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In Brief
The proteome and phosphopro-
teome have been determined for
BRAF inhibitor resistant and sen-
sitive cells by applying quantita-
tive MS-based proteomics. We
identified the intermediate fila-
ment protein nestin as one of
the highest downregulated pro-
teins in melanoma cells and tu-
mors. The results reported reveal
a link between loss of nestin and
an invasive phenotype and pro-
vide a quantitative view of PI3K/
Akt and integrin pathways in-
volved in resistant and nestin
knockout cells.

Graphical Abstract

Highlights

• Quantitative phosphoproteome of BRAF drug-resistance in melanoma cells.

• Cytoskeletal proteins are downregulated in resistant vs. sensitive cells.
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• Nestin depletion affects PI3K/AKT and integrin signaling similar to resistant cells.
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Quantitative Proteomics Links the Intermediate
Filament Nestin to Resistance to Targeted
BRAF Inhibition in Melanoma Cells*□S

Marisa Schmitt‡, Tobias Sinnberg§, Nicolas C. Nalpas‡, Annika Maass‡,
Birgit Schittek§, and Boris Macek‡¶

Targeted inhibition of mutated kinases using selective
MAP kinase inhibitors in malignant melanoma often re-
sults in temporary improvement of clinical symptoms fol-
lowed by rapid development of resistance. To gain in-
sights in molecular processes that govern resistance, we
performed SILAC-based quantitative proteomics profiling
of vemurafenib-resistant and -sensitive melanoma cells.
Among downregulated proteins in vemurafenib-resistant
cell lines we detected multiple proteins involved in cyto-
skeletal organization and signaling, including the interme-
diate filament nestin, which was one of the most down-
regulated proteins. Previous studies showed that nestin
is expressed in various types of solid tumors and its
abundance correlates with malignant phenotype of
transformed cells. However, the role of nestin in cancer
cells regarding acquired resistance is still poorly under-
stood. We performed CRISPR/Cas9 knockout of the
nestin gene (NES) in vemurafenib-sensitive cells and
showed that loss of nestin leads to increased cellular
proliferation and colony formation upon treatment with
BRAFV600E and MEK inhibitors. Moreover, nestin deple-
tion led to increased invasiveness and metalloprotei-
nase activity like the phenotype of melanoma cells with
acquired resistance to the BRAF inhibitor. Finally, phos-
phoproteome analysis revealed that nestin depletion in-
fluenced signaling through integrin and PI3K/AKT/
mTOR pathways and led to increased focal adhesion
kinase abundance and phosphorylation. Taken together,
our results reveal that nestin is associated with acquired
vemurafenib resistance in melanoma cells. Molecular
& Cellular Proteomics 18: 1096–1109, 2019. DOI: 10.1074/
mcp.RA119.001302.

Malignant melanoma is the 19th most common cancer
worldwide, accounting for �232,000 new cases in 2012 (1).
Although melanoma accounts for less than one percent of
skin cancer cases, it is responsible for 79% of skin cancer-
related deaths (2). Therapies for advanced melanoma have
changed greatly in recent years with the US Food and Drug

Administration approval of several immunotherapy and tar-
geted drugs, including cobimetinib, an inhibitor of MEK ki-
nases (3), and vemurafenib, a BRAF inhibitor, for patients
carrying the BRAFV600E mutation (4). These drugs have a
response rate of �50% as monotherapies and result in an
average survival benefit of four to six months (5–7). However,
almost all patients ultimately develop resistance to drug treat-
ment (5, 8). Therefore, an understanding of the acquired re-
sistance is essential for the development of effective therapies
for malignant melanoma. Multiple cellular pathways have
been postulated to explain drug resistance, ranging from sig-
nal transduction networks to transcriptional pathways (9). The
majority of kinase inhibitor resistance development is caused
by molecular or genetic alterations that lead to MAPK path-
way reactivation. A variety of genetic causes, including NRAS
(10, 11), KRAS (12) and MEK mutations (13), alternative splic-
ing or amplification of BRAF and loss of NF1 (9, 11, 12), have
been identified in tumors with acquired resistance. In addition,
activation of the PI3K/AKT pathway can be responsible for
BRAF inhibitor resistance—because of downregulation of
PTEN through loss or mutational inactivation, or somatic mu-
tations in AKT1/3 and PIK3CA (11, 12).

