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ABSTRACT
◥

Purpose: Emerging evidence underscores the critical role of
extrinsic factors within the microenvironment in protecting leuke-
mia cells from therapeutic interventions, driving disease progres-
sion, and promoting drug resistance in acute myeloid leukemia
(AML). This finding emphasizes the need for the identification of
targeted therapies that inhibit intrinsic and extrinsic signaling to
overcome drug resistance in AML.

Experimental Design: We performed a comprehensive anal-
ysis utilizing a cohort of �300 AML patient samples. This
analysis encompassed the evaluation of secreted cytokines/
growth factors, gene expression, and ex vivo drug sensitivity
to small molecules. Our investigation pinpointed a notable
association between elevated levels of CCL2 and diminished
sensitivity to the MEK inhibitors (MEKi). We validated this
association through loss-of-function and pharmacologic inhi-
bition studies. Further, we deployed global phosphoproteomics

and CRISPR/Cas9 screening to identify the mechanism of
CCR2-mediated MEKi resistance in AML.

Results: Our multifaceted analysis unveiled that CCL2 activates
multiple prosurvival pathways, including MAPK and cell-cycle
regulation in MEKi-resistant cells. Employing combination strat-
egies to simultaneously target these pathways heightened growth
inhibition in AML cells. Both genetic and pharmacologic inhibition
of CCR2 sensitized AML cells to trametinib, suppressing prolifer-
ation while enhancing apoptosis. These findings underscore a new
role for CCL2 inMEKi resistance, offering combination therapies as
an avenue to circumvent this resistance.

Conclusions:Our study demonstrates a compelling rationale for
translating CCL2/CCR2 axis inhibitors in combination with MEK
pathway-targeting therapies, as a potent strategy for combating
drug resistance in AML. This approach has the potential to enhance
the efficacy of treatments to improve AML patient outcomes.

Introduction
Acute myeloid leukemia (AML) is a highly aggressive hematologic

malignancywith a significant impact onmortality. In theUnited States
alone, there are approximately 20,000 new AML diagnoses and more
than 10,000 estimated deaths from the disease annually (1, 2). Amajor

challenge in AML treatment is the presence of genetic heterogeneity
with a diverse mutation spectrum among patients (3–5). Although
targeted therapies have shown some efficacy, including recent
approvals of inhibitors such as gilteritinib as well as ivosidenib or
enasidenib for patients harboring mutations in FLT3 or IDH1/2,
respectively (6–8), single-agent targeted therapies have limited overall
benefit due to the rapid emergence of resistance. Therefore, novel
combination approaches are urgently needed to improve treatment
outcomes (9). The combination of the BCL2 inhibitor venetoclax with
a hypomethylating agent offered high initial response rates in newly
diagnosed older patients with AML or those unfit for intensive
chemotherapy regimens (10). However, the need for new strategies
to target AML remains evident, particularly in relapsed/refractory
cases.

Emerging evidence suggests that the bone marrow microen-
vironment, characterized by the secretion of cytokines, chemo-
kines, and growth factors, plays a crucial role in leukemogenesis,
disease progression, and drug resistance (11–13). For example,
IL6 and CXCL12/stromal cell-derived factor 1 (SDF-1) have been
shown to protect malignant cells in the bone marrow microen-
vironment from therapy (11–13). Similarly, FLT3 ligand and
FGF2 have been implicated in promoting resistance to therapy
in FLT3-mutated AML (14, 15). Further, the inhibition of IL1
signaling selectively suppresses the growth of AML cells (16–19).
These findings highlight the importance of comprehensively
evaluating the secreted factors within the AML microenviron-
ment to develop combinatorial approaches targeting both intrin-
sic and extrinsic signals to reduce AML burden and overcome
drug resistance.
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In this study, we identified secreted factors in the AML micro-
environment that modulate sensitivity to a panel of small molecules.
Specifically, we focused on MEK inhibitor (MEKi) resistance, as
mutations inMAPK pathways (NRAS, KRAS, PTPN11) are common
in myeloid and lymphoid leukemias and activate MEK signaling
pathways. However, MEKi, including trametinib have not been
effective clinically due to the rapid development of resistance (20–22).
We identified that monocyte chemoattractant protein-1 (MCP-
1/CCL2) drives MEKi resistance. C–C motif chemokine ligand 2
(CCL2) is a chemotactic cytokine that attracts monocytes and retains
tumor-activating macrophages (TAM) at the tumor site. CCL2 is
thus associated with poor prognosis in various cancers including
breast, lung, pancreatic, and prostate cancers (23–28). Elevated CCL2
levels have also been correlated with acute lymphoblastic leukemia
(ALL) (29). We found that a high level of CCL2 leads to reduced
sensitivity to the MEK1/2 inhibitor, trametinib. We demonstrate that
blockade of CCL2/CCR2 signaling resensitizes leukemia cells to
trametinib, suggesting a new potential combination treatment strat-
egy to overcome MEKi resistance and improve outcomes in patients
with AML. Moreover, the implications of our study extend beyond
AML and have relevance for other cancers as well.

Materials and Methods
Primary patient samples

Primary samples from patients with AML were obtained from the
Beat-AML cohort (5), followingOregonHealth and ScienceUniversity
(OHSU) Institutional Review Board guidelines. Within Beat-AML
biorepository, the patients consented using informed written consent,
and all studies involving human subjects were conducted following the
Declaration of Helsinki guidelines and the Belmont Report. Peripheral
blood samples and bonemarrow aspirates obtained from patients with
AML were processed to obtain plasma andmononuclear cells (MNC).
Primary cells were used immediately upon isolation. If frozen MNC
derived from patients with AML were used, those were reconstituted
overnight at 37�C and 5% CO2 in Iscove Modified Dulbecco Medium
(IMDM) supplemented with 20% heat-inactivated FBS, 2 mmol/L
L-glutamine, 100 mol/L penicillin, 100 mg/mL streptomycin, and 10�4

M b-mercaptoethanol before use.

Data integration and pathway enrichment analysis
Cytokine levels from the Luminex assays were integrated with

ex vivo drug sensitivity data and RNA-sequencing data for 299 AML
patient samples using in-house developed R scripts. Samples falling
into the top and bottom20th percentiles of theAUC,whichwas used to
measure drug response, were considered resistant and sensitive to a
particular drug. The gene differential expression analysis between
drug-sensitive and -resistant patient samples was conducted using
the Limma package (30). The R scripts are available upon request. Lists
of differentially expressed genes with FDR < 0.05 were subject to
pathway enrichment analysis using Reactome pathways and the web-
based pathway analysis tools. Significant pathways with FDR < 0.05
were collected for the hierarchical clustering analysis and the enrich-
ment map plot using EnrichmentMap, a Cytoscape app (31).

