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ABSTRACT: Extracellular signal-regulated kinase-1/2 (ERK1/2) pathway inhibitors are important therapies for treating many
cancers. However, acquired resistance to most protein kinase inhibitors limits their ability to provide durable responses.
Approximately 50% of malignant melanomas contain activating mutations in BRAF, which promotes cancer cell survival through the
direct phosphorylation of the mitogen-activated protein kinase MAPK/ERK 1/2 (MEK1/2) and the activation of ERK1/2.
Although the combination treatment with BRAF and MEK1/2 inhibitors is a recommended approach to treat melanoma, the
development of drug resistance remains a barrier to achieving long-term patient benefits. Few studies have compared the global
proteomic changes in BRAF/MEK1/2 inhibitor-resistant melanoma cells under different growth conditions. The current study uses
high-resolution label-free mass spectrometry to compare relative protein changes in BRAF/MEK1/2 inhibitor-resistant A375
melanoma cells grown as monolayers or spheroids. While approximately 66% of proteins identified were common in the monolayer
and spheroid cultures, only 6.2 or 3.6% of proteins that significantly increased or decreased, respectively, were common between the
drug-resistant monolayer and spheroid cells. Drug-resistant monolayers showed upregulation of ERK-independent signaling
pathways, whereas drug-resistant spheroids showed primarily elevated catabolic metabolism to support oxidative phosphorylation.
These studies highlight the similarities and differences between monolayer and spheroid cell models in identifying actionable targets
to overcome drug resistance.

■ INTRODUCTION
The extracellular signal-regulated kinase-1/2 (ERK1/2) family
of mitogen-activated protein (MAP) kinases are important
transducers of extracellular signals that regulate cellular
processes such as proliferation, differentiation, and apopto-
sis.1,2 Plasma membrane receptors cause ERK1/2 activation
through guanosine triphosphate (GTP)-regulated proteins that
initiate a three-tiered kinase cascade consisting of A/B/C-Raf
isoforms, which activate the MAP or ERK kinase-1/2 (MEK1/
2), the primary activators of ERK1/2.3,4 Activated ERK1/2 are
serine/threonine kinases that regulate the proteins in the
cytoplasm and translocate to the nucleus to phosphorylate and
regulate transcription factors involved in gene expression.5

Constitutive (or unregulated) activation through mutations
and overexpression of receptor tyrosine kinases (RTKs), Ras
(rat sarcoma) isoforms, and BRAF (rapidly accelerated

fibrosarcoma) has been linked to the pathophysiology of
many human cancers including melanoma,6 colorectal cancer,7

squamous cell carcinoma,8 and glioblastoma.6,9

In melanoma, approximately 75% of tumors harbor
mutations in either NRas G-protein (∼25% of all cases;
mostly in codon Q61) or BRAF (∼50% of all cases, mostly in
codon V600), which drive cell proliferation and tumor growth
through the ERK1/2 signaling pathway.10,11 Drug develop-
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ment efforts have identified selective inhibitors of mutated
BRAF (e.g., vemurafenib, dabrafenib, and encorafenib)12,13

and MEK1/2 (e.g., trametinib, selumetinib, cobimetinib, and
others).14,15 BRAF inhibitors alone show modest improve-
ments in progression-free survival; however, nearly all patients
develop an aggressive drug-resistant phenotype.16 MEK1/2
inhibitors as a monotherapy have limited efficacy, but improve
therapeutic outcomes when combined with BRAF inhib-
itors.17−19 Thus, a standard targeted therapy includes
combining BRAF and MEK1/2 inhibitors in cases where
surgical removal is not an option or to help prevent recurrence
after surgery.20,21 Approximately 30% of patients with BRAF
V600 mutations may achieve long-term benefits with BRAF/
MEK inhibitor drug combinations.22

Acquired resistance to kinase-targeted therapies remains a
barrier to effective and durable therapeutic responses. Cellular
changes responsible for the development of either intrinsic or
acquired resistance to ERK1/2 pathway inhibitors are
beginning to be elucidated.23 The development of resistance
and relapse in melanomas may involve the reprogramming of
signaling pathways that re-establish ERK1/2 signaling or the
activation of ERK1/2-independent mechanisms.24−26 Evidence
of ERK1/2 re-activation in BRAF and MEK inhibitor-resistant
melanoma has prompted the discovery of ERK1/2 inhibitors.
ERK1/2 inhibitor BVD-523 (ulixertinib) is now allowed for
use in the Food and Drug Administration’s expanded access
program to treat cancer patients with aberrant ERK1/2
pathway activation. Other ERK1/2 inhibitors, such as GDC-
0994 (ravoxertinib), have entered clinical trials as single agents
or in combination with MEK1/2 inhibitors to treat a variety of
cancers.27−29

Mechanisms that promote resistance to BRAF inhibitors
include the mutational activation of NRAS,26 overexpression of
RTKs such as the platelet-derived growth factor receptor
(PDGFR) and insulin-like growth factor receptor (IGFR),30

dimerization of aberrantly spliced BRAF (V600E),31 and
overamplification of the upstream kinase mitogen-activated
protein kinase 8 (MAP3K8).32 In addition, mechanisms that
support resistance to MEK inhibitors include activating
mutations in MEK116 and concurrent activation of the
PI3K−AKT (phosphoinositide 3-kinase−protein kinase B)
pathway.33 The upregulation of the c-Jun transcription factor
in melanoma cells resistant to vemurafenib has been linked to
the promotion of a mesenchymal phenotype and metastasis.34

Several mechanisms have been proposed to explain
resistance to both BRAF and MEK inhibitors. These include
the increased activation of NFκB (nuclear factor kappa-light-

chain-enhancer of activated B cells) and downregulation of
MITF (microphthalmia-associated transcription factor).35 The
upregulation of FGF1 (fibroblast growth factor-1) and mutant
BRAF dimerization with CRAF and mutant MEK to potentiate
ERK signaling have also been identified.36,37 The activation of
transcription factor c-Myc also appears to drive resistance
mechanisms through the rewiring of cellular metabolic
processes.38 Several approaches to target the potential
resistance mechanisms that emerge with dual BRAF/MEK
inhibition are being tested. For example, in addition to ERK1/
2 inhibitors, small-molecule BET bromodomain inhibitors may
reduce the oncogenic c-Myc expression.38 Multitargeted
protein kinase inhibitors such as ponatinib36 and selective
inhibitors of ERK1/2 substrate p90RSK1 are additionally
being explored to overcome drug resistance.39

Traditional approaches to study adherent cancer cells in
vitro have involved culturing cells as monolayers. However,
three-dimensional (3D) cell culture models may provide
advantages in elucidating phenotypes not previously identified
in two-dimensional (2D) monolayer cell cultures and better
reflect in vivo conditions.40 3D spheroid models can mimic
crucial cellular−extracellular matrix interactions and signaling
changes that promote tumorigenic progression.41 Several
approaches to generate spheroids have been developed
depending on the downstream application and include both
scaffold/extracellular matrix protein-anchored models and
scaffold-free models that allow for easy harvesting and high-
throughput applications.42

The in-depth analysis of protein changes in drug-resistant
cells may provide insights into new therapeutic options and
identify pharmacodynamic biomarkers. In the current study,
we used comparative chemoproteomic analyses to examine
protein changes in melanoma cells made resistant to BRAF and
MEK1/2 inhibitors. We also compared these changes in the
context of cells grown as 2D monolayers or scaffold-free 3D
spheroids. The resultant data were used to identify potential
vulnerabilities in drug-resistant cells and highlight differences
in the monolayer and spheroid cell models.