Nestin, a member of the type VI intermediate filament pro-
tein family, was originally described as a stem cell/progenitor
cell marker, especially during migration and proliferation
phases in early embryonic development (14). Expression of
nestin is also associated with the regulation of cell death in
neural progenitor cells, podocytes of kidneys and neuromus-
cular junction development in a CDK5-dependent manner
(15). In adult tissue, it plays an important role in regeneration
processes where it is localized to tissue/organ-specific sites
(16). Previous studies have reported that nestin is expressed
in various human malignancies, including pancreatic cancer
(17, 18), prostate cancer (19), breast cancer (20), glioblasto-
mas (21), gastrointestinal stromal tumors (22), trichoblastoma
(23), angiosarcoma (22) and malignant melanoma (24, 25). In
some tumor types, nestin expression correlates with aggres-
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sive growth, metastasis, migration and poor prognosis (18);
however, the roles of nestin in cancer cells have not been
characterized at a molecular level. In advanced stages of
melanoma, nestin- and CD133-positive melanoma cells were
detected in the peripheral blood of patients, at the invading
front and at sites of melanoma metastases (26–28). These
studies indicate that nestin could be significantly involved in
the invasion and distant metastasis of melanomas. In a large-
scale proteomic approach, nestin was found to be a useful
diagnostic and prognostic biomarker that can potentially dis-
tinguish melanoma subtypes and can help to predict mela-
noma aggressiveness in these different subgroups (29). Inter-
estingly, depletion of nestin in melanoma was shown to
increase expression of matrix metalloproteinases (MMP)1 and
enhance melanoma invasion (30). Recent evidence indicates
that nestin downregulation in prostate cancer cell lines trig-
gers an expression pattern of phosphorylated focal adhesion
kinase (FAK). Phosphorylated FAK (pFAK) localizes at the cell
membrane and promotes integrin clustering. This results in
pFAK- and integrin-dependent matrix degradation and an
invasive phenotype (31). In the context of targeted BRAFV600E

and MEK inhibitor therapy in melanoma, a loss of nestin
expression in tumor cells was identified immediately after
treatment therapy (32). All these findings suggest that nestin is
associated with tumorigenesis, however, little is known about
the role of nestin in melanoma and the relationship of nestin
and acquired resistance.

In this study, we use quantitative proteomics to identify
proteome and phosphoproteome alterations in A375 mela-
noma cells resistant to BRAFV600E inhibitor vemurafenib. Our
analysis identified nestin as one of the most downregulated
proteins in resistant cells. Extensive biological follow-up re-
vealed its connection with invasiveness and cell survival of
resistant melanoma cells. Finally, phosphoproteome analysis
revealed that nestin depletion influenced signaling through
integrin and PI3K/AKT/mTOR pathways.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—The (phospho)pro-
teomics data is derived from three sets of samples prepared and
analyzed by LC-MS/MS. A total of 143 runs analyses were performed
with 230 min gradient for proteome, 42 min gradient for fractionated
proteome and 90 min gradient for phosphoproteome measurements
on a Q Exactive HF mass spectrometer. In part 1, SILAC labeled A375

S and A375 R cells (“light,” “medium,” and vice versa) were used in
two different screens (123 samples); screen 1, proteome and phos-
phoproteome measurements (33 samples, three biological replicates
(11 per replicate), ten rounds of phosphopeptide enrichment for each
replicate), whereas in screen 2, the proteome was fractionated into 30
fractions (90 samples, three biological replicates (30 per replicate)). In
part 2, SILAC labeled Nes-KO, A375 S and A375 R cells were used
(“light,” “medium,” “heavy”) (22 samples, two biological replicates
(eleven per replicate), ten rounds of phosphopeptide enrichment per
replicate). Raw data was processed by MaxQuant software as de-
scribed below. Statistical analysis was performed with Perseus (t test,
FDR � 0.01, s0 � 1) (version 1.5.0.31), STRING: functional protein
association networks analysis (STRING Consortium 2018) and Graph-
Pad Prism (version 7.04). For detailed description of statistical anal-
ysis of each experiment see MS data analysis and statistical analysis
in the section methods.

All biological assays were performed in three biological and tech-
nical replicates, so that appropriate statistical analysis could be per-
formed. Statistical analysis was performed with two-tailed unpaired t
test in GraphPad Prism. p values � 0.05 were considered statistically
significant, with * for p � 0.05, ** for p � 0.01, *** for p � 0.001 and
**** for p � 0.0001. In each experiment, separate controls were
included. Images of experiments and Western blotting were quanti-
fied using ImageJ software.

Chemicals—Stock solutions of the BRAFV600E inhibitor PLX4720
(vemurafenib analog, Selleckchem, Houston, TX) and the MEK inhib-
itor cobimetinib (Hycultec, Beutelsbach, Germany) were prepared in
dimethyl sulfoxide (DMSO).