AML cell lines
MOLM13 andOCI-AML2 cell lineswere obtained fromATCC.Cell

lines were thawed in RPMI1640 media supplemented with 20% FBS,
2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin (R20) at 37�C and 5% CO2 and then maintained in 10% FBS
containing media. Cell lines were maintained at a density of 0.5 to 1
million cells per milliliter. The trametinib-resistant MOLM13 cell line
was established by gradually increasing the concentration of trame-
tinib starting from 10 nmol/L and replacing media twice a week over
12 weeks and then maintained in 50 nmol/L and further increased to
100 nmol/L trametinib. The OCI-AML2 cell line was established by
increasing the concentration of trametinib starting from 1 nmol/L and
replacing media twice a week over 12 weeks, maintained in 10 nmol/L
trametinib. Similarly, trametinib-resistant AML cell lines with CCL2
were established in increasing concentrations of trametinib
(10 nmol/L–1 mmol/L) over 14 weeks with or without 10 ng/mL CCL2
(Peprotech); mediawas replacedwith fresh trametinib andCCL2 twice
weekly. Once resistance was established, resistant cell lines were
maintained in 100 nmol/L trametinib � CCL2, and cell lines were
not kept for more than 8 weeks between each thaw. Cell numbers were
recorded weekly. All cell lines were confirmed mycoplasma-negative
every month and prior to their experimental use. Cell line authenti-
cation was done via the short tandem repeat (STR) method by OHSU
core facilities.

Cell line sequencing
Whole-exome sequencing was performed on MOLM13 cell lines

cultured for the long term in trametinib only (T3) or MCP-1 and
trametinib (TM1–TM4) cultures. DNA extraction was performed on
each of the cell lines using Blood & Tissue Kit (Qiagen, Catalog No.
69504). Sequencing was carried out using 50 ng of genomicDNAusing
the Illumina Nextera RapidCapture Exome capture probes, which
provide a coverage of 45 Mb of the genomic DNA-coding regions.
Samples were run on the NovaSeq for 200 cycles. Variant allele
frequencies (VAF) were analyzed using a standard pipeline (32).

Cytokine measurements
Cytokine levels in AML patient samples were measured from

plasma (25 mL) using the MILLIPLEXMAPHuman Cytokine/Chem-
okineMagnetic Bead Panel - ImmunologyMultiplex Assay (Millipore,
Sigma, HCYTOMAG-60K) comprising 41 cytokines and growth
factors as per the manufacturer’s protocol. CCL2 levels from sensitive
and trametinib-resistant MOLM13, and OCI-AML2 cell lines were
determined using the Human CCL2 Quantikine ELISA Kit (Bio-
techne, DCP00). Cells were washed in PBS and plated at a concen-
tration of 106 cells/mL in R20 medium for 24 hours. Conditioned

Translational Relevance

Overcoming drug resistance in acute myeloid leukemia (AML)
remains an unmet challenge in clinical practice. Our comprehen-
sive analysis identified a pivotal translational avenue for combating
this obstacle by targeting both extrinsic and intrinsic signaling.
Specifically, we have demonstrated that increased levels of the
chemokine CCL2 play a significant role in promoting resistance to
MEK inhibition. Importantly, our findings suggest that combining
MEK inhibitors with agents targeting the CCL2/CCR2 pathway
holds great promise as a novel treatment approach to combat drug
resistance in patients with AML. This translational relevance
underscores the potential to translate our laboratory discoveries
into tangible clinical benefits. Our large resource with 300 primary
AML samples correlating microenvironment factors and gene
expression with response to small molecules, can identify new
drug response pathways in the context of microenvironment to
design novel treatment options for preclinical and clinical testing
and to improve AML outcomes.
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media was collected, concentrated using Amicon Ultra-4 Centrifugal
Filter Unit (Millipore, Sigma), andmeasured as per themanufacturer’s
instructions. CCL2 levels were normalized to FBS medium only
control and expressed as pg/mL.

Small-molecule inhibitor testing on primary AML samples
Ex vivo drug sensitivity assays on primary AML samples were

conducted as described previously (33). Primary MNC cells were
plated at a density of 10,000 cells per well in the presence of a
seven-dose concentration series ranging from 0.014 to 10 mmol/L for
trametinib (Selleck Chem) and cultured for 3 days followed by
incubation with CCR2i RS540393 (MedChemExpress) with 0, 2.2,
6.6, and 20 mmol/L for 3 additional days. MTS colorimetric assay
(AqueousOne, Promega) was used to determine the optical density of
490 nm as a measure of viability.

Small-molecule inhibitor testing using AML cell lines
Drug sensitivity assays on AML cell lines were conducted as

described previously (33). AML cell lines were plated at a density of
1,250 cells per well in the presence of seven-dose concentration
series ranging from 0.014 to 10 mmol/L for trametinib (Selleck
Chem) in combination with either 0.028 to 20 mmol/L for RS504393
(MedChemExpress), 0.014 to 10 mmol/L for JNKi SP600125
(MedChemExpress), 0.014 to 10 mmol/L for dasatinib (MedChem-
Express), 0.014 to 10 mmol/L for idelalisib (MedChemExpress),
or 0.014 to 10 mmol/L for palbociclib (MedChemExpress) and
cultured for 72 hours. MTS colorimetric assay (AqueousOne,
Promega) was used to determine the optical density of 490 nm as
a measure of viability. The free web application SynergyFinder was
used for drug–interaction analysis and multidrug combination
response data visualization (34).

Phosphoproteomics sample preparation
MOLM-13 parental (sensitive) and trametinib-resistant cell lines

were maintained for 18 hours in starvation medium (0.1% BSA in
RPMI, with 2 mmol/L L-glutamine, and 100 U/mL penicillin, and
100 mg/mL streptomycin). Starved MOLM-13 sensitive cells were
treated with trametinib for 3 hours prior to treatment with 10 ng/mL
CCL2 for the indicated time. MOLM-13 resistant lines were main-
tained in the presence of 50 nmol/L trametinib over the 18-hour
starvation period and treated with 10 ng/mL CCL2 for the indicated
time. At least 15 million cells were used per condition, and cell pellets
were harvested and washed twice with ice-cold PBS to remove all the
FBS and used for phosphoproteomic analysis.

Protein extraction and digestion
Sample preparation protocols for proteomics was based on the

protocol developed under the Clinical Proteomic Tumor Analysis
Consortium (CPTAC). Cell pellets were lysed using fresh lysis buffer
containing 8 M urea (Sigma-Aldrich Inc.), 50 mmol/L Tris pH 8.0,
75 mmol/L sodium chloride, 1 mmol/L ethylenediamine tetra-acetic
acid, 2 mg/mL Aprotinin (Sigma-Aldrich Inc.), 10 mg/mL Leupeptin
(Roche), 1 mmol/L PMSF in EtOH, 10mmol/L sodium fluoride, 1% of
phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich Inc.), 20mmol/L
PUGNAc, and 0.01 U/mL Benzonase. After adding 500 mL of chilled
lysis buffer, the samples were vortexed for 10 seconds and then placed
in a thermomixer set for 15minutes at 4�C and 800 rpm. The lysis step
was repeated by vortexing samples for an additional 10 seconds,
followed by a second 15-minute incubation. The samples were then
centrifuged for 10 minutes at 4�C and 18,000 rcf to remove cell debris.
Following centrifugation, the protein supernatant was transferred to a

fresh tube. A BCA assay (Thermo Fisher Scientific Inc.) was performed
on the supernatant to determine protein yield.