■ RESULTS

Generation of Drug-Resistant Melanoma Cells. A375
melanoma cells were cultured with increasing concentrations
of PLX4032 and AZD6244 (PLX/AZD) up to a final
concentration of 1 μM, as described in the Experimental
Section. These cells exhibited resistance to PLX/AZD
combination treatment (Figure 1) and to individual treatments
with BRAF, MEK1/2, or ERK1/2 specific inhibitors when

Figure 1. Sensitivity of parent and resistant cells to BRAF and MEK1/2 inhibitors. Dose−response curves for drug-sensitive parent (open squares)
or drug-resistant (PLX/AZD-R, closed squares) cells treated with the indicated combined concentrations of PLX4032 and AZD6244 in monolayers
(A) or spheroids. (B) Cell viability is expressed as a percentage compared to cells treated with dimethyl sulfoxide vehicle (100%). Data are
representative of three independent experiments.
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grown as monolayers or spheroids (Figure S1). As
demonstrated previously,43 ERK1/2 inhibition was somewhat
more effective at reducing the viability of PLX/AZD-resistant
cells than BRAF or MEK1/2 inhibitors (Figure S1).
We next evaluated the activation of the ERK1/2 pathway in

both monolayer and spheroid models. Both PLX/AZD-
resistant monolayers and spheroids exhibited reduced
phosphorylation of ERK1/2 and downstream substrate
p90RSK on their activation sites (Figure 2A/B). However,
phosphorylation of MEK1/2 on its activation sites was
enhanced in the PLX/AZD-resistant cells (Figure 2A/B),
particularly in the spheroid versus monolayer cell cultures
(Figure 2C/D). The enhancement in MEK1/2 phosphor-
ylation is consistent with ERK1/2 inhibition and loss of
negative feedback on upstream regulators.44 ERK1/2 activity
has also been shown to be downregulated in other melanoma
cell lines that are dual resistant to BRAF/MEK inhibitors,
including A2058, 1205Lu, and A375 cells.45

Proteomic Analysis of Monolayer and Spheroid Cell
Cultures. We next examined the global changes in protein
levels from parent or PLX/AZD-resistant cells grown as
monolayers or spheroids. Lysates from parent and PLX/AZD-
resistant cells grown as monolayers or spheroids were collected

as described in the Experimental Section and analyzed via
nanoflow ultra-performance liquid chromatography (UPLC)
coupled with high-resolution tandem mass spectrometry (MS).
Approximately 4000 proteins were identified in each culture
condition (Table 1A). Around 66% of these proteins were
common between monolayers and spheroids regardless of
whether they were derived from parent or PLX/AZD-resistant
cells (Table 1A). Of the remaining proteins identified,
approximately 16 or 18% were unique to cells grown as
monolayers or spheroids, respectively (Table 1A).
Of the proteins that significantly changed in the PLX/AZD-

resistant cells, more proteins showed increased levels than
those that showed decreased levels in both monolayers and
spheroids (Table 1B). Overall, PLX/AZD-resistant spheroids
identified 3−4 times more proteins that significantly changed
levels, either an increase or a decrease, than PLX/AZD-
resistant cells grown as monolayers (Table 1B). In addition,
most of the protein changes that occurred were unique to the
culture condition. For example, only 6.2 or 3.6% of proteins
that increased or decreased, respectively, in PLX/AZD-
resistant cells were common between monolayer and spheroid
grown cells (Figure 3A/B). Proteins that showed statistically
significant increases or decreases in both monolayers and

Figure 2. ERK1/2 pathway activity in parent and resistant cells. Cell lysates from parent (P) or PLX/AZD-resistant (DR) monolayer (A) or
spheroid (B) cultures were immunoblotted for phosphorylated and total ERK1/2, MEK1/2, or p90RSK. β-actin levels are shown as a protein
loading control. Data are representative of two independent experiments. ProteinSimple quantitative analysis of the ratio of phosphorylated/total
MEK1/2, ERK1/2, and p90RSK from monolayer (C) or spheroid (D) cell cultures from two additional independent samples.

Table 1. Summary of Proteins Identified in Parent or PLX/AZD-Resistant Cells Grown in Monolayer or Spheroid Cell
Cultures; (A) Total Number of Soluble Proteins Identified in Parent or PLX/AZD-Resistant Cells, where Percentages Indicate
the Number of Proteins Identified That Are Common or Unique to Each Culture Condition; and (B) Number of Proteins
That Significantly Increased or Decreased in PLX/AZD-Resistant vs Parent Cells by At Least 2-Fold in Resistant Cells (FDR
Adjusted p < 0.05); Data Are Representative of Three Independent Samples

A)
A375
cells

proteins identified in
monolayers

proteins identified in
spheroids

% common in monolayers and
spheroids

% unique to
monolayers

% unique to
spheroids

parent 3958 4051 66.3 15.9 17.8
resistant 4019 4080 65.3 16.7 18.0

B) culture conditions proteins that increased proteins that decreased

monolayers 182 76
spheroids 536 355
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spheroids are listed in Table S1. These data indicate that PLX/
AZD-resistant cells grown as monolayers or spheroids have
distinct differences in the overall changes in protein levels.
Pathway Analysis of PLX/AZD-Resistant Cells. Pathway

analysis revealed distinct differences in PLX/AZD-resistant
cells grown in monolayers or spheroids (Tables 2 and 3).
There was no overlap in the canonical pathways that changed
significantly in the monolayer compared to that in the spheroid
cell cultures (Benjamini−Hochberg corrected p < 0.05), which
is consistent with the distinct protein changes observed under
each growth condition (Figure 3A/B). The PLX/AZD-

resistant cells grown as monolayers showed increases in
pathways related to cell migration and specific pathways
including PI3K, TGF-β, and Rac signaling (Table 2A). In
contrast, PLX/AZD-resistant spheroids showed mostly
changes in pathways related to metabolic processes and
response to oxidative stress (Table 2B). Similarly, there was no
overlap in the downregulated pathways of PLX/AZD-resistant
cells grown as monolayers or spheroids (Table 3). PLX/AZD-
resistant monolayer cell cultures were downregulated in PTEN
signaling, whereas spheroid grown cells showed decreases in
the sirtuin deacetylase pathway (Table 3).
Using the network analysis in the Qiagen Ingenuity software,

PLX/AZD-resistant spheroids demonstrated a higher degree of
putative pathway changes than PLX/AZD-resistant cells grown
as monolayers (Figure 4A/B). PLX/AZD-resistant spheroids,
in particular, had upregulation in lipid transport and
metabolism, including an enhanced sphingolipid metabolism
(Figure 4A). Altered sphingolipid metabolism has been
implicated in tumor progression and resistance to BRAF
inhibitors and chemotherapeutics, such as cisplatin and
doxorubicin.46,47 Inhibition of this altered expression and
increasing ceramide levels have further been shown to
resensitize BRAF inhibitor-resistant melanoma cells to
anticancer drugs.46,47 PLX/AZD-resistant spheroids also
showed an enhanced nucleotide metabolism, likely to support
ATP generation and biosynthesis, as well as changes in cell
invasion and migration to support tumor progression (Figure
4A). Downregulated pathways in spheroids included the
negative inhibition of cellular growth pathways and the sirtuin
pathway (Figure 4A). In contrast, PLX/AZD-resistant
monolayers exhibited fewer changes overall compared to
spheroids but did show the upregulation of cell migration
proteins and downregulation of the PTEN phosphatase
(Figure 4B).

