, Wade PA. Aberrant expression of the transcription
factors snail and slug alters the response to genotoxic stress. Mol Cell Biol.
2004; 24: 7559-66.

Wang QE, Zhu Q, Wani MA, Wani G, Chen ], Wani AA. Tumor supressor p53
dependent recruitment of nucleotide excision repair ractors XPC and TFIIH to
DNA damage. DNA Repair. 2003; 2: 483-99.

Han C, Zhao R, Liu X, Srivastava A, Gong L, Mao H, et al. DDB2 Suppresses
Tumorigenicity by Limiting the Cancer Stem Cell Population in Ovarian
Cancer. Mol Cancer Res. 2014; 12: 784-94.

Anders S, Huber W. Differential expression analysis for sequence count data.
Genome Biol. 2010; 11: R106.

Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis for comparing
depleted and enriched populations in stem cell and other assays. ] Immunol
Methods. 2009; 347: 70-8.

Burdon T, Stracey C, Chambers I, Nichols J, Smith A. Suppression of SHP-2
and ERK signalling promotes self-renewal of mouse embryonic stem cells. Dev
Biol. 1999; 210: 30-43.

Kim MO, Kim SH, Cho YY, Nadas J, Jeong CH, Yao K, et al. ERK1 and ERK2
regulate embryonic stem cell self-renewal through phosphorylation of Kif4.
Nat Struct Mol Biol. 2012; 19: 283-90.

Lu CW, Yabuuchi A, Chen L, Viswanathan S, Kim K, Daley GQ. Ras-MAPK
signaling promotes trophectoderm formation from embryonic stem cells and
mouse embryos. Nat Genet. 2008; 40: 921-6.

Srivastava AK, Banerjee A, Cui T, Han C, Cai S, Liu L, et al. Inhibition of
miR-328-3p Impairs Cancer Stem Cell Function and Prevents Metastasis in
Opvarian Cancer. Cancer Res. 2019; 79: 2314-26.

Sullivan JP, Spinola M, Dodge M, Raso MG, Behrens C, Gao B, et al. Aldehyde
dehydrogenase activity selects for lung adenocarcinoma stem cells dependent
on notch signaling. Cancer Res. 2010; 70: 9937-48.

Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, et al. Cancer
stem cells--perspectives on current status and future directions: AACR
Workshop on cancer stem cells. Cancer Res. 2006; 66: 9339-44.

Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: the mechanistic link
and clinical implications. Nat Rev Clin Oncol. 2017; 14: 611-29.

Akunuru S, James ZQ, Zheng Y. Non-small cell lung cancer stem/progenitor
cells are enriched in multiple distinct phenotypic subpopulations and exhibit
plasticity. Cell Death Dis. 2012; 3: €352.

Findlay V], Turner DP, Yordy ]S, McCarragher B, Shriver MR, Szalai G, et al.
Prostate-Derived ETS Factor Regulates Epithelial-to-Mesenchymal Transition
through Both SLUG-Dependent and Independent Mechanisms. Genes Cancer.
2011; 2: 120-9.

Chen EB, Zhou SL, Pang XG, Yin D, Miao PZ, Yang Y, et al. Prostate-derived
ETS factor improves prognosis and represses proliferation and invasion in
hepatocellular carcinoma. Oncotarget. 2017; 8: 52488-500.

Gu X, Zerbini LF, Otu HH, Bhasin M, Yang Q, Joseph MG, et al. Reduced
PDEF expression increases invasion and expression of mesenchymal genes in
prostate cancer cells. Cancer Res. 2007; 67: 4219-26.

Findlay V], Turner DP, Moussa O, Watson DK. MicroRNA-mediated
inhibition of prostate-derived Ets factor messenger RNA translation affects
prostate-derived Ets factor regulatory networks in human breast cancer.
Cancer Res. 2008; 68: 8499-506.

Diaz-Martinez M, Benito-Jardon L, Alonso L, Koetz-Ploch L, Hernando E,
Teixido J. miR-204-5p and miR-211-5p Contribute to BRAF Inhibitor
Resistance in Melanoma. Cancer Res. 2018; 78: 1017-30.

Vitiello M, Tuccoli A, D'Aurizio R, Sarti S, Giannecchini L, Lubrano S, et al.
Context-dependent miR-204 and miR-211 affect the biological properties of
amelanotic and melanotic melanoma cells. Oncotarget. 2017; 8: 25395-417.
Vultur A, Villanueva ], Krepler C, Rajan G, Chen Q, Xiao M, et al. MEK
inhibition affects STAT3 signaling and invasion in human melanoma cell lines.
Oncogene. 2014; 33: 1850-61.