Protein concentrations were normalized before the sample was
reduced with 5 mmol/L dithiothreitol (DTT; Sigma-Aldrich Inc.) for
1 hour at 37�C and 800 rpm. Reduced cysteines were alkylated with
10mmol/L iodoacetamide (Sigma-Aldrich Inc.) for 45minutes at 25�C
and 800 rpm in the dark. The sample was diluted fourfold with
50 mmol/L Tris HCl pH 8.0, and Lys-C (Wako Chemicals) was added
at a 1:20 enzyme:substrate ratio, followed by an incubation for 2 hours
at 25�C, shaking at 800 rpm. Trypsin (Promega) was then added at a
1:20 enzyme:substrate ratio, followed by a 14-hour incubation set at
25�C and 800 rpm. The sample was quenched by adding formic acid
(FA) to 1% and centrifuged for 15 minutes at 1,500 rcf to remove any
remaining cell debris. The peptides were desalted using a C18 solid-
phase extraction (SPE) cartridge (Waters Sep-Pak).

TMT labeling
After drying down SPE eluent by vacuum centrifugation, each

sample was reconstituted with 50 mmol/L HEPES, pH 8.5 to a
concentration of 5 mg/mL. Treatment conditions were evenly distrib-
uted across TMT plexes using a randomized-block study design. Each
0.8 mg isobaric tag aliquot was dissolved in 40-mL anhydrous aceto-
nitrile to a final concentration of 20 mg/mL. The tag was added to the
sample at a 1:1 peptide:label ratio and incubated in a thermomixer for
1hour at 25�Cand400 rpm, then diluted to 2.5mg/mLwith 50mmol/L
HEPES pH 8.5, 20% acetonitrile (ACN). Finally, the reaction was
quenched with 5% hydroxylamine and incubated for 15 minutes at
25�C and 400 rpm. The samples were then combined per each plex set
and concentrated in a speed-vac before a final C18 SPE cleanup. Each
11-plex experiment was fractionated into 96 fractions by high pH
reversed-phase separation, followed by concatenation into 12 global
fractions for MS analysis.

Peptide fractionation by basic reversed-phase LC
The experiment was performed as described previously (35). In

brief, the peptides were further fractionated using a reversed-phase
Waters XBridgeC18 column (250-mm� 4.6-mmcolumnpackedwith
3.5 mmol/L particles) on Agilent 1200 HPLC System (solvent A:
5 mmol/L ammonium formate, pH 10, 2% ACN and solvent B:
5 mmol/L ammonium formate, pH 10, 90% ACN) operating at a
flow rate of 1 mL/min. Peptides were separated by a gradient mixture
from 0% B to 16% B in 6 minutes, 40% B in 60 minutes, 44% B in 4
minutes, and ramped to 60% B in 5 minutes. The 60% B mixture was
kept for 14 minutes. Fractions were collected from at 2 to 95 minutes
during the fractionation run, and a total of 96 fractions was collected
at equal time intervals. These 96 fractions were subsequently con-
catenated into 12 fractions for global proteome and six fractions for
phosphoproteome analysis. Each pooled fraction was dried down by
vacuum centrifugation.

Phosphopeptide enrichment
The procedure for phosphopeptide enrichment by Immobilized

Metal Affinity Chromatography (IMAC) was performed as described
previously (36). Briefly, the IMAC tip was inserted into a 96-well tip
holder. Fifty millimoles per liter EDTA in 1 M NaCl was first used to
remove Ni2þ ions (1,000 g, 1 minute). The tip was then activated with
100 mmol/L FeCl3 (1,000 g, 1 minute) and equilibrated with 1% (v/v)
acetic acid (1,000 g, 1 minute) at pH 3.0, prior to sample loading. For
IMAC-C18 workflow, tryptic peptides were dissolved in 0.1% (v/v)
TFA, 80% ACN, and loaded onto the IMAC tip (1,000 g, 1 minute).
Then, the IMAC tips were washed by using 1% (v/v) TFA, 80% ACN

CCL2/CCR2 Signaling Drives MEKi Resistance

AACRJournals.org Clin Cancer Res; 30(10) May 15, 2024 2247



(1,000 g, 1 minute), and 1% (v/v) acetic acid (1,000 g, 1 minute),
respectively. The IMAC tip was then inserted into activated desalt-
ing C18 StageTip. The bound phosphopeptides were eluted by
200 mmol/L NH4H2PO4 (1,000 g, 3 minutes) onto the activated
desalting C18 StageTip for desalting and directly eluted to sample
vials of LC/MS, then dried under vacuum.

LC/MS-MS analysis
Lyophilized global and phosphorylated peptides were reconstituted

in 0.1% FA with 2% ACN and 0.1% TFA with 2% ACN, respectively.
The peptides were further analyzed by LC/MS-MS using a Q Exactive
HF Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific) connected to a nanoACQUITY UPLC system (Waters
Corp.; buffer A: 0.1% FA with 3% ACN and buffer B: 0.1% FA in
90% ACN) as described previously (37). Peptides were separated by a
gradient mixture with an analytical column (75 mmol/L i.d. � 20 cm)
packed using 1.9-mmol/L ReproSil C18 andwith a column heater set at
50�C. Peptides were separated by a gradientmixture: 2% to 6%buffer B
in 1minute, 6% to 30%buffer B in 84minutes, 30% to 60%buffer B in 9
minutes, 60% to 90% buffer B in 1 minute, and finally 90% buffer B for
5 minutes at 200 nL/min. MS Spectra were collected from 350 to 1,800
m/z at a mass resolution setting of 60,000. A top 16 method was used
for the collection of MS2 spectra at a mass resolution of 30K. An
isolation window of 0.7 m/z was used for higher-energy collision
dissociation (HCD), singly charged species were excluded, and the
dynamic exclusion window was 45 seconds.

TMT phosphoproteomics data processing
IMAC-enriched fraction datasets were searched as described

above with the addition of a dynamic phosphorylation (þ79.9663 Da)
modification on Ser, Thr, or Tyr residues. The phosphoproteomic data
were further processed with the Ascore algorithm (38) for phosphor-
ylation site localization, and the top-scoring assignments were reported.
To account for sample loading biases in the phosphoproteome analysis,
we applied the same correction factors derived from the median-
centering of the global proteomic dataset for normalization.

CRISPR/cas9 re-sensitization screen
Trametinib-resistant MOLM13 cells (TM1) were cultured in

RPMI1640 media, supplemented with 20% FBS, 2 mmol/L L-gluta-
mine, 100 U/mL penicillin, 100 mg/mL streptomycin, and fungizone.
One million cells were transduced with Cas9 Blastþ virus and selected
in blasticidin for 5 days. The Cas9þ cells were expanded to over 100
million and were infected with whole-genome CRISPR library
(Addgene, No. 67989; ref. 39) at an MOI of 0.3. Cells were selected
with puromycin for stable integration for 5 days. After selection, cells
were cultured in 10 ng/mL CCL2 ligand during expansion until the
collection time point(s). Five million cells were collected for the initial
assessment (day 0) of library representation, and the rest were grown
to 120 million and divided into duplicate flasks for each condition:
DMSO only or Trametinib (100 nmol/L). At 14 days posttreatment
initiation, cells were collected at 30million ormaximum, if less than 30
million (day 14). DNA was extracted by desalting and ethanol pre-
cipitation. For the DNA amplification and barcoding, 50 mg of DNA
for each condition and 1 mg of library plasmid were amplified in a
single PCR reaction using Herculase II (Agilent) enzyme. The primers
contained a unique barcode identifying each sample, a library-specific
sequence surrounding the guide RNA cloning site and adapters for
next-generation sequencing (NGS) as described previously (39–41).
The resulting PCR amplicons were resolved on 2% agarose gels, eluted,
and purified using Amp-pure beads. Purified fragments were analyzed

using QIAxcel (Qiagen) for purity and molarity, quantified and
sequenced using NovaSeq 6000 (Illumina). Primer sequences are
available upon request.