Upregulation of ERK1/2-Dependent and Independ-
ent Pathways. The activation of RTKs has been implicated in
resistance to BRAF inhibitors.9 Similarly, PLX/AZD-resistant
monolayers exhibited increased PDGFRβ levels (Table S2).
Monolayer proteomics also exhibited increased PI3K signaling
(Table 2), which is consistent with patients who have
developed resistance to BRAF/MEK1/2 inhibitors.48−52

Increased levels of transforming growth factors (TGF-β2 and
TGF-β1) were identified in the PLX/AZD-resistant mono-
layers (Table S2). This concurs with previous studies
implicating the TGF-β pathway in mediating the resistance
to anaplastic lymphoma kinase (ALK) and epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitors and

Figure 3. Summary of proteins that significantly increased or
decreased in PLX/AZD-resistant cells. Venn diagram of monolayer
and spheroid proteins that significantly increased (A) or decreased
(B) in PLX/AZD-resistant vs parent cells. The number of proteins
with at least 2-fold changes (FDR adjusted p < 0.05) and the percent
of the total proteins identified are indicated. Data represent protein
changes that occurred in three independent replicates.

Table 2. Biological Pathways That Are Upregulated in PLX/
AZD-Resistant Monolayers or Spheroids. Qiagen Ingenuity
Pathway Analysis Was Used to Define the Biological
Signaling Pathways with an Upregulated Activity in PLX/
AZD-Resistant Monolayer (A) or Spheroid (B) Cell
Cultures; where Significance Thresholds of Benjamini−
Hochberg Corrected p < 0.05 and z-Scores Greater than 1.5
Were Used

A) Monolayers

Pathway P-value z-score

leukocyte extravasation signaling 0.030 2.65
TGF-β signaling 0.038 2.24
Rac signaling 0.010 1.89
B cell receptor signaling 0.047 1.89
PI3K/AKT signaling 0.002 1.67
glioma invasiveness signaling 0.010 1.63

B) Spheroids

Pathway P-value z-score

oxidative phosphorylation <0.001 6
TCA cycle II <0.001 3.74
fatty acid β-oxidation I <0.001 3.32
valine degradation I <0.001 3
isoleucine degradation I 0.001 2.45
glutathione redox reactions I 0.005 2.45
glioma signaling 0.007 2.33
NRF2-mediated oxidative stress response 0.002 2.31
leucine degradation I 0.001 2.24
ketolysis 0.001 2.24
ketogenesis 0.001 2.24
glutaryl-CoA degradation 0.003 2.24
AMPK signaling 0.011 1.81
stearate biosynthesis I 0.002 1.67
paxillin signaling 0.003 1.51

Table 3. Biological Pathways That Are Downregulated in
PLX/AZD-Resistant Cells Grown in Monolayers or
Spheroids. Biological Signaling Pathways with
Downregulated Activity, as Determined Using Qiagen
Ingenuity Pathway Analysis in PLX/AZD-Resistant
Monolayers or Spheroids and Compared to Parent Cells,
where Significance Thresholds of Benjamini−Hochberg
Corrected p < 0.05 and z-Scores Less than −1.5 Were Used
to Assign Pathways

Monolayers

P-value z-score

PTEN signaling 0.005 −2.12
Spheroids

sirtuin signaling pathway <0.001 −2.33
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chemotherapies such as cisplatin.49,50 TGF-β signaling has also
been implicated in promoting the tumor progression and
epithelial-to-mesenchymal transition (EMT).51

EGFR-dependent activation of TGF-β, which inhibits tumor
suppressor MED12, was also upregulated in the PLX/AZD-
resistant monolayers (Table 2) and has also been shown to
confer resistance to PLX/AZD in A375 cells.50 However, we
are unaware of the expression status of MED12 in our cells or
its relation to spheroid biology. TGF-β signaling has been

further implicated in melanoma disease progression, promoting
cell invasiveness, and inhibiting immune system responses.52

TGF signaling also induces the EMT and has been shown to
promote the reactivation of ERK signaling in cells resistant to
TKIs.49 Increased Rac signaling was observed in PLX/AZD-
resistant monolayers (Table 2). Elevated Rac signaling in
BRAF- or NRAS-mutated melanomas provides a potential
target for anticancer agents.53,54

Figure 4. Putative (or proposed) changes in PLX4032- and AZD6244-resistant A375 cells grown as monolayers and spheroids. Network analysis of
pathways and proteins identified in Tables S2−S5 that showed significant increases or decreases in PLX/AZD-resistant spheroids (A) or
monolayers. (B) Orange-colored shapes/lines indicate the activation of pathways or individual proteins. Blue-colored shapes/lines indicate the
downregulation of proteins or pathways. Solid lines indicate direct evidence of protein interaction, and dashed lines indicate indirect evidence by
large-scale/high-throughput assays. Lines ending with an arrow indicate the activation of a protein. Lines ending with a flat end indicate the
inhibition of a protein. Gray-colored shapes/lines indicate that the activation status is mixed and not readily deduced.
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Changes in the RAS Family of Proteins.Members of the
RAS superfamily of small GTPases were shown to be increased
in the PLX/AZD-resistant cell cultures, particularly within the
spheroid cultures (Table 4). The upregulation of the RAS-
related proteins, particularly RRAS and RRAS2 in both PLX/
AZD-resistant cell cultures, may provide a mechanism for
enhanced mitogenesis and tumorigenesis.55 Other members of
this family have also been identified as regulating melanoma
metastasis (such as Rab 38, Rab 27A, RND3, and ARF6).56

Within spheroids, members of the sub-family Rab (RAB2A,
RAB7A, and RAB8A) were assigned to the activation in AMPK
signaling (Table 2) and are generally known for vesicular
formation and membrane tethering.57 Members of the Rap
family (RAP1B and RAP2B), which have been shown to
promote the proliferation, migration, and invasion of several
cancers,58,59 were identified and linked to the glioma signaling

pathway (Table 2). Proteins RAN and RANBP1 were
identified as decreased in spheroids (Table 4) and are
important for key cellular functions such as trafficking between
intracellular compartments.60 ARF-GAP1, which was down-
regulated in PLX/AZD-resistant spheroids (Table 4), is
involved in clathrin-dependent endocytosis61 and may act as
a tumor suppressor in colorectal cancer.62

Regulation of Cell Migration and Invasion. Several
protein changes in PLX/AZD-resistant cells supported
enhanced cell migration and invasion. For example, PLX/
AZD-resistant monolayers saw increased matrix metalloprotei-
nases (MMP1 and MMP3) and decreased metalloproteinase
inhibitors TIMP1 (spheroids) and TIMP3 (monolayers)
(Table 5). In addition, cell surface adhesion protein CD44
was also elevated in monolayers (Table 5) and may serve as an

Table 4. Changes in the Ras Superfamily Proteins in PLX/AZD-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes the proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.