Cell Culture and SILAC Labeling—The use of human tissue from an
internal biobank was approved by the local ethical committee (781/
2018BO2) and experiments were performed in accordance with the
declaration of Helsinki Principles. The human metastatic BRAFV600E-
mutated melanoma cell lines A375, Mel1617, 451lu, SKMel28 and
SKMel19 were used in this study (33, 34). The generation of the cell
lines with acquired resistance to vemurafenib analogue PLX4720 (for
simplicity referred to as “vemurafenib” in the Results section) was
conducted as described previously (33) (List of used cell lines in
supplementary Information S1). Cells were either grown in RPMI 1640
(Sigma-Aldrich, Darmstadt, Germany) containing penicillin/strepto-
mycin (100 U/ml, PAN) and FBS (10%, PAN) or RPMI 1640 SILAC
(Sigma-Aldrich) lacking arginine, lysine and leucine. Leucine (12.5
mg/ml, Sigma-Aldrich), penicillin/streptomycin (100 U/ml, PAN, Aid-
enbach, Germany), dialyzed FBS (10%, PAN) and stable isotope-
encoded arginine and lysine were added to the SILAC medium. The
“light” SILAC media was further supplemented with L-[12C6,14N2]
lysine (Lys0) and L-[12C6,14N4] arginine (Arg0) (Cambridge Isotope
Laboratories, Tewksbury, MA), whereas L-[2H4] lysine (Lys4) and
L-[13C6] arginine (Arg6) were added to the “medium” SILAC media and
L-[13C6,15N2] lysine (Lys8) and L-[13C6,15N4] arginine (Arg10) to
“heavy” SILAC media. Cells were grown in a humidified atmosphere,
5% CO2 at 37 °C in either RPMI 1640 or “light,” “medium,” or “heavy”
RPMI 1640 SILAC media.

Protein Extraction of Cultured Cells—Cell lysis was performed in
lysis buffer (6 M urea, 2 M thiourea, 10 mM Tris pH 8.0) supplemented
with protease inhibitor (complete Mini EDTA-free tablets, Roche, Ba-
sel, Switzerland), phosphatase inhibitor buffers (5 mM glycerol-2-
phosphate, 5 mM sodium fluoride, and 1 mM sodium orthovanadate)
and 1% N-Octylglucoside (NOG) on ice for 10 min. DNA and RNA in
the lysate was removed using benzonase (Merck, Darmstadt, Ger-
many) for 10 min on room temperature (RT) followed by centrifugation
at 2800 � g (10 °C, 20 min). Remaining NOG detergent was removed
by acetone precipitation. Briefly, four volumes of acetone (�20 °C),
one volume of methanol were added, and the proteins were precip-
itated overnight at �20 °C. After centrifugation (2800 � g, 4 °C,

1 The abbreviations used are: MMP, matrix metalloproteinase;
BRAFi, BRAF inhibitor; CRISPR, clustered regularly interspaced short
palindromic repeats; DSB, double strand break; DTT, dithiothreitol;
ECM, extracellular matrix; FDR, false discovery rate; FBS, fetal bovine
serum; FFPE, formaldehyde fixed paraffin embedded; IAA, iodoacet-
amide; LC-MS/MS, liquid chromatography combined with tandem
mass spectrometry; NOG, N-ocetylglucosamine; NonSil, nonsilenc-
ing siRNA; PAM, protospacer adjacent motif; SDS, sodium deoxy-
cholate; SILAC, stable isotope labeling in cell culture; sgRNA, single
guided RNA; NonTar, nontargeting control RNA; siRNA, small inter-
fering RNA.

Quantitative Proteomics of BRAF Drug Resistance

Molecular & Cellular Proteomics 18.6 1097

http://www.mcponline.org/cgi/content/full/RA119.001302/DC1


20 min), the detergent-containing supernatant was removed, and the
protein pellet was washed with 80% acetone (�20 °C). Protein pellets
were then resolved in lysis buffer without NOG and protein concen-
tration was measured using Bradford assay.

Sample Preparation for MS Analysis—Extracted proteins from each
cell line were mixed 1:1 (“light” to “medium”) or 1:1:1 (“light” to
“medium” to “heavy”) and reduced with 10 mM DTT for 1 h, alkylated
with 55 mM iodoacetamide for an additional hour and digested with
Lys-C (Lysyl Endopeptidase, Wako Chemicals, Neuss, Germany) for
3 h at RT. After adding of four volumes of 50 mM of ammonium
bicarbonate, trypsin (Promega Corporation, Madison, Wisconsin) was
added and tryptic digestion was carried out overnight. To stop the
digestion, 1% TFA was added, peptides were purified on Sep-Pak
C18 Cartridge (Waters, Milford, MA) and either eluted in 80% aceto-
nitrile (ACN) for high pH reverse phase chromatography or desalted
on C18 StageTips (as described previously (36)).