Generated reads were trimmed based on the presence of the known
30 and 50 flanking sequences (40) using Cutadapt (v2.3; ref. 42). A
custom sgRNA sequence library was formed based on the Y. Kosuke
library (Addgene, No. 67989). Alignments of each trimmed read to the
custom library was performed using Bowtie2 (v2.3.5.1; ref. 43), the
reads were subsequently filtered to only unique matches with no
mismatches using Bamtools (v2.5.1; ref. 44). Counts per sgRNA were
generated using MAGeCK (v0.5.8; Li, 2014). The set of sgRNA was
filtered for low representation (those not seen in the plasmid or
those with ≤100 counts per million in more than half the samples)
and then were normalized using TrimmedMean of M (TMM; ref. 45).
The edgeR package (v3.40.2; ref. 46) was used for each linear model,
generating log2-fold changes and two-sided P values per sgRNA. FDR
adjustmentwas performedusing the q value approach (v2.30.0; ref. 47).
Genes were prioritized by examining three separate approaches. First,
we summarized each gene by its mid sgRNA P value. This is done by
ranking guides by their P value and choosing the “middle” sgRNA as a
representative. Next, we evaluated significance by employing a statis-
tical method called Camera (48). This method compares the average
log2-fold change of sgRNA within a particular gene with those
assigned to other genes. We determined significance using both P
values and FDR/q values. Finally, we assessed concordance in terms of
significance and log2-fold change using the Tiering approach we
developed previously (40). There are five levels of tiers (tiers 1, 2, 3,
singletons, and unassigned), where Tier1 genes show the highest
concordance, singletons only have one significant sgRNA, and unas-
signed genes do not meet the fold-change criteria. Raw data files are
accessible at GEO accession (GSE235183).

Immunoblot analysis
Cell lysates for immunoblotting were prepared as described previ-

ously (16). Proteins were run on 4% to 12% Bis-Tris gels, and immuno-
blotswere probedwithCCL2mAb (clone2D8;ThermoFisher Scientific;
MA5–17040) and CCR2 (clone D14H7; Cell Signaling Technologies,
No. 12199). Expression was normalized using actin or GAPDH
(Thermo Fisher Scientific, AM4300) or vinculin (Cell Signaling Tech-
nologies, No. 13901) using densitometric analysis from ImageLab soft-
ware and represented as fold change with respect to trametinib sensitive
(respective parental cells). When indicated, cell lines were cultured for
16 hours in a starvation medium (0.1% BSA in RPMI supplemented
with 2 mmol/L L-glutamine and 100 U/mL penicillin, and 100 mg/mL
streptomycin) in the presence of trametinib. Cell lines were stimulated
with 10 ng/mL CCL2 and whole cell lysates were analyzed by immu-
noblotting for detection of phospho-MEK1/2 (Ser221; Cell Signaling
Technologies, No. 2338), phospho-ERK1/2 (Thr202/Tyr204; Cell Sig-
naling Technologies, No. 4377), phospho-JNK1/JNK2 (Thr183/Tyr185;
Thermo Fisher Scientific, No. 700031), phospho-SRC (Ser17; Cell
Signalling Technologies, No. 12432), phospho-Rb (Ser780; Cell Signal-
ing Technologies, No. 8180), phospho-P70 S6 (Thr421/Ser424; Cell
Signaling Technologies, No. 9204), phospho-PI3 Kinase p85
(Tyr458)/p55 (Tyr199; Cell Signaling Technologies, No. 17366), phos-
pho-STAT5 (Tyr694; Cell Signaling Technologies, No. 9314), and
phospho-AKT (Ser473; Cell Signaling Technologies, No. 4058). The
phosphoprotein levels were normalized to the respective total protein
using densitometric analysis from ImageLab software. b-Actin (13E5;
Cell Signaling Technologies, No. 4970), GAPDH (14C10; Cell Signaling
Technologies, No. 2118) or Vinculin (E1E9V; Cell Signaling Technol-
ogies, No. 13901) were used as protein loading controls.
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Lentiviral transduction
Short-hairpin RNA (shRNA) targeting human CCR2 were pur-

chased from OriGene Technologies (Catalog No. TL321181). The
plasmids were amplified and packaged for transduction using VSV-G
envelope plasmid (Invitrogen) and psPAX2 packaging plasmid
(Addgene, No. 12260) by transfection in HEK 293T cells. Resistant
cell lines were infected with the concentrated virus and selected using
puromycin (1 mg/mL) to ensure stable integration of shRNA.

Flow cytometry for cell proliferation and apoptosis
Cells culturedwith either trametinib, RS504393, or a combination of

both were stained by suspending a cellular concentration (1 mil-
lion/mL) with Cell Trace Violet 5 mmol/L (Invitrogen) on day zero,
quenched with FBS, washed, and incubated for 3 days. Cells were
stained with Annexin V for 15 minutes, rinsed, and suspended in
7-AAD (Annexin V Detection Kit; eBioscience) incubated for 30
minutes and acquired on the BD Symphony A5. Data were analyzed
using FlowJo version 10.

Statistical analysis
Drug sensitivity data for cell lines and patient samples were

represented in the form of percentage viability across a concentra-
tion range and fit a nonlinear regression. The statistical analyses
used for the specific figures are indicated. In all cases, P value < 0.05
was considered significant denoted by � for P < 0.05, �� for P < 0.01,
and ��� for P < 0.001.

Data and materials availability
CRISPR data are accessible at GEO accession (GSE235183). Addi-

tional data are provided in the Supplementary tables. The reagents and
additional details used in this study will also be shared upon requests
made to agarwala@ohsu.edu.

Results
Distinct cytokines and signaling pathways are associated with
specific drug responses in AML

To gain a comprehensive view of the extrinsic factors and signaling
pathways that modulate drug response in AML, we quantified the
levels of 41 secreted cytokines and chemokines in plasma samples from
nearly 300 patients with AML (Supplementary Table S1). Cytokine
levels were then compared with matched ex vivo sensitivity of primary
mononuclear cells from these same patients to inhibitors of fourmajor
therapeutic targets that cover broad genetic subtypes and responses in
AML: FLT3 (sorafenib), BCL2 (venetoclax), JAK (ruxolitinib), MEK
(trametinib, selumetinib, and CI-1040; Fig. 1A and B). Samples with
the lowest and highest 20% AUC values for ex vivo dose response were
classified as sensitive and resistant, respectively for each drug as
described previously (5). We identified that TNFa, IL1RA, MIP-1a,
and IL8 were elevated in the sorafenib-resistant patient samples
(P values of 0.0056, 0.04, 0.013, and 0.016, respectively). Higher
levels of IL4 (P ¼ 0.021), TGFa (P ¼ 0.044), GRO (P ¼ 0.0093), and
CCL2 (P ¼ 4.98E-7) were observed in trametinib-resistant AML
samples. Notably, increased levels of CCL2 were likewise observed in
AML patient samples that exhibited resistance to additional MEKi
selumetinib (P < 4.86E�6), CI-1040 (P < 4.94E�5), and the JAK
inhibitor ruxolitinib (P ¼ 0.0036). In contrast, levels of CCL2 were
significantly decreased in samples with venetoclax resistance (P <
5.19E�4; Fig. 1C and D; Supplementary Table S2).