Table 5. Changes in Proteins That Regulate Cell Invasion and Migration in PLX/AZD-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR adjusted p < 0.05), respectively.
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indicator for increased metastatic risk and melanoma
proliferation.63,64

Several proteins in the tetraspanin family that increased in
PLX/AZD-resistant monolayers (TSPAN6 and CD81) and
spheroids (TSPAN3, TSPAN8, and TSPAN31) supported a
more metastatic phenotype (Table 5). The induction in CD81
has previously been identified in increasing the cell motility
and invasive capacities of melanoma cells through AKT-
dependent signaling,65 which was upregulated in PLX/AZD-
resistant monolayers (Table 2). Tetraspanin 8 (TSPAN8) has
been previously shown to upregulate pro-MMP-9 activity in
melanoma cells through MMP3 when cocultured with
keratinocytes in a dermal invasion coculture assay.66

Additional proteins were upregulated in PLX/AZD-resistant
monolayers and spheroids that are involved in promoting cell
invasion. These included protein kinase C substrate MARCKS,
carboxypeptidase CPA4, and membrane metalloendopeptidase
(MME) (Table 5). Additionally, structural proteins associated
with cell invasion functions that increased in both models
included annexin A6 (ANXA6), caveolin-1 and 2 proteins,
caveolae adapter proteins cavin-1 and 3, and collagen proteins
COL8A1 and COL12A1 (Table 5). Metastatic suppressor
NDRG1 (N-myc downstream regulated gene-1), which
inhibits the EMT and cell migration,67,68 was downregulated
in both PLX/AZD-resistant cell cultures (Table S1).
Proteins that Regulate Drug Efflux and Detoxifica-

tion. Several changes related to the detoxification of
endogenous and exogenous substrates were detected (Table
6), including the microsomal glutathione-S-transferases
(MGST) that supported elevated glutathione redox activity
(Table 2). The MGST genes are responsible for catalyzing
low-level lipid GST/peroxidation and may protect cancer cells
from drugs such as chlorambucil, melphalan, cisplatin, and
doxorubicin.69−71 MGST3 was increased in both monolayer
and spheroid cell culture models, whereas MGST1 was only
elevated in spheroids (Table 6).
PLX/AZD-resistant cells also showed increases in several

ATP-binding cassette (ABC) transporter proteins (Table 6).
In monolayers, multidrug resistance efflux transporters ABCB1

and ABCC3 were elevated, whereas spheroids showed
increases in ABCC1 and the ABCD1/3 transporters, which
serve to transport fatty acids and regulate lipid metabolism
during cancer progression.72 Further, a common protein that
was expressed in both cultures included the xenobiotic
metabolizing protein nicotinamide N-methyltransferase
(NNMT, Table 6), which is upregulated in cutaneous
malignant melanoma and has been shown to promote an
invasive phenotype in cutaneous squamous cell carcino-
mas.73,74

Regulation of Inflammatory Signaling and Oxidative
Stress. Several proteins associated with oxidative stress were
upregulated in PLX/AZD-resistant spheroids, including
AKR1B1, AKR1C3, and TXNRD2 (Table S4). AKR1B1
(aldo-keto reductase family 1 member 1) is a likely diagnostic
marker for cancer progression and a regulatory response factor
to reactive oxygen species (ROS).75 AKR1C3 is also an
indicator of elevated NRF2 activity.76 Similarly, TXNRD2
(thioredoxin reductase-2) and heme oxygenase (HMOX1) are
NRF2-regulated antioxidant proteins that are upregulated in
PLX/AZD-resistant spheroids (Table 7).77,78

The activation or dysregulation of upstream RAS/RAF or
PI3K signaling can activate NF-κB pathways and is observed in
many cancers including melanoma.79 Several differences were
observed in NF-κB signaling between monolayers and
spheroids. For example, RELA/p65 was upregulated in PLX/
AZD-resistant monolayers but downregulated in spheroids
(Table 7). A decrease in the NF-κB2/p100 and NF-κB1/p105
precursor subunits was observed in PLX/AZD-resistant
monolayers and spheroids, respectively (Table 7). The loss
of both NFκB1 and p65 is potentially indicative of down-
regulated canonical signaling in NFκB within the spheroid
model, while in monolayers, the upregulation of p65 may
indicate upregulation in canonical NFκB signaling. The loss of
NFκB1 and NFκB2 could also be indicative of more
transcriptionally active p52 and p50, which are an active
transcriptional partner with p65.79 Reduced NFκB signaling is
also indicative of a switch from glycolytic to oxidative

Table 6. Changes in Proteins Regulating Drug Efflux and Detoxification in PLX/AZD-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.

Table 7. Changes in Proteins Associated with Inflammatory Signaling and Oxidative Stress in PLX/AZD-Resistant Monolayers
or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.
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respiratory functions,80 as seen in the PLX/AZD-resistant
spheroids (Table 2).
Autophagy-Related Protein Changes. In addition to

the evidence for increased ROS in the pathway analysis (Table
2B), other protein changes in PLX/AZD-resistant monolayers
and spheroids supported the activation of autophagy. These
changes included increased LAMP-2 (lysosomal-membrane-
associated glycoprotein) in both monolayers and spheroids and
increased LAMP-1 only in spheroids (Table 8). LAMP-1 and 2
are components of the lysosomal membrane, and have been
shown to aid in the formation of autophagic vacuoles, and have
elevated expression in many cancers.81,82 Spheroid cultures
also exhibited an induction in autophagy-related protein
ATG9A (Table 8).83 ATG9A plays an important role in the
formation of the membrane assembly of the autophagosome,
leading to the degradation of cellular components.84 In
contrast, ATG3 was downregulated in PLX/AZD-resistant
spheroids (Table 4), and reduced expression of ATG3 has
been shown in patients with acute myeloid leukemia and may
be essential for cancer survival.85 STAT3 expression was also

observed upregulated in spheroids (Table 8) and has been
shown to regulate pro-autophagy responses through the
phosphorylation and nuclear translocation of cytoplasmic
proteins.86 There is evidence that autophagy can also be
regulated through NFκB signaling as crosstalk in the tumor
microenvironment can promote the pro-autophagic down-
regulation of NFκB proteins and degradation in cancer-
associated fibroblasts, leading to a favorable microenvironment
for tumor progression.87 PARP1, which inhibits autophagy in
response to oxidative stress,88 was downregulated in spheroids
(Table 8), further supporting enhanced autophagy in PLX/
AZD-resistant cells.

Proteomic Changes in PLX/AZD-Resistant Cells That
Support Altered Metabolic Activity. Major changes in
PLX/AZD-resistant spheroids involved proteins that regulate
metabolic processes and energy production. These include
mitochondrial energy-related processes, such as an increase in
oxidative phosphorylation, fatty acid oxidation, and amino acid
breakdown, suggesting regulatory changes in pathways that
increase and diversify energy sources (Table 2B). Additionally,

Table 8. Changes in Autophagy-Related Proteins in PLX/AZD-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.

Table 9. Changes in the SLC Transporter Protein Family in PLX/AZD-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.
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changes in the activated pathways suggested an enhanced
amino acid degradation in drug-resistant cells (Table 2B),
including valine, leucine, and isoleucine degradation mecha-
nisms. The loss in PTEN signaling and upregulation in the
oxidative tricarboxylic acid (TCA) cycle are also hallmarks of
cancerous metabolic changes,89 and both were seen in the
dual-resistant spheroids (Tables 2 and 3).
Amino acid uptake is also crucial for cancer cell metabolism,

and several amino acid transporters were elevated in the PLX/
AZD-resistant spheroids, including solute carrier (SLC) family
proteins (Table 9). Overall, PLX/AZD-resistant spheroids
showed increases in 22 SLC proteins as compared to five SLC
proteins that increased in monolayers (Table 9). SLC44A2, a
choline transporter-like protein, was the only SLC to increase
in both monolayers and spheroids. Twelve of the SLC25
mitochondrial SLC transporters were upregulated in the PLX/
AZD-resistant spheroids, supporting their roles in meeting
energy requirements (Table 9). We also identified SLC
proteins that decreased in PLX/AZD-resistant monolayers or
spheroids (Table 9). SLC1A4, a neutral amino acid trans-
porter, was the only SLC protein to decrease in PLX/AZD-
resistant spheroid and monolayer cultures.