High pH Reverse Phase Chromatography—1–2 mg of peptides
were fractionated on an off-line Ultimate 3000 high-pressure liquid
chromatography (HPLC) system (Dionex, Thermo Fischer Scientific,
Waltham, MA) equipped with xBridge BEH130 C18 130A, 3.5 �m,
4.6 � 250 mm column (Waters), as described previously (37). The
system was operated under high pH conditions using buffer A (5 mM

NH4OH) and buffer B (5 mM NH4OH in 90% ACN) at pH 10. Peptides
were eluted using an 80 min gradient at a flow rate of 1 ml/min. The
gradient consisted of 5% to 25% B over 45 min, followed by 40% B
during 10 min and finally 70% B for 5 min. The gradient was held at
70% B for 5 min, reduced to 5% B within 5 min and the column
equilibrated for 10 min. One-minute fractions were collected from 0 to
60 min. The 60 fractions were concatenated into 30 pools and dried
by vacuum centrifugation. Peptide pools were reconstituted in 1 ml of
80% ACN, 10 �g of the pool were concentrated and desalted on
StageTips prior LC-MS/MS measurements for proteome analysis.

Phosphopeptide Enrichment—Phosphopeptides were enriched
using TiO2 beads. TiO2 beads (Titansphere, 10 �m, GL Sciences,
Tokyo, Japan) were resuspended in DHB solution (80% ACN, 1%
TFA, 3% 2,5-dihydroxybenzoic acid (DHB)) and incubated for 20 min.
Purified peptides were added to the TiO2 beads in DHB solution and
incubated for 10 min for each enrichment round. This step was
repeated nine to ten times. Phosphopeptide-bound TiO2 beads were
sequentially washed with 30% ACN in 1% TFA, 50% ACN in 1% TFA
followed by 80% ACN in 1% TFA. Peptides were eluted with 5%
NH4OH in 60% ACN into 20% TFA followed by 80% ACN in 1% FA.
The eluate was reduced by vacuum centrifugation, pH was adjusted
to � 2.7 with TFA and peptides were desalted on C18 StageTips prior
LC-MS/MS measurements.

Formalin Fixed Paraffin Embedded Tissue Preparation for MS Anal-
ysis—FFPE tissue of pre-and posttreated patients with the kinase
inhibitor vemurafenib (2 serial sections, 5 �M thick; List of FFPE
specimens used in this study in supplementary Information S3) were
first deparaffinized by two washes in xylene (5 min, 50 °C) followed by
three serial washes in ethanol (100%, 95% to 70%) for 10 min each.
Ethanol was removed completely, and sections air-dried. Lysis was
carried out in 4% SDS, 50 mM DTT, 100 mM HEPES pH 7.5 supple-
mented with protease inhibitor at 95 °C for 60 min and by sonication
for 15 min. 10 �g of proteins were purified by acetone precipitation
and protein pellet was resolved in lysis buffer (6 M urea, 2 M thiourea,
10 mM Tris pH 8.0). Proteins in the cleared lysate (13,000 � g, 10 min)
were reduced with 10 mM DTT for 60 min, alkylated with 55 mM

iodoacetamide for an additional 60 min and LysC digestion was
carried with 1 �g of LysC for 3 h at RT. After adding four volumes of
50 mM ammonium bicarbonate, 1 �g of trypsin was added for tryptic
digestion overnight. Digestion was stopped by adding 1% TFA and
peptides were loaded onto C18 StageTips for desalting and subse-
quent dimethylation labeling (35). Briefly, peptides were labeled with

either 4% CH2O, 0.6 M NaBH3CN (“light”) or 4% 13CD2O, 0.6 M

NaBD3CN (“heavy”) in phosphate buffer (50 mM NaH2PO4, 50 mM

Na2HPO4). After washing with solvent A, peptides were eluted with
solvent B and analyzed by LC-MS/MS.