Because CCL2 levels were strongly associated with differential
sensitivity to various drugs, we further investigated the potential

causative role of CCL2 in modulating drug response. We treated
mononuclear cells derived from patients with AML ex vivo with a
concentration gradient of trametinib, ruxolitinib, or venetoclax in the
presence of CCL2 for 72 hours and assessed viability. Primary AML
cells showed increased resistance to trametinib and ruxolitinib in the
presence of CCL2 as represented by significantly increasedAUCvalues
(P < 0.020 and 0.036, respectively), whereas sensitivity to venetoclax
was enhanced (P < 0.034, Fig. 1E). Together, these findings indicate
that specific secreted factors, such as CCL2, are associated with specific
patterns of drug sensitivity.

High CCL2 levels are associated with trametinib resistance in
primary AML cells and cell lines

Previous studies have reported increased levels of CCL2 in patients
with leukemia (29, 49) and demonstrated a role of CCL2 in the
migration of AML cells (50–53). However, the role of CCL2 in
therapeutic resistance in AML remains unexplored. As the strongest
association between plasma CCL2 levels and ex vivo drug sensitivity
was observed for MEKi, we focused on identifying the role of CCL2 in
resistance to MEKi. Differential gene expression analysis from RNA
sequencing of the cohort of primary AML patient samples screened
above identified that ex vivo response to trametinibwas associatedwith
increased enrichment of immune pathways including cytokine and
interleukin signaling (Supplementary Figs. S1A–S1C; Supplementary
Table S3). We also correlated trametinib ex vivo AUC sensitivity with
clinical, cytogenetic, and mutation features for 208 AML samples
(Supplementary Tables S4 and S5). Consistent with the above analysis
(Fig. 1C), we found that increased plasma concentration of CCL2
correlated with decreased sensitivity to trametinib. We found trame-
tinib sensitivity was also associated with the presence of NRAS
mutations, CBFB-MYH11 translocation, and increased percentage of
monocytes in peripheral blood, whereas decreased sensitivity was
associated with older patients. (Supplementary Fig. S1D; Supplemen-
tary Table S4). Of these features, NRAS mutations, CBFB–MYH11
fusion, and increased monocytes showed trends for decreased levels of
CCL2 in plasma (P values: 0.054, 0.029, and 9.84E�5, respectively) and
increased sensitivity to trametinib.

To test whether high CCL2 levels are associated with resistance to
MEK inhibition in AML, we generated trametinib-resistant AML cell
lines by culturing MOLM13 and OCI-AML2 cells in an increasing
concentration of trametinib and maintained in trametinib after estab-
lishment of resistance (Fig. 2A). Trametinib-resistant MOLM13 and
OCI-AML2 were up to two- to threefold less sensitive to trametinib as
determined by the AUC (Fig. 2B) and exhibited resistance to various
MEK1 inhibitors respective to sensitive cells (Supplementary
Fig. S2A). Withdrawal of trametinib for 2 weeks did not increase
sensitivity to trametinib (Supplementary Fig. S2B). Both the trame-
tinib-resistant cell lines showed an increase in the intracellular CCL2
protein levels in comparison with sensitive cells as measured by
immunoblot analysis (Fig. 2C). Accordingly, secreted CCL2 levels
measured by ELISA were �21.5- and �228.6-fold higher in condi-
tioned media from trametinib-resistant cells compared with the
respective sensitive (parental) cells (Fig. 2D).

To determine the direct contribution of trametinib to CCL2 levels,
we treated sensitive AML cells with trametinib and found increased
CCL2 production by ELISA. In contrast, withdrawal of trametinib
from resistant cells did not reduce CCL2 levels, suggesting that
trametinib-driven stress is sufficient to increase CCL2 production,
and resistant cells likely maintain elevated CCL2 levels through
genetic, transcriptomic, or additional molecular mechanisms (Sup-
plementary Fig. S2C). To study the effect of CCL2 on sensitivity to
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trametinib in AML cells, we cultured MOLM13 AML cells with an
increasing concentration of trametinib over time with or without
CCL2 for 14 weeks. In the cultures treated with trametinib only, two
of the four replicates survived after 14 weeks. Although all four
replicates treated with CCL2 and trametinib, expanded significantly
(fourfold) compared with trametinib-only treated cultures over the
14-week culture period, suggesting CCL2 provides a growth and

survival advantage for the emergence of trametinib-resistant cells
at an early stage (Fig. 2E). In all cases, cell lines that grew out
under treatment with trametinib or trametinib plus CCL2 were
confirmed to confer resistance to trametinib and maintained MEK1
(MAP2K1) mutations at a VAF of �50% suggesting a uniformly
heterozygous cell population similar to prior study (54) (Fig. 2F;
Supplementary Table S6).

Figure 1.

Distinct cytokines and signaling pathways are associated with drug responses in AML. A, Representation of the data integration approach from 299 primary
AML samples. Secreted cytokine levels using plasma derived from 299 AML patient samples, and the Beat AML database was leveraged for the ex vivo drug
sensitivity and gene expression analysis for the matched samples. The drug screening data were classified as sensitive or resistant based on AUC for each drug
and were integrated with the cytokine, RNA-seq, and Reactome pathway analysis. B, Hierarchical clustering of AUC for the indicated inhibitors for the 299 AML
samples. C, Heat map constructed by integrating the cytokine expression data with ex vivo sensitivity profile of the inhibitors. Statistical significance was
determined by t test with P value <0.05 as significant. D, CCL2 protein levels for AML patient samples sensitive and resistant to trametinib, ruxolitinib, and
venetoclax from Fig. 1C. The measured abundance of CCL2 was log2-transformed in the plot. E, Ex vivo drug response of primary AML cells treated with
the indicated inhibitors on a concentration gradient with or without 10 ng/mL CCL2 for 72 hours. Viability was determined by the MTS assay cell viability assay,
and the results are represented as the AUC of individual samples (trametinib:Tram ¼ 6, ruxolitinib: Rux n ¼ 5, venetoclax: Ven n ¼ 7). Statistical significance
was determined by the two-tailed paired Student t test. � , P ≤0.05 and ��� , P ≤ 0.001.
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Figure 2.