PLX/AZD-resistant spheroid cultures showed reduced
activity in the sirtuin signaling pathway (Table 3), charac-
terized by changes in SIRT5 and several of the aforementioned
SLC proteins, such as SLC25A4, SLC25A5, and SLC25A6
(Table 9). Sirtuin signaling modulates distinct metabolic and
stress response functions, and SIRT5 may function as a sensor
for nutrient stress during amino acid catabolism.90 SIRT5 is
also implicated in activating fatty acid oxidation and oxidative
stress mechanisms (Table 10) via signaling through protein
desuccinylation/demalonylation in the mitochondria.91 Addi-
tionally, the sirtuin-associated SLC proteins make up the
mitochondrial ADP/ATP carrier ANC (adenine nucleotide
carrier), which is responsible for exchanging the ATP4−

generated by mitochondrial ATP synthases into the cytosol
for energy consumption.92 Mutations in the genes encoding
ANC carriers have been implicated in reduced respiratory
chain function and associated with diseases such as ataxia,
myopathy, and Parkinson’s disease.92,93

Aldehyde dehydrogenases facilitate the metabolism of
endogenous and exogenous compounds by the oxidation of
aldehydes to carboxylic acids to maintain cellular homeo-
stasis.94 Aldehyde dehydrogenase (ALDH1A3) was identified
as being downregulated in both cultures (Table 10).

Table 10. Selected Changes in Proteins Suggestive of an Altered Metabolism in Dual-Resistant Monolayers or Spheroidsa

aGreen or red highlighting denotes proteins that increase or decrease in abundance (FDR-adjusted p < 0.05), respectively.

Figure 5. Niclosamide inhibits PLX/AZD-resistant cells but does not sensitize cells to PLX and AZD. Dose−response curves for A375 melanoma
cells treated with the indicated dosage of niclosamide in (A) monolayers or (B) spheroids, with drug-sensitive parent(○) or PLX/AZD-
resistant(Δ) cells. (C) Monolayer grown cells treated with PLX4032 and AZD6244 [parent-P/A: yellow or PLX/AZD(R)-P/A: red] or PLX4032/
AZD6244 with niclosamide [parent-P/A/N: green or PLX/AZD(R)-P/A/N: blue] in drug-sensitive or drug-resistant cell models. (D) Spheroid
grown cells treated with PLX4032 and AZD6244 [parent-P/A: green or PLX/AZD(R)-P/A: red] or PLX4032/AZD6244 with niclosamide
[parent-P/A/N: green or PLX/AZD(R)-P/A/N: blue] in drug-sensitive or drug-resistant cells models. Cell viability was expressed as a percentage
compared to cells treated with dimethyl sulfoxide vehicle (100%). Data are representative of three independent experiments.
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ALDH1A3 has been correlated with better prognosis in BRAF-
mutant melanomas as an enhanced expression can be
predictive of better patient responses to BRAF/MEK
inhibitors.95 Within PLX/AZD-resistant spheroids, aldehyde
dehydrogenases ALDH6A1, ALDH5A1, and ALDH4A1 were
upregulated and are known to regulate metabolic functions by
metabolizing endogenous aldehydes derived from amino acid
and lipid pathway sources.96 Aldehyde dehydrogenase 2
(ALDH2), a mitochondrial protein that is involved in ethanol
detoxification,97 was increased in both monolayers and
spheroids (Table 10). The observed changes in amino acid
degradation, lipid oxidation, and the TCA cycle and the
heavier reliance on nutrient transporters such as the SLCs are
indicative of a diversification in the energy/nutrient uptake
profile of PLX/AZD-resistant spheroids (Table 2).
PLX/AZD-Resistant Cells Are Sensitive to Mitochon-

drial Inhibitors. Given that PLX/AZD-resistant spheroids
exhibited elevated activity in pathways that support mitochon-
drial energy production (Table 2), we sought to test whether
PLX/AZD-resistant cells were sensitive to mitochondrial
inhibitors. Niclosamide, which is FDA-approved for the
treatment of parasitic infections, inhibits ATP production by
uncoupling the electron transport chain in the mitochondria
and may also downregulate STAT3, NFkB, Notch/Wnt
signaling, and mTORC pathways.98,99 Niclosamide repurpos-
ing has been proposed for treating cancer.99

We first tested the ability for niclosamide to independently
sensitize parent or PLX/AZD-resistant cells to growth
inhibition. Both PLX/AZD-resistant monolayers and spheroids
were more sensitive to niclosamide than the parent cells, with
PLX/AZD-resistant monolayers showing an approximate 3-
fold decrease in the IC50 value (Figure 5A,B). We also
demonstrated that PLX-only resistant monolayer and spheroid
cultures were more sensitive to niclosamide (Figure S2A/B),
which agrees with previous studies.100

We further wanted to determine the cell viability effect of
niclosamide in combination with concurrent PLX/AZD
treatment. In parent cells, PLX/AZD dosing yielded viability
curves well below the previously determined IC50 values for
niclosamide, and thus, no effect was detected (Figure 5C,D).
However, in PLX/AZD-resistant monolayers and spheroids,
we found that niclosamide had no additive effect in
combination with PLX/AZD treatment (Figure 5C,D). In
agreement, PLX-only resistant cells also had no additive effect
of the PL niclosamide combination (Figure S3A/B). These
data suggest that niclosamide does not enhance the effect of

PLX/AZD treatment in dual-resistant cells and that
niclosamide alone is a more potent inhibitor of both PLX
and PLX/AZD-resistant cells than that of parent cells.
We also tested biguanide phenformin, which is another

mitochondrial inhibitor that also targets AKT-mTOR.101

Similar to niclosamide, PLX/AZD-resistant spheroids were
more sensitive to phenformin than parent spheroids (Figure
6A). PLX/AZD-resistant cells exhibited higher mTOR activity,
as evident by the 3.4-fold increase in phosphorylation of
mTOR substrate p70S6K, which was inhibited by increasing
doses of phenformin (Figure 6B).