Liquid Chromatography-MS Analysis—All samples were analyzed
on an Easy-nLC 1200 UHPLC (Thermo Fischer Scientific) coupled to
an Q Exactive HF mass spectrometer (Thermo Fischer Scientific)
equipped with a nanoelectrospray source. Peptides were separated
on a 20 cm analytical column (75 �m ID PicoTip fused silica emitter
(New Objective, Woburn, MA)) in-house packed with ReproSil-Pur
C18-AQ 1.9 �m resin (Dr Maisch GmbH (Ltd.), Ammerbuch, Ger-
many). Peptides were eluted using a 90 min gradient for phospho-
proteome, 230 min gradient for proteome analysis and 42 min gradi-
ents for fractionated peptide pools. Gradient was generated by
solvent A (0.1% FA) and solvent B (80% ACN in 0.1% acetic acid) at
40 °C and 200 nl/min flow rate. The mass spectrometer was operated
in data dependent mode. Full MS scans were acquired with a reso-
lution of 120,000 and within a mass range of m/z 300 to 1650. For
higher-energy collisional dissociation (HCD), the 12 most intensive
peptides were selected, and MS/MS spectra were recorded with a
resolution of 60,000. For 45 min gradients, fast scanning top20
method was used with a resolution of 15,000 for HCD scans and
maximum fill time of 30 ms. For the analysis of TiO2 enriched phos-
phopeptides, full MS were acquired in the range of 300–
1500 m/z at a resolution of 120,000. Seven most abundant precursor
ions from a survey scan were selected for HCD fragmentation (isola-
tion width of 1.20 m/z; 27% normalized collision energy and activation
time of 0.1 ms were allowed) and MS/MS spectra were acquired at a
resolution of 60,000 on the Orbitrap analyzer.

MS Data Analysis and Statistical Analysis—The raw data files were
processed with the MaxQuant software suite (version 1.5.2.8) (38).
The Andromeda search engine (39) searched MS/MS data against
Uniprot Homo sapiens (release 2015_10_23; 91,646 entries) database
containing commonly observed contaminants. Carbamidomethyla-
tion of cysteine (C) was set as fixed modification and oxidation of
methionine, phosphorylation at serine (S), threonine (T) or tyrosine (Y)
were defined as variable modifications. Trypsin/P was selected as a
protease. For quantification, the amino acids (Lys4)/(Arg6) and (Lys8)/
(Arg10) were defined as “medium” and “heavy” labels for the com-
parison of cell lines. Dimethylation on peptide N termini and lysine
residues was defined as “light” (�28.03 Da) and “heavy” (�36.08 Da)
labels for the comparison of pre-and posttreated tumors (FFPE spec-
imens). No more than two missed cleavages were allowed. The MS
tolerance was set at 4.5 ppm and MS/MS tolerance at 20 ppm for the
analysis using HCD fragmentation method. The false discovery rate
(FDR) for peptides and proteins was set to 1%. For all other param-
eters, the default settings were used. Only protein groups with at least
two peptides were included in the final data sets and all contaminants
were removed. Protein groups were kept for further statistical analysis
only if quantified in 3 out of 3 replicates (for the first experiment) and
2 out of 2 replicates (for the second experiment). To find significant
differences between sensitive and resistant A375 cells, log2-trans-
formed SILAC ratios were subjected to t test in Perseus, with a
permutation-based FDR threshold of 0.01 and s0 value of 1. The
SILAC ratio of identified phosphorylation sites were normalized to the
ratios of corresponding protein groups. All term enrichment analyses
were performed using Perseus, by mapping reference lists or subsets
of proteins with annotation terms. The resources used for annotation
of proteins were Gene Ontology (GO), Biological Processes (GOBP),
GO Cellular Compartment (GOCC), GO Molecular Functions (GOMF)
and Kyoto Encyclopedia of Genes and Genomes (KEGG). In addition,
significantly changing proteins determined by t test analysis (FDR �

0.1, s0 value of 1) were mapped to pathways and network associa-
tions using STRING (40) against the whole genome as the statistical
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background. The top 20 significant pathways were selected. The
median of the t test difference of assigned significantly changing
proteins was calculated for each pathway. A list of all peptide se-
quences is provided in the supplementary Peptide Table and a list of
all protein identifications and phosphorylation site identifications are
provided in supplementary Table S1.

Analysis of Microarray Data from Pre- and Posttreated Patient
Tumors—To confirm the relevance of our findings regarding nestin
protein abundance profile in A375, we reanalyzed NES gene expres-
sion profile in human patients with melanoma pre- and posttreatment.
The publically available microarray data with accession number
GSE50509 and GSE61992 were retrieved from the NCBI GEO data-
base. These data were acquired on Illumina Sentrix HumanHT12 v.4.0
Expression BeadChip as described in the original publications (41,
42). We reanalyzed the microarray datasets within the R environment
(43). Each probe was annotated using the illuminaHumanv4.db pack-
age (44). Quality control analysis (probe intensity density plot) was
performed on all microarrays to check for normalization bias between
samples or batches. The normalized data were filtered based on
probe quality using illuminaHumanv4.db package. Differentially ex-
pressed genes were identified from the filtered normalized data using
the LIMMA package (45). Briefly, this was performed by blocking
samples on a per-patient basis, fitting a linear model and generating
Empirical Bayes statistics to compare pre- and posttreatment sam-
ples. The Benjamini-Hochberg multiple testing correction method
was applied to all differentially expressed genes (supplementary Ta-
ble S2).