Increased CCL2 levels are associated with trametinib resistance in AML. A, The generation of trametinib-resistant MOLM13 and OCI-AML2 cell lines. These AML
cell lines were made resistant to trametinib by culturing the cells in gradually increasing concentrations of trametinib starting over 12 weeks as described in
methods and maintained in trametinib by replacing media twice weekly. B, Viability of trametinib-sensitive (S) and -resistant (R) MOLM13 and OCI-AML2 cells
across the indicated concentrations of trametinib as measured by colorimetric cell viability (MTS) assay (left) and their AUC (right). The data are shown as
mean � SEM from three technical replicates, representative of at least three independent experiments. Significance is determined using two-tailed Student t
test. C, Representative immunoblots from trametinib-sensitive (S) and -resistant (R) MOLM13 and OCI-AML2 cells probed for CCL2 and CCR2. b-Actin was
used as a loading control. D, Levels of CCL2 from the supernatant of sensitive and resistant MOLM13 and OCI-AML2 cells are shown as a log10 scale expressed
as pg/mL. Mean values from three independent experiments are shown with significance calculated by the unpaired two-tailed Student t test. E, MOLM13
trametinib-sensitive AML cell lines cultured with trametinib (0.01–1 mmol/L) � CCL2 (10 ng/mL) for 14 weeks (n ¼ 4). The media was replaced with fresh
trametinib and CCL2 twice weekly. Once resistance was established, resistant cell lines were maintained in 100 nmol/L trametinib � CCL2. Total viable cell
numbers over 14 weeks in culture are represented. Significance was determined using the two-way ANOVA. F, Cell viability of trametinib-sensitive (parental)
and -resistant MOLM13 cells cultured � CCL2 from Fig. 2E treated with the indicated concentrations of trametinib as measured using the MTS assay (left) and
AUC (right). The data are shown as mean� SEM from three technical replicates; representative of three independent experiments; significance determined by
the one-way ANOVA. � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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Figure. 3.

CCL2 or trametinib exposure activated prosurvival pathways in parental and trametinib-resistant AML cells. A, MOLM13 parental cells and treatment conditions
used for phospho- and global proteomics. B, Kinase-substrate enrichment analysis (KSEA) of the enriched substrates for indicated kinases (P < 0.05) from the
AML cells upon 60 minutes of trametinib, CCL2, or combination treatments. (Continued on the following page.)
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CCL2 stimulation or MEK inhibition activates prosurvival
pathways in AML cells

To evaluate the downstream changes conferred by CCL2 in the
presence of trametinib, we performed global proteomics analysis of
MOLM13 cells treated with trametinib alone or in combination with
CCL2 (Fig. 3A). Similar to RNA-sequencing analysis of trametinib-
resistant primary AML cells (Supplementary Fig. S1A), gene set
enrichment analysis (GSEA) of the global proteomics data identified
enrichment of several immunologic pathways in trametinib-resistant
cell lines compared with trametinib-sensitive cells, as well as upregula-
tion of cell cycle and protein synthesis pathways in the cells cultured
with CCL2 and trametinib as compared to trametinib alone (Supple-
mentary Fig. S3A). Because phosphorylation of proteins modulates
multiple cellular processes, kinase-substrate enrichment analysis
(KSEA) was used to infer changes in the activity of kinases by
evaluating changes in the phosphorylation levels of their respective
substrates (55, 56). KSEA of global phosphoproteomics revealed that
combined treatment with trametinib and CCL2 for 60 minutes
increased the activity of MAPK (MAPK1, MAPK3, MAPK9) and
MTOR (MTOR, RPS6) pathways relative to trametinib-sensitive
vehicle-treated cells and revealed increased activation of kinases
involved in cell cycle progression or apoptosis (CDK1, PAK2). We
also detected elevated phosphorylation of substrates for SRC and a
trend for elevation of substrates of AKT1 (Fig. 3B; Supplementary
Table S7; Supplementary Fig. S3B). Trametinib or CCL2 as a single
agent induced similar changes in MAPK, mTOR, CDK, SRC, and JAK
kinases, suggesting trametinib exposure may activate CCL2-depen-
dent downstream signaling. Similarly, global proteomics analysis of
resistant MOLM13 cells generated from long-term culture with tra-
metinib with or without CCL2 indicated increased expression levels of
MAPK, SRC, mTOR, and CDK kinases in the resistant in comparison
to parental MOLM13 cells (Supplementary Fig. S3C; Supplementary
Table S8). We validated these activated pathways by performing
immunoblot analysis of CCL2-stimulated trametinib-resistant
MOLM13 cells (Supplementary Fig. S3D).

As a complementary approach, we performed a genome-wide
CRISPR-Cas9 re-sensitization screen to identify genes and path-
ways conferring resistance to trametinib. We transduced Cas9þ
MOLM13 cells cultured long term with trametinib and CCL2, with
a genome-wide CRISPR library targeting over 18,000 genes (39)
(Fig. 3C) to identify loss-of-function genes that may lead to re-
sensitization to trametinib. Comparison of depleted sgRNA hits
between DMSO and trametinib-treated cells identified regulators
of the MAPK/PI3K/RAS pathways, including NRAS, PIK3CD,
and MAPK (Fig. 3D and E; Supplementary Table S9). To gain
an insight into the global trametinib-dependent changes, we
performed a GSEA analysis using the depleted sgRNA in the
trametinib-treated group compared with DMSO-control group.

Our data corroborated the involvement of multiple MAPK path-
ways (Supplementary Fig. S3E; Supplementary Table S10) as observed
in proteomics analysis (Fig. 3B). To validate our CRISPR screening
results, we transduced trametinib-resistant (TM1)MOLM13 cells with
sgRNA targeting NRAS, PIK3CD, and MAPK1/2 or a nontargeting
sgRNA. The knockout lines showed increased sensitivity to trame-
tinib in comparison with the nontargeting (NT) controls (Fig. 3F).
Together, our CRISPR and proteomics analyses suggested trametinib
resistance can be mediated by increased activation of prosurvival
(PI3K/AKT/MAPK/mTOR) and cell-cycle pathways (Fig. 3G).

Targeting prosurvival and cell-cycle pathways downstream
of CCL2 overcomes MEKi resistance

Both proteomics and CRISPR screening revealed a dependency of
trametinib-resistant AML cells on several interregulated signaling
pathways including SRC, PI3K/AKT/mTOR, MAPK, and CDK. To
further prioritize which of these pathways may overcome drug resis-
tancemediated by CCL2, we first interrogated ex vivo drug sensitivities
in the Beat-AML database of primary AML samples and found
that combination treatments targeting SRC (dasatinib), PI3K/AKT
(idelalisib), mTOR (rapamycin), or CDK4/6 (palbociclib) with tra-
metinib demonstrated significantly greater ex vivo sensitivity com-
pared with respective single-agent treatment (all FDR-adjusted
P values <0.001; Fig. 4A and B). However, no substantial improve-
ment in sensitivity was observed for trametinib in combination
with JQ1, a BET domain inhibitor (57) (Fig. 4A and B), confirming
that the enhanced efficacy of these combinations is not just a
cytotoxic effect of combining any second drug with trametinib.
Interestingly, most of the RAS-mutated (NRAS or KRAS) AML
samples maintained sensitivity to pan-MEKi such as CI1040,
selumetinib, and trametinib (Supplementary Fig. S4A). In addition,
trametinib-resistant RAS-mutated samples, selected with higher AUC
(Supplementary Fig. S4A), can be further sensitized to combination
treatments targeting PI3K/AKT (idelalisib) or CDK4/6 (palbociclib;
Supplementary Fig. S4B).