■ DISCUSSION AND CONCLUSIONS

The studies performed here represent the first comprehensive
comparison of proteomic changes that occur in monolayer and
spheroid cultured melanoma cells with a BRAF and MEK
inhibitor resistant background. While monolayer models have
provided useful information about the signaling paradigms
melanoma cancers employ to overcome RAF−MEK−ERK
inhibition, spheroid cultures have expanded the field in
identifying therapeutic biomarkers.102 Our studies describe
distinct differences between the two culture conditions where
monolayers resistant to BRAF/MEK inhibitors shifted
primarily to invasive signaling pathways, while dual-resistant
spheroids cells were dominated by changes in metabolic
pathways (Figure 4).
Clinically used combinations for BRAF/MEK1/2 inhibition

of melanoma have included dabrafenib and trametinib or
vemurafenib and cobimetinib.103,104 More recently, combina-
tions of inhibitors encorafenib and binimetinib have shown
modest increases in the overall survival time of patients from
22 months in previous combination therapies to 34 months,
likely attributable to the longer metabolic half-lives and higher
potencies of these drugs.105 Given the differences in survival
times with these combination therapies, it is plausible that
these therapeutic combinations could yield different proteomic
results to BRAF and MEK1/2 inhibitors used in the current
study.
Spheroid cell cultures are useful models to mimic chemo-

therapeutic resistance in cancer and have been used to screen
for more effective anticancer compounds and new drug
combinations.106−108 Several approaches to generating sphe-
roids have been established,109 and evidence suggests that
scaffold-free spheroid cultures, such as those used in the
current study, preserve in vivo-like cell−cell interactions and
nutrient gradients.106 Unlike monolayers, spheroid cells can

Figure 6. PLX/AZD-resistant cells are more sensitive to phenformin than parent cells. (A) Dose−response curve with 0−1 mM phenformin in
parent and PLX/AZD-resistant spheroid cultures. Data represent the mean and standard deviation of six wells. (B) Immunoblot of parent and
PLX/AZD-resistant cell lysates for phosphorylated p70S6K (p-p70) after treatment with 0−1 mM phenformin for 1 h. Numerical values below the
immunoblot represent the relative levels of p-p70, normalized to β-actin, as determined by densitometry.
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also reflect tumor-like differences in cell layers that may consist
of proliferating, quiescent, and/or necrotic cells.40 Methods
using serial trypsinization techniques have been described to
analyze protein changes within the different layers of
spheroids.110 In addition, MS imaging methods such as
matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) have been used to record differences in
nutrient/metabolite gradients and cellular functions such as
glycolysis, ATP metabolism, apoptosis, and proliferation within
a corresponding spheroid layer.111 These techniques reinforce
the physiological changes observed in spheroids, such as
exponential growth before plateauing and the formation of a
necrotic core, as well as greater proportions of cells in the G1
cell cycle arrest in spheroids versus the G2/M phase more
likely to be detected in monolayers.112,113 Not only may these
techniques provide information on how individual cell layers
contribute to overall drug resistance but they are also amenable
to studying the permeability of different drugs in a 3D
environment.114

Spheroids and monolayers have been noted to individually
reflect some, but not all, aspects of tumor biology and should
be considered as complementary models of clinical data.115 In
the current study, both spheroid and monolayer cell cultures
provided insights into protein changes that are reflective of
drug resistance mechanisms observed in patients. For example,
the increased expression of cell surface class I human leukocyte
antigen (HLA) proteins have been demonstrated to be an
indicator of the immunologic response in combination
treatment with BRAF/MEK inhibitors and immunotherapy
in BRAF-inhibitor resistant mouse tumor models.116 Our data
similarly showed changes in several immunomodulatory
proteins in PLX/AZD-resistant cells, such as the increased
expression of HLA class I proteins on spheroids and reduced
HLA class II proteins in monolayers (Table S3/S4).116 The
reduced levels of HLA class I proteins in monolayers suggest
that spheroid models may more accurately reflect patient
responses to immunomodulating therapy. Moreover, the
reduction of class II antigens in PLX/AZD-resistant mono-
layers further suggests that spheroids will more accurately
predict the responses to immunotherapies. Nonetheless, PLX/
AZD-resistant monolayers showed an upregulation of cell
surface antigen CD44 (Table 5), which has yet to achieve
clinical success as a targeting moiety for drug−antibody
conjugates.117

Our studies revealed that both monolayer and spheroid
models reflect resistance mechanisms identified in orthotopic
or patient-derived xenograft (PDX) models. Several groups
using models with BRAF or dual BRAF/MEK inhibitor
resistant melanoma cell lines or clinically derived tumor
samples have reported changes similar to those observed in our
spheroid cultures, including elevated EGFR, reliance on fatty
acid oxidation, and increased mitochondrial oxidative
phosphorylation.36,118−120 Further, signal bypass through the
fibroblast growth factor receptor (FGFR) pathway has been
observed in clinical tumor samples treated with BRAF/MEK
inhibitors, and the use of downstream PI3K and Src inhibitors
has demonstrated preclinical efficacy.36

Aggressive cancer tissues, such as melanoma and esophageal,
have also exhibited amplification in the PI3K pathway and high
levels of autophagy.121,122 Inhibitors of the PI3K pathway or
autophagy have been suggested in combination with ERK1/2
pathway inhibition as an approach to treat melanoma.123,124

While PLX/AZD-resistant monolayers showed activation of

the PI3K pathway (Tables 2 and 3), only PLX/AZD-resistant
spheroid cultures demonstrated enhanced autophagy markers
(Table 8).123 In addition, decreased INPP5F (inositol
polyphosphate-5-phosphatase F) in both spheroid and
monolayer cell models (Table S1) is an indicator of increased
PI3K activity.123,125 Figure 4 also suggests increased
sphingolipid hydrolysis, which has been shown to increase
ceramide levels in cells and promote autophagosomic
membrane maturation via ATG9A (Table 8).126

Several proteins implicated in enhanced antioxidant and
drug metabolism or efflux activities, including glutathione-S
transferases MGST1/MGST3 (Table S3/S5), have been
linked to anticancer drug resistance.127 Inhibition of
glutathione-S transferases may improve the efficacy of
chemotherapeutic agents used to treat various sarcomas.128

We also observed activation in the NRF2 signaling and
glutathione redox pathways in PLX/AZD-resistant spheroids
(Table 2), which may also contribute to temozolomide
resistance, as demonstrated in orthotopic glioma xenograft
models.129 NRF2 has also been implicated in regulating EGFR
expression in drug-resistant melanoma.130 In terms of drug
efflux, several ABC transporters, ABCC1 and ABCD1, were
upregulated in the PLX/AZD-resistant spheroids (Table 6)
and have also been implicated in a multidrug-resistant
phenotype.131

The levels of several transporter proteins of the SLC family
were elevated in the PLX/AZD-resistant cell cultures (Table
9), providing a mechanism for enhanced nutrient uptake.
Members of the SLC25 sub-family, in particular, were
upregulated in PLX/AZD-resistant spheroids, and these
proteins regulate the import of inorganic ions and
intermediates needed in the citric acid cycle and for oxidative
phosphorylation in the mitochondria.132,133 The upregulation
of SLC25 proteins provides a novel target for further
exploration. For example, clodronate is an SLC25 inhibitor
that prevents bone resorption to treat osteoporosis and may
reduce bone metastasis in breast cancer.132 Similarly, the
genetic knockdown of SLC25A11, one of the proteins
upregulated in spheroids (Table 9), has also been shown to
inhibit the growth of non-small-cell ling cancer (NSCLC) and
KRAS-driven melanoma cells.134 Several metabolic inhibitors
(such as atractyloside and butylmalonate) of the SLC25
proteins that block either citrate or ATP nucleotide import
into the mitochondria have been shown to inhibit large-cell
lung cancer and glioblastoma cell proliferation.133,135

Other studies have made comparisons in the proteomic
changes occurring between 2D and 3D cultures of colorectal
cancer cells and, similar to our data, have also shown elevated
oxidative phosphorylation in 3D cultures over monolayers.136