Immunohistochemistry—Immunohistochemistry staining of clinical
FFPE specimens (List of FFPE specimens used in this study in sup-
plementary Information S3) was performed with a nestin specific
polyclonal rabbit antibody (N5413, Sigma-Aldrich) diluted 1:50 in PBS
containing 0.3% Triton-X100 and 1% BSA. Briefly, 5 �m FFPE tissue
sections were de-paraffinized and antigen retrieval was performed in
citrate buffer pH 6 in a pressure cooker for 2 min under pressure
before a slow cooling down of the samples. Afterward tissue sections
were stained according to the manufacturer’s protocol (Thermo Sci-
entific, UltraVision LP Detection System: AP Polymer) using FastRed
(Thermo Scientific, Liquid Fast-Red Substrate System) as substrate.

Generation of Genome Edited Melanoma Cell Lines—NES gene
knockout was carried out by CRISPR/Cas9-mediated genome editing
according to the published protocol (46). The SpCas9 plasmid PX459
(Plasmid 62988) was obtained from a nonprofit plasmid share repos-
itory (Addgene, Watertown, MA). Suitable CRISPR target sites within
NES Exon 1 positive strand were identified using the “CRISPR Design
Tool” (http://crispr.mit.edu/). The respective oligonucleotide inserts
(Biomers, Ulm, Germany) (5�-cctcgacggcgcgccggttg-3� (forward), 5�-
caaccggcgcgccgtcgagg-3� (reverse)) were designed with overhangs
compatible for ligation into PX459 linearized by digestion with BbsI
(New England BioLabs, Frankfurt, Germany). Oligonucleotides were
phosphorylated with polynucleotide kinase T4 PNK (New England
BioLabs), annealed and inserted into the plasmid using T4 DNA ligase
(New England BioLabs) and transformed into chemocompetent DH5�

E. coli cells (New England Biolabs). Oligonucleotide inserts (ITD) (5�-
gtattactgatattggtggg-3� (forward), 5�-cccaccaatatcagtaatac-3� (re-
verse)) were designed as CRISPR/Cas9 nontargeting (NonTar) control
sgRNA and cloned into the SpCas9 plasmid PX459. Melanoma cells
were seeded with low density (100,000 cells per ml), grown for 24 h in
RPMI- 1640 medium without FBS. Transfection of the SpCas9/sgRNA
plasmid or SpCas9/NonTar plasmid was carried out with Lipo-
fectamine 2000 (Thermo Fischer Scientific) according to the manufa-
cturer’s instructions. On the next day, cells were selected using
puromycin (2 �g/ml, Invivogen, Toulouse, France) and incubated for 2
days. Once individual colonies formed, single colonies were picked,
cultured in separate wells and expanded in 6-well plates until cell

number was enough for further analysis. Genomic DNA was isolated
using GeneElute Mammalian Genomic DNA MiniPrep Kit (Sigma-
Aldrich) and PCR amplification was performed using primers (5�-
agatgtggggagctcaatcgg-3� (forward) and 5�-tccaacctctgttccaacgc-3�
(reverse)) and sequenced by Sanger sequencing. Off-target effects of
the guide sequence were predicted using Cas-OFFinder online tool
(47). A mismatch of three bases were allowed. (List of predicted
off-target sites in supplementary Information S4).

siRNA Knockdown—Nestin knockdown was carried out by trans-
fecting A375 S cells with a pool of four FlexiTube siRNA oligos (100
nM, Qiagen, Hilden, Germany) against human nestin. NonSilencing
siRNA (NonSil, Dharmacon) was used as control. siRNA transfections
were performed using Lipofectamine RNAiMAX (Invitrogen) according
to manufacturer’s protocol. The medium was changed the following
day. All assays were performed at 48–72 h posttransfection.