Further, we validated these combinations in trametinib-resistant
MOLM13 AML cell lines by analyzing drug–response curves and
downstream signaling following the combination treatment of trame-
tinib with idelalisib, dasatinib, or palbociclib. In addition, we included
JNKi to inhibit MAPK signaling that has high activity in our prote-
omics analysis for trametinib-resistant samples. Our data indicated
that the trametinib-resistant AML cells treated with the trametinib-
plus-idelalisib combination showed a pronounced decrease in viability
compared with single-agent treatments. In contrast, JNKi, dasatinib,
and palbociclib were able to overcome trametinib resistance as single
agents (Fig. 4C). Further, the immunoblot analysis revealed that the
decreased viability observed in trametinib-resistant AML cells was
associated with the decreased activities of the PI3K/AKT,MAPK, SRC,

(Continued.) Red bars indicate increased activity for phosphokinases and blue bars indicate reduced activity relative to parental trametinib-sensitive MOLM13.
C, Workflow of genome-wide CRISPR-Cas9 resensitization screen. Cas9 expressing MOLM13 trametinib-resistant cell line, cultured with CCL2, generated as
described in Fig. 2E was transduced with the genome-wide CRISPR library. After puromycin selection, cells were treated with 100 nmol/L trametinib or DMSO for
14 days followed by DNA extraction and PCR amplification of the sgRNA barcodes. The resulting PCR library was subjected to NGS sequencing, and the data were
analyzed for depleted and enriched sgRNA in trametinib-treated versus DMSO controls. D, Volcano plot of differential enrichment of sgRNA in trametinib-treated
(100 nmol/L) versus DMSO-treated control AML cells, analyzed at day 14 of drug exposure. Mid log-fold change versus P values expressed as (�log10) are plotted
with colors denoting the tiers associated with the ranking system for genes based on the statistically significant changes in guide numbers and guide/gene
representation. E, Enrichment score plot for the MAPK1/3 signature that is significantly enriched in depleted sgRNA in trametinib-treated versus DMSO control
(F) MOLM13 trametinib-resistant cells were transduced with sgRNA targeting MAPK1/2, NRAS, and PIK3CD genes and a nontargeting (NT) control. Viability was
calculated using the indicated trametinib concentrationsmeasured after 72 hours of treatment using anMTS assay. Representative of two independent experiments
with consistent results using sgRNA to knockout each target gene.G,Pathwayswith alteredprotein levels downstreamofCCL2 that canbe combinatorically targeted
with trametinib to mitigate AML cell survival and overcome trametinib resistance.
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Figure. 4.

Targeting PI3K/AKT,MAPK, or cell-cycle pathways overcomes drug resistancemediated byCCL2.A,Boxplotswith AUCvalues from ex vivo drug response curves for
trametinib or the indicated agent alone and in combination with trametinib for indicated drugs for AML patient samples from the Beat AML dataset. B, Unsupervised
clustering analyses of the data from A. C, Top: Comparisons of drug–response curves of MOLM13 trametinib-resistant cells treated with trametinib, tested as single
agents or in combinationwith palbociclib, JNKi, dasatinib, and idelalisib with a dose gradient of 0.004 to 10 mmol/L, and their respective AUC. Statistical significance
was determined using the one-way ANOVA. Bottom: Analyses of corresponding synergy matrix with red indicating synergistic action calculated using
SynergyFinder. D, Immunoblot analysis of the trametinib-resistant MOLM13 cell line treated with trametinib (100 nmol/L) alone or in combination with palbociclib
(5 mmol/L), JNKi (5 mmol/L), dasatinib (5 mmol/L), and idelalisib (5 mmol/L) as indicated. Relative band intensities from three independent experiments
were measured with ImageJ, normalized to b-actin, and represented relative to DMSO-only treatment control, which is represented as a dashed line.
E, Pathways targeted by specific small-molecule inhibitors used in A–D, in combination with trametinib, which were found activated in trametinib-resistant AML
cells downstream of CCL2. � , P ≤ 0.05; ��, P ≤ 0.01; ��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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and cell-cycle pathways. As anticipated with the second agent, com-
bining trametinib with palbociclib decreased pRB and, separately,
combining trametinib with a JNKi suppressed pJNK (pMAPK8/9), as
well as pRB with slight changes in pAKT and pERK (pMAPK1/3).
Additionally, combining trametinib with dasatinib suppressed pSRC,
pRb, pSTAT5, pMAPK8/9, and pAKT, while combining trametinib
with idelalisib decreased activity of pAKT and pMAPK8/9 (Fig. 4D).
Taken together, these data revealed the downstream pathways elicited
by CCL2 and demonstrated strategies to overcome trametinib resis-
tance (Fig. 4E).

Targeting CCR2 suppresses AML cell proliferation and increases
apoptosis in the presence of trametinib

To investigate the dependency of trametinib-resistant AML cells on
the CCL2–CCR2 axis, we knocked down CCR2 in the MOLM13
trametinib-resistant cells using two independent shRNAs, which
resulted in decreased viability (Fig. 5A). In a parallel approach, we
targeted CCR2 using RS504393, a pharmacologic inhibitor of the
receptor (58). Primary AML patient cells cultured with a dose gradient
of trametinib andRS504393 showed lower IC50 andAUCvalues for the
combination in comparison with the individual treatments (Supple-
mentary Figs. S5A and S5B). Similarly, trametinib-resistant MOLM13
cells cultured in the presence of trametinib and RS504393 combina-
tion showed reduced viability compared with each single agent with
1.5-fold reduction in AUC (Fig. 5B and C), whereas trametinib-
sensitive MOLM13 cells had no further improvement in sensitivity
with the RS504393 and trametinib combination. Staining with cell
trace violet to show a dilution of labeling in dividing cells revealed a
reduction in cell proliferation at 48 hours for the combination treat-
ment with trametinib and RS504393 in trametinib-resistant cells
relative to untreated or single-agent-treated cells (Fig. 5D and E). In
contrast, treatment of MOLM13 trametinib-sensitive cells showed
decreased proliferation in both trametinib alone and combination
treatments. Consistent with this finding, we observed increased apo-
ptosis in the resistant cells upon combined treatment with trametinib
and RS504393 on day 3 compared with single treatments (Fig. 5F;
Supplementary Fig. S5C). These data demonstrate that targeting CCR2
resensitizes resistant AML cells to trametinib.

Finally, we assessed the downstream effects of inhibiting the
CCL2/CCR2 signaling pathway in trametinib-resistant AML cells
treated with trametinib and RS504393. Our results demonstrated that
the combination treatment with trametinib and RS504393 efficiently
reduced the levels of many downstream signaling including phospho-
MEK, phospho-Rb, phospho-STAT5, and phospho-AKT as well as a
trend toward a reduction for phospho-ERK1/2 (MAPK1/3), phospho-
JNK1/2 (MAPK8/9), phospho-P85, and CCL2 (Fig. 5G).

Taken together, our findings demonstrate that increased CCL2-
mediated signaling promotes drug resistance toMEK inhibition by the
activation of several prosurvival pathways including PI3K/AKT, JNK,
SRC, and CDK. Targeting each of these pathways in combination
with trametinib or as a single agent can overcome the MEKi drug
resistance in AML. We further suggest targeting the CCL2–CCR2 axis
in combination with trametinib can be most effective in overcoming
MEKi resistance in AML by suppressing multiple downstream sig-
naling pathways at the same time.