However, these studies did not compare the changes between
drug-resistant and drug-sensitive cells. The increased oxidative
phosphorylation in our findings prompted us to test whether
mitochondrial inhibitors such as niclosamide could resensitize
PLX/AZD-resistant cells. Niclosamide has been previously
reported to inhibit cell viability and initiate apoptosis in
melanoma cells including tumor stem cells.100,137 The
repurposing of niclosamide is being tested in at least two
active clinical trials for treatment in colorectal cancer
(NCT02687009)138 and in castration-resistant prostate cancer
(NCT03123978).139

While niclosamide was shown to be more effective in
inhibiting PLX/AZD-resistant versus parent cells, it did not
restore the sensitivity to PLX/AZD inhibitors (Figure 5).
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Mitochondrial complex I inhibitor phenformin has been
proposed to enhance the therapeutic benefit of BRAF
inhibitors.140 As is demonstrated in Table 2 and Figure 6B,
PLX/AZD-resistant cells showed elevated levels in mTOR
activity compared to parent cells. Similar to niclosamide,
phenformin was also more effective at inhibiting PLX/AZD-
resistant cells (Figure 6A), providing further support for the
potential benefit of mitochondrial inhibitors and simultaneous
targeting of AKT-mTOR signaling.45,141 Clinically, phenformin
has been investigated in combination with the chemo-
therapeutic 5-fluorouracil in refractory colorectal cancer,
showing a modest increase in progression-free survival,142

and its analogue metformin is currently being investigated for
use against metastatic malignant solid neoplasms in combina-
tion with the mTORC1/2 inhibitor sapanisertib
(NCT03017833).45,143

Other upregulated proteins from our proteomic analysis that
could be targeted in drug-resistant cells include carboxypepti-
dase-A4 (CPA4), which when genetically knocked down or
inhibited can suppress aggressive metastatic cancers, including
melanoma.144,145 The upregulation of several ATP synthases in
spheroids (Table S4) also provides rationale for the use of
ATP synthase inhibitors as anticancer agents.146 CADD522,
one such novel inhibitor of the α and β subunits of the F1−
ATP synthase complex, has been reported to inhibit
mitochondrial oxidative phosphorylation and breast cancer
cell proliferation.147

Importantly, pathway analysis supported enhanced cell
invasion and metastasis in PLX/AZD-resistant monolayers
(Table 2 and Figure 4). Members of the matrix metal-
loproteinase and the multifunctional tetraspanin families of
proteins may be targets in drug-resistant cells to prevent
metastasis. Tetraspanin CD151 was upregulated in PLX/AZD-
resistant spheroids (Table 5) and has been targeted with
monoclonal antibodies to inhibit metastasis in an orthotopic
xenograft model.148 Similarly, genetic or pharmacologic
inhibition of MMP3 may slow the growth and metastasis of
colorectal, prostate, and melanoma cancers.149−151

The findings herein demonstrate that proteomic changes
observed in PLX/AZD-resistant cells are highly dependent on
the cell culture conditions. PLX/AZD-resistant cells grown as
monolayers showed increases in ERK1/2-independent signal-
ing, whereas drug-resistant spheroids showed dramatic changes
in metabolic processes, including oxidative phosphorylation.
While both cell models reveal potentially relevant targets to
inhibit in cancer cells that are resistant to BRAF and MEK1/2
inhibitors, the spheroid model provides additional support for
repurposing metabolic inhibitors such as phenformin for
treating drug resistance.

■ SUMMARY OF MAJOR CONCLUSIONS

• 2D cell cultures are convenient models but may not
accurately reflect in vivo conditions.

• 3D cell models better reflect the architectural aspects of
tumors and complement 2D models.

• A 2D melanoma model of BRAF/MEK inhibitor
resistance exhibited enhanced ERK-independent signal-
ing and metastasis pathways.

• A 3D melanoma model of BRAF/MEK inhibitor
resistance exhibited enhanced mitochondrial oxidative
phosphorylation and metabolism.

• PLX/AZD-resistant cells are more sensitive to FDA-
approved mitochondrial inhibitors.

■ EXPERIMENTAL SECTION

Cell Culture and Chemical Reagents. A375 cells with
the homozygous BRAF (V600E) mutation were purchased
from American type culture collection (ATCC; Manassas, VA)
(CRL-1619). The mutated BRAF-selective inhibitor PLX4032
(ENZ-CHM200-0010) was purchased from Enzo Life Sciences
(Farmingdale, NY), and the MEK1/2 inhibitor AZD6244 (BV-
2234-5) was purchased from Axxora (Farmingdale, NY).
ERK1/2 inhibitor VTX11e (S7709) was purchased from
Selleckchem (Houston, TX). Niclosamide (ab120868) was
purchased from Abcam (Waltham, MA). Phenformin (HY-
16397A) was purchased from MedChemExpress (Monmouth
Junction, NJ). The protocol for generating drug-resistant cell
lines was performed similarly to that described in previous
studies.152,153 Briefly, cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) or Eagle’s minimal essential
medium (EMEM) plus 10% fetal bovine serum (FBS). All
media were supplemented with penicillin and streptomycin.
Cells resistant to both AZD6244 and PLX4032 were generated
over a period of 10 passages (approximately 5−7 days in
between passages) with 0.1 μM stepwise increases of PLX4032
and AZD6244 until the final drug concentration of 1 μM was
achieved for each inhibitor. Unless indicated, PLX/AZD-
resistant cells were always cultured in the presence of PLX4032
and AZD6244. All cell lines were authenticated at the
University of Maryland Baltimore Biopolymer Genomics
Core Laboratory and shown to be 100% related (shared 12
out of 12 alleles) to the ATCC reference CRL-1619 (A375)
cell line. Cell lines were routinely tested for mycoplasma
contamination using the MycoAlert detection kit (Lonza,
Walkersville, MD).

Monolayer and Spheroid Cell Cultures for Proteomic
Analysis. Parent and PLX/AZD-resistant cells were grown as
monolayers in 10 cm plates to approximately 80% confluence.
Monolayers were washed twice with 5 mL of cold phosphate-
buffered saline (PBS), scraped into a 1.5 mL tube with cold
PBS, and centrifuged at 1000g to remove the PBS from the cell
pellet. Spheroids were generated by seeding 1000−2000 cells
per well using corning ultra-low attachment 96-well plates
(#SIG-CLS7007, Sigma-Aldrich, St. Louis, MO), briefly
centrifuged at 500g to aggregate cells, and incubated for 8−
10 days. Spheroids were grown to approximately ∼0.5−1 mm
in diameter prior to the analysis. Spheroid samples for parent
and PLX/AZD-resistant cells were generated by harvesting all
96 wells from a plate with wide orifice tips (the combined 96
spheroids equal one biological replicate), washing three times
with 1 mL of cold PBS in a microcentrifuge tube, and
centrifuging at 1000g to aspirate the PBS from the cell pellet.