Western Blotting—Cells were harvested in lysis buffer and proteins
were precipitated overnight with acetone/methanol (�20 °C). Cell
lysates from SkMel28 S/R, SkMel19 S/R, 451lu S/R and Mel1617 S/R
were used for immunoblotting analysis. Protein extracts were sepa-
rated on 4–12% NuPAGE Bis-Tris gels (Novex, Life Technologies,
Carlsbad, CA), transferred to PVDF membranes (0.2 �m, Sigma-
Aldrich). The blot membranes were blocked in 1% Tween-20 and
probed with primary antibody followed by horseradish peroxidase-
conjugated secondary antibodies. Primary antibodies used were anti-
Nestin (N5413, Sigma-Aldrich; sc-23927, Santa-Cruz Technologies),
anti-EGFR (#2232, Cell Signaling Technologies, Danvers, MA), anti-
Integrin �1 (E11) (sc-374430, Santa-Cruz Technolgies), anti-Integrin
�4 (B4) (sc377523, Santa-Cruz Technologies), anti-GAPDH (MA5–
15738, Thermo Fischer Scientific), anti-AKT (SAB4500797, Sigma
Aldrich), anti-AKT (phospho-S124) (SAB4301497, Sigma Aldrich), an-
ti-ERK1/2 (SAB1305560, Sigma Aldrich), anti-ERK1/2 (phospho-
T202/Y204) (SAB1306604, Sigma Aldrich), anti-FAK (D1) (sc-271126,
Santa-Cruz Technologies) and anti-Histone H3 antibody (D1H2)
(#4499, Cell Signaling Technologies). Secondary antibodies used
were anti-rabbit IgG, HRP-conjugated (#7074, Cell Signaling Tech-
nologies) and anti-mouse IgG, HRP-conjugated (#7075, Cell Signaling
Technologies). ECL was detected by exposure with the Fusion SL
instrument (Vilber Lourmat, Eberhardzell, Germany). For quantifica-
tion, ImageJ software was used.

Clonogenic Assay—Cells were seeded in low density with 200
cells/cavity in 12-well plates and treated with BRAFV600E and MEK
inhibitors (1 �M PLX4720, 0.1 �M cobimetinib). After 7–10 days, cells
were fixed with 4% formaldehyde and stained with 0.05% Coomassie
Brilliant Blue solution (Bio-Rad Laboratories, Hercules, CA) containing
80% methanol and 10% acetic acid. Stained colonies were washed
twice with DPBS and counted under the microscope.

Proliferation/Cell Viability Assay—A MTS assay was used to ana-
lyze the proliferation and survival of melanoma cells. Cells were
seeded (2 � 103) into 96-well plates. On the next day, media was
changed, and cells were incubated for 96 h with increasing concen-
trations of respective inhibitors (0.1 �M to 20 �M of PLX4720 or
cobimetinib) or with DMSO. After washing with DPBS, cell viability
was assessed by CellTiter 96® Aqueous One Solution Cell Prolifera-
tion Assay (Promega Corporation), according to the manufacturer’s
instructions. The IC50 values were determined from the dose-re-
sponse curves using log inhibitor versus response (three-parameter)
test in GraphPad Prism.

Gelatin Zymography—For gelatin zymography, melanoma cells
were cultivated to 70–80% confluence, washed twice with DPBS and
grown for 24 h in FBS-free RPMI 1640 medium in presence or
absence of inhibitors (1 �M PLX4720, 0.1 �M cobimetinib). Condi-
tioned media was collected, concentrated using SpeedVac and
nonreducing sample buffer was added (4% SDS, 20% glycerol,
0.01% bromphenol blue, 125 mM Tris-HCL pH 6.8). Samples were
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separated on Novex 10% Zymogram Plus (Gelatin) gels (Thermo
Fischer Scientific). Gels were washed twice with washing buffer (2.5%
Triton X-100, 50 mM Tris-HCl, 5 mM CaCl2, 1 �M ZnCl2), incubated for
24 h with incubation buffer (1% Triton X-100, 50 mM Tris-HCl, 5 mM

CaCl2, 1 �M ZnCl2) at 37 °C, stained with staining solution (40%
methanol, 10% acetic acid, 0.5% Coomassie Blue) for 1 h at RT and
incubated with destaining solution (40% methanol, 10% acetic acid)
until white bands appeared. For quantification of bands, ImageJ
Software was used.

3D Melanoma Spheroid Culture—Cells were seeded on 1.5% agar
noble (VWR) coated 96-well plates and incubated for 3 days to form
spheroids. Spheroids were embedded into collagen I rat tail protein (1
mg/ml, Thermo Fischer) diluted in RPMI medium and cultured for four
to ten more days. A total of 15 to 25 spheroids from each experiment
were analyzed per condition. For quantification of outgrowth of spher-
oids, images were taken on day 0 and day 10. The outgrowth length
for 15 spheroids was quantified using ImageJ software.