Discussion
AML is a clonally heterogeneous disease with a poor prognosis.

Despite initial efficacy, standard-of-care therapies often lead to the

development of resistance, preventing complete remission and
resulting in relapse (59). To address this challenge, combination
therapy targeting multiple pathways involved in drug resistance is
needed. For example, recent studies explored that the cotargeting of
FLT3 mutations with extrinsic immune pathways such as IRAK1/4
may offer added benefits to overcome drug resistance, suggesting
that combined targeting of intrinsic and extrinsic signaling might be
beneficial (14, 60).

Therefore, we comprehensively evaluated 41 cytokines and cor-
related their levels with small-molecule inhibitor ex vivo sensitivity
for approximately 300 AML patient samples. Our goal was to
identify unique combinations of extrinsic and intrinsic signaling
mechanisms that could overcome drug resistance in AML. We
focused on MEKi resistance mechanisms, as clinical trials with
MEK inhibition or MEK-AKT inhibition strategies in AML
(NCT01907815) have achieved limited success (61), suggesting an
improved understanding of mechanisms leading to refractory AML
to MEKi is required. We showed that combined targeting of MEK
and chemokine CCL2-driven signaling may lead to a novel com-
bination strategy.

Dysregulation of the MAPK pathway, particularly the downstream
MEK signaling, plays a significant role in AML pathogenesis. Muta-
tions in the MAPK pathway, such as NRAS, KRAS, and PTPN11, lead
to the constitutive activation of MEK signaling, promoting leukemic
cell growth and survival (62). MEKi, such as trametinib, have shown
potential for targeting aberrant MEK signaling in AML. However,
resistance to MEKi poses a challenge (61), necessitating a deeper
understanding.

Previously, various mechanisms have been proposed to explain the
development of MEK resistance, including genetic alterations in the
MAPK pathway, activation of alternative survival pathways, and
remodeling in the tumor microenvironment (63, 64). We demon-
strated that increased activation of the CCL2–CCR2 axis is associated
with MEKi resistance by activating multiple prosurvival pathways.
Further, these resistant cell lines maintained CCL2 levels even upon
trametinib withdrawal, suggesting that CCL2 levels are also regulated
by genetic, transcriptomic, or other molecular mechanisms, and a
combination of these events promotes resistance in synergy with
each other. Pharmacologic and genetic inhibition of the CCL2–CCR2
axis can overcome MEKi resistance by reducing cell proliferation and
increasing apoptosis. Notably, CCL2 has been linked to drug resistance
in solid tumors (65), and targetingCCL2/CCR2with anti-CCL2/CCR2
or using Ccr2-deficient mice impedes the growth of tumor cells and
improves survival (66). Unlike solid tumors, the involvement of
CCL2/CCR2 axis in resistance to therapy is not fully explored in
hematological malignancies. Our study establishes the applicability of
targeting CCR2 signaling in drug-recalcitrant hematologic malignan-
cies such as AML.

Previously, MEKi resistance has been observed in RAS-mutated
leukemia (67), and RAS mutations are also acquired following
FLT3i or BCL2i treatments (14, 68, 69). Combining MEK/AKT
inhibitors has been suggested as a strategy to overcome MEKi
resistance in leukemia (61, 70, 71). Similarly, cotargeting of the
BCL2 and MEK pathways using venetoclax and cobimetinib can
overcome venetoclax resistance (72). Our data indicate that target-
ing PI3K/AKT inhibition alone may not be sufficient to overcome
MEKi resistance, as multiple prosurvival pathways associated with
cell cycle, SRC, or MAPK signaling were activated by CCL2 but not
inhibited by the combination of PI3K/AKT and trametinib. There-
fore, exploring alternative combination therapies, such as CDK
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Figure. 5.

Targeting CCR2 in combination with trametinib reduced AML cell viability, cell proliferation, and induced apoptosis. A, Immunoblot analysis of CCR2 using
trametinib-resistant MOLM13 cells expressing shRNAs for scrambled control and CCR2 (sh#1 and sh#2). GAPDH was used as a loading control (top). An equal
number of cells was plated, and the viability of shRNA-transduced cells was determined by an MTS cell viability assay after 72 hours in culture. The data are
represented as fold change over scrambled control shRNAs. (Continued on the following page.)
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inhibitors, may be warranted for future clinical trials. Our data
suggest that there is a positive feedback mechanism where upon
trametinib exposure there is an increased secretion of CCL2 from
AML cells and activation of multiple prosurvival pathways. These
results further support the potential efficacy of direct CCR2
targeting to reduce CCL2 levels and enhance treatment response
by inhibiting multiple downstream pathways together. In addition,
targeting CCR2 signaling may improve traction in patients who fail
to respond to MEKi due to emerging RAS mutations.

Importantly, our findings have implications beyond AML. Similar
resistance mechanisms involving RAS mutations and MEK signaling
have been observed in acute lymphoid leukemia (21) and solid tumors
harboring activating mutations in the MAPK pathway, such as BRAF
mutations in melanoma and KRAS mutations in colorectal cancer
(73). Therefore, our study may contribute to addressing MEKi resis-
tance in other leukemias and solid tumors.

In conclusion, our study reveals the involvement of the CCL2–
CCR2 axis in MEKi resistance in AML. Our study highlights the
potential of targeting CCR2 signaling as a promising strategy to
overcome resistance and improve treatment outcomes. By evalu-
ating the correlation between multiple cytokines and small-
molecule inhibitors, we have generated valuable data for designing
future combination therapies to suppress resistance development
and prevent the emergence of resistant clones in AML and poten-
tially other cancers.
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(Continued.) Statistical significance was determined via the two-way ANOVA. B, The cell proliferation and viability assays performed with MOLM13
trametinib-resistant and sensitive cell lines. C, Drug–response curve of trametinib-sensitive (S) and -resistant (R) MOLM13 cells treated with trametinib
(0.004–10 mmol/L) and RS540393 (0.008–20 mmol/L) for 7 days, as determined using the MTS cell viability assay. Significance was calculated using one-
way ANOVA with multiple comparisons, where P ≤ 0.05 was considered significant. D, Representative flow cytometry histograms showing levels of cell
trace violet in the sensitive and trametinib-resistant MOLM13 cell lines after 48 hours of treatment with either 100 nmol/L trametinib or 2.5 mmol/L
RS504393, or their combination. E, Bar graphs of data in D, representing the percentage of proliferating cells compared with untreated control in respective
cell lines. Data are plotted as mean � SEM. Significance as calculated using the two-way ANOVA. The data are representative of three independent
experiments. F, Representative plots of Annexin V and 7-AAD staining from trametinib-sensitive (S) and -resistant (R) MOLM13 cells treated with
100 nmol/L trametinib or 2.5 mmol/L RS504393 or a combination of both for 72 hours. Significance was calculated using the two-way ANOVA. The data are
representative of three independent experiments. G, Immunoblot analysis of the trametinib-resistant line treated with trametinib (100 nmol/L)
in combination with RS504393 across the indicated concentrations (left). Relative band densities of immunoblots (right) were measured using
ImageJ, normalized to b-actin and represented relative to DMSO-only treatment control, which is shown as a dashed line. � , P ≤ 0.05; �� , P ≤ 0.01;
��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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