Gkouveris I, Nikitakis N, Karanikou M, Rassidakis G, Sklavounou A. Erk1/2
activation and modulation of STAT3 signaling in oral cancer. Oncol Rep. 2014;
32:2175-82.

Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL. Activation of the
Erk pathway is required for TGF-betal-induced EMT in vitro. Neoplasia. 2004;
6: 603-10.

Shin S, Dimitri CA, Yoon SO, Dowdle W, Blenis J. ERK2 but not ERK1 induces
epithelial-to-mesenchymal transformation via DEF motif-dependent signaling
events. Mol Cell. 2010; 38: 114-27.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 16

7066

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shin S, Buel GR, Nagiec MJ, Han MJ, Roux PP, Blenis ], et al. ERK2 regulates
epithelial-to-mesenchymal plasticity through DOCK10-dependent
Racl/FoxO1 activation. Proc Natl Acad Sci U S A. 2019; 116: 2967-76.

Chiu LY, Hsin IL, Yang TY, Sung WW, Chi JY, Chang JT, et al. The ERK-ZEB1
pathway mediates epithelial-mesenchymal transition in pemetrexed resistant
lung cancer cells with suppression by vinca alkaloids. Oncogene. 2017; 36:
242-53.

Buonato JM, Lazzara MJ. ERK1/2 blockade prevents epithelial-mesenchymal
transition in lung cancer cells and promotes their sensitivity to EGFR
inhibition. Cancer Res. 2014; 74: 309-19.

Jandova ], Wondrak GT. Vemurafenib Drives Epithelial-to-Mesenchymal
Transition Gene Expression in BRAF InhibitorResistant
BRAF(V600E)/NRAS(Q61K) Melanoma Enhancing Tumor Growth and
Metastasis in a Bioluminescent Murine Model. ] Invest Dermatol. 2021; 142:
1456-65.

Byeon HK, Na HJ, Yang Y], Ko S, Yoon SO, Ku M, et al. Acquired resistance to
BRAF inhibition induces epithelial-to-mesenchymal transition in BRAF
(V600E) mutant thyroid cancer by c-Met-mediated AKT activation.
Oncotarget. 2017; 8: 596-609.

Soleimani A, Bahreyni A, Roshan MK, Soltani A, Ryzhikov M, Shafiee M, et al.
Therapeutic ~ potency  of  pharmacological  adenosine  receptors
agonist/antagonist on cancer cell apoptosis in tumor microenvironment,
current status, and perspectives. ] Cell Physiol. 2019; 234: 2329-36.

Guo W, Keckesova Z, Donaher JL, Shibue T, Tischler V, ReinhardtF, et al. Slug
and Sox9 cooperatively determine the mammary stem cell state. Cell. 2012;
148:1015-28.

Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation
of breast cancer stem cells through epithelial-mesenchymal transition. PLoS
One. 2008; 3: €2888.

Chaffer CL, Marjanovic ND, Lee T, Bell G, Kleer CG, Reinhardt F, et al. Poised
chromatin at the ZEB1 promoter enables breast cancer cell plasticity and
enhances tumorigenicity. Cell. 2013; 154: 61-74.

Luk 1Y, Reehorst CM, Mariadason JM. ELF3, ELF5, EHF and SPDEF
Transcription Factors in Tissue Homeostasis and Cancer. Molecules. 2018; 23:
2191.

Lin JC, Tsai JT, Chao TY, Ma HI, Liu WH. The STAT3/Slug Axis Enhances
Radiation-Induced Tumor Invasion and Cancer Stem-like Properties in
Radioresistant Glioblastoma. Cancers (Basel). 2018; 10: 512.

Xia Z, Dickens M, Raingeaud ], Davis R], Greenberg ME. Opposing effects of
ERK and JNK-p38 MAP kinases on apoptosis. Science. 1995; 270: 1326-31.
Berra E, Diaz-Meco MT, Moscat J. The activation of p38 and apoptosis by the
inhibition of Erk is antagonized by the phosphoinositide 3-kinase/Akt
pathway. ] Biol Chem. 1998; 273: 10792-7.

Monick MM, Powers LS, Gross TJ, Flaherty DM, Barrett CW, Hunninghake
GW. Active ERK contributes to protein translation by preventing
JNK-dependent inhibition of protein phosphatase 1. ] Immunol. 2006; 177:
1636-45.

Kudaravalli S, den Hollander P, Mani SA. Role of p38 MAP kinase in cancer
stem cells and metastasis. Oncogene. 2022; 41: 3177-85.

Semba T, Sammons R, Wang X, Xie X, Dalby KN, Ueno NT. JNK Signaling in
Stem Cell Self-Renewal and Differentiation. Int ] Mol Sci. 2020; 21: 2613.

https://lwww.thno.org