Antibodies. Antibodies against total ERK1/2 (#4695) and
β-actin (# 4970) were purchased from Cell Signaling
Technology (Beverly, MA). Phosphorylation-specific antibod-
ies for MEK1/2 (pSer217/pSer221; #9121), p90RSK
(pSer380; #9341), and p70 S6K (pThr389; #9205) were
also purchased from Cell Signaling Technology. The phospho-
specific antibody for ERK1/2 (pThr183/pTyr185; M9692)
was purchased from Sigma-Aldrich. Antibodies for total
MEK1/2 (sc-81504) were purchased from Santa Cruz
Biotechnology (Dallas, TX). The antibody against total
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p90RSK (16463-1-AP) was purchased from Proteintech
(Rosemont, IL).
Proteomics Sample Preparation. Three biological

replicates of monolayer and spheroid cell pellets described
previously were prepared for the proteomics analysis.
Approximately 10 mg of wet cell pellets were solubilized by
5% sodium deoxycholate in 50 mM ammonium bicarbonate
with constant mixing. Cell lysates were reduced, alkylated, and
trypsinolyzed on a filter using a modified FASP.154 Briefly, cell
lysate proteins were reduced by 10 mM tris(2-carboxyethyl)-
phosphine and then alkylated with 20 mM iodoacetamide,
followed by incubation in dark for half an hour. The alkylated
lysate supernatants were loaded on a 10K MWCO filter
(Millipore Amicon Ultra 0.5 mL) and centrifuged at 14,000g
for 15 min to remove small molecules such as metabolites and
salts. The retained proteins on the filter were washed three
times with 50 mM ammonium bicarbonate with 0.3% sodium
deoxycholate, followed by the addition of 1 μg of trypsin per
50 μg of protein and incubation at 37 °C for 18 h. The tryptic
digests were then acidified with trifluoroacetic acid to a final
concentration of 1%, and precipitated deoxycholic acid was
removed by centrifugation. The peptide concentrations were
measured by a Pierce quantitative colorimetric peptide assay
(Thermo Scientific Corp., San Jose, CA).
LC MS/MS Analysis. The samples were analyzed on a high-

resolution Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Scientific Corp., San Jose, CA) coupled to a
nanoAcquity UPLC system (Waters Corporation, Milford,
MA). Peptides were trapped and desalted on a 180 μm × 20
mm nanoACQUITY UPLC trap column with 180 Å (5 μm)
symmetry C18 particles (Waters Corporation, Milford, MA).
The subsequent peptide separation was performed on a 75 μm
× 200 mm nanoACQUITY UPLC analytical column packed
with 130 Å (1.7 μm) BEH130 C18 particles (Waters
Corporation, Milford, MA). For each LC−MS/MS analysis,
an equal amount of 1 μg of peptides was loaded on the trap
column at 10 μL/min in 1% acetonitrile (v/v) with 0.1% (v/v)
formic acid. Peptides were eluted using a 3−40% acetonitrile
gradient flowing at 400 nL/min over 165 min. The eluted
peptides were interrogated with a data-dependent acquisition
method using a top-speed selection mode. The Fourier
transform precursor spectra were collected using the following
parameters: a scan range of 375−1500 m/z (mass/charge
ratio), a resolving power of 240,000, an automatic gain control
(AGC) target of 106, and the maximum injection time of 50
ms. The linear ion trap product spectra were collected using
the following parameters: a rapid scan rate, a normalized
collision energy of collision-induced dissociation of 35%, a 0.7
m/z isolation window, an AGC target of 3 × 103, and a
maximum injection time of 300 ms with using all parallelizable
fill time enabled. Peptide precursors were selected for a 3 s
cycle. Precursors with an assigned monoisotopic mass and a
charge state of 2−6 were interrogated. Interrogated precursors
were filtered using a 60 s dynamic exclusion window.
Protein Identification and Quantitation. Acquired

tandem mass spectra were searched against a UniProt Homo
sapiens reference proteome using the Sequest HT algorithm155

and MS Amanda algorithm156 with a maximum mass error
tolerance of 10 ppm for the precursor ions and 0.5 Da for the
fragment ions. Carbamidomethylation of cysteine and
deamidation of asparagine and glutamine were treated as
static and dynamic modifications, respectively. A maximum of
two missed cleavages was allowed. Resulting hits were

validated at a maximum false discovery rate (FDR) of 0.01
using a semi-supervised machine learning algorithm percola-
tor.157 Label-free quantifications were performed using Minora,
an aligned AMRT (accurate mass and retention time) cluster
quantification algorithm.158 Protein abundance ratios between
samples were measured by comparing the MS1 peak volumes
of peptide ions, whose identities were confirmed by MS2
sequencing as described above, after the normalization by the
total peptide. Differentially expressed proteins in the resistant
cells were examined by carrying out an ANOVA test, and p-
values were filtered via multiple hypothesis testing using an
FDR of 0.05. Proteins with greater than 100-fold increases or
decreases reflect a lack of detectable peptides in parent or
PLX/AZD-resistant cell lysates, respectively.

Bioinformatic Analysis of the Canonical Pathway
Enrichment. Enrichment analysis of canonical pathways was
performed using the Qiagen Ingenuity database.159 Proteins
showing at least a 2-fold change with an FDR-adjusted
ANOVA p-value <0.05 were considered significantly changed
and used for further analysis. The statistical significances of
perturbed pathways were tested by Fisher’s exact test corrected
for multiple hypothesis testing by a Benjamini−Hochberg
procedure.160 The likely activation states of the perturbed
pathways were inferred by the z-score, which is a statistical
measure of the match between the expected relationship
direction from the published literature and observed gene
expression from the experimental data set compared with a null
model that assigns random regulation directions.161

Cell Viability Assay.Monolayers were seeded at 5000 cells
per well in 96-well plates, cultured overnight (without
inhibitors for PLX/AZD-resistant cells), and treated for 48 h
with AZD6244 and PLX4032. The cell viability curves were
generated using six to nine data points and 3-fold dilutions of
0.01−30 μM for AZD6244 and PLX4032. Additionally, 3-fold
serial dilutions of 0.01−30 μM of VTX11e or niclosamide were
used to generate the cell viability curves of parent and PLX/
AZD-resistant cells. Further, linear dose responses with
phenformin were generated from 0−1 mM to generate cell
viability curves with parent and PLX/AZD-resistant cells.
Monolayer cell viability was measured according to the
manufacturer’s instructions using the fluorescent CellTiter
blue assay (G8080; Promega, Madison, WI) or the CellTiter-
Glo 2.0 luminescent cell viability assay (G9241; Promega).
Spheroid cell viability was measured according to the
manufacturer’s instructions using the CellTiter-Glo 3D cell
viability assay (G9681; Promega). Cell viability curves were
generated using GraphPad-Prism version 5.01 (GraphPad
Software, San Diego). Three biologic replicates were chosen
for the data to generate standard errors.

Immunoblots. The immunoblot analysis of relative protein
levels and phosphorylation was performed as previously
described.162 Briefly, cells were washed with cold PBS, and
protein lysates were collected in a 2× sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
(4% SDS, 5.7 M β-mercaptoethanol, 0.2 M tris-HCl pH 6.8,
20% glycerol, ad 5 mM ethylenediaminetetraacetic acid).
Proteins were separated by SDS-PAGE, transferred to a
polyvinylidene fluoride membrane, and detected by enhanced
chemiluminescence (Pierce ECL; Thermo Fisher Scientific)
using the Azure c300 imaging system (Azure Biosystems;
Dublin, CA). The quantitative immunoassay analysis was
performed using the WES simple western capillary electro-
phoresis (ProteinSimple, San Jose, CA). The quantitative
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immunoblot analysis for p70S6K was performed using ImageJ
for densitometry as described.162 Electropherograms were
quantified using Compass 225 for SWsoftware (v3.1.7;
ProteinSimple), applying a Gaussian peak fit distribution for
determining the area under the curve. Unless stated otherwise,
analyses were performed as previously described.163
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