RESULTS

We used high-resolution mass spectrometry to characterize
the proteome and phosphoproteome changes associated
with resistance to BRAF inhibitor therapy in vitro (supplemen-
tal Fig. S1A). To study acquired drug resistance, the
BRAFV600E mutant melanoma cell lines sensitive (A375 S) and
resistant to vemurafenib (A375 R) were used (33). For pro-
teomic and phosphoproteomic analysis, A375 S and A375 R
cells were subjected to stable isotope labeling by amino acids
in cell culture (SILAC) using Lys4/Arg6 supplemented in
growth medium. The resulting peptide mixture was measured
using on-line liquid chromatography coupled to high-resolu-
tion mass spectrometry (LC-MS/MS). In addition, phospho-
peptide enrichment was performed and analyzed by LC-
MS/MS (supplemental Fig. S1A and supplementary Table S1
and supplementary Peptide Table).

Cytoskeletal Proteins Are Downregulated in Vemurafenib-
resistant Melanoma Cells—We performed two proteomic
screens (each in three biological replicates) that resulted in
detection of 129,485 unique peptide sequences correspond-
ing to 9453 distinct protein groups at an estimated FDR of
0.27% at the peptide and 1.28% at the protein level (Fig. 1A,
1B; supplementary Table S1). Protein differential abundance
analysis indicated widespread regulation of protein abun-
dance that occurs during the development of BRAF resist-
ance in vitro. The significantly downregulated proteins were
involved in focal adhesion, integrin signaling, and actin cyto-
skeleton regulation (Fig. 1C), upregulated proteins in the ac-
tivation of PI3K/AKT, mTOR, and MAPK/ERK signaling path-
way (Fig. 1C). In the phosphoproteome measurement, we
identified 13,354 phosphorylation sites, of which 10,444 were
localized to a specific Ser/Thr/Tyr residue (supplemental Fig.
S1B and supplementary Table S1) and 9106 phosphorylation
sites were quantified reproducibly in all three replicates. We
mapped our dataset to the known resistance mechanisms
MAPK/ERK and PI3K/AKT pathway and observed a good
coverage of regulated key proteins (supplemental Fig. S1C).
For example, the RTKs EGFR, PDGFR, and IGF1R were iden-
tified upregulated in A375 R versus A375 S cells, as well as

NRAS, BRAF, ERK1, MITF, AKT2, and mTOR (supplemental
Fig. S1C). In addition, we identified phosphorylation sites on
AKT (S124) and ERK1/2 (T202/Y204) significantly upregulated
in A375 R cells (supplemental Fig. S1C).

Among pathways activated in the A375 R cells, multiple
proteins involved in cytoskeletal organization were signifi-
cantly over-represented (Fig. 1A and 1B). Reorganization of
the cytoskeleton is often associated with migratory and inva-
sive phenotype of tumor cells and contribute to cancer’s
aggressiveness. In this dataset, a remarkable number of dif-
ferentially regulated proteins were involved in cytoskeleton
and adhesion pathways (Fig. 1A, 1B, and 1C), and several key
proteins, such as nestin, vimentin and gelsolin, showed sig-
nificant changes in abundance. The type VI intermediate fila-
ment protein nestin showed a median log2 ratio of �2.71 in
resistant cells in all replicates and was one of the highest
changing proteins in the whole dataset. To validate these
findings, we assessed expression of nestin by Western blot-
ting in several widely used melanoma cell lines, such as
SkMel28 and Mel1617 (Fig. 1D). Quantification of the Western
blotting by densitometry revealed significant changes of nes-
tin abundance between drug-sensitive and drug-resistant
cells (Fig. 1E).

To further address the clinical relevance of the downregu-
lation of nestin in patients, we used two public transcriptomic
datasets available from NCBI GEO repository. We selected all
microarray data from patients with matching pre- and post-
treatment tumors (vemurafenib, dabrafenib and dabrafenib/
trametinib); i.e. 21 and 9 patients from microarray datasets
GSE50509 and GSE61992, respectively (41, 42). The bioin-
formatics reanalysis of these microarray data revealed 23, 0
and 17 significantly changing probe sets in vemurafenib, dab-
rafenib and dabrafenib/trametinib treated tumors versus pre-
treatment tumors (FDR � 0.1, supplementary Table S2). The
mRNA expression of nestin (probeset ID � ILMN_1738147)
was not significantly changing across posttreatment tumors
versus pretreatment tumors. However, we did observe a tend-
ency toward nestin downregulation between paired tumors
(supplemental Fig. S1D and S1E). We could confirm these
findings in FFPE specimens of two patients pre- and post-
therapy with BRAF inhibitor using immunohistochemistry
against nestin protein (supplemental Fig. S1F). The abun-
dance of nestin in pretreated tumors differed between pa-
tients; however, there was a clear tendency toward nestin
downregulation between post- and pretreated tumors within
each individual patient. Proteomic analysis of FFPE speci-
mens of one patient pre- and post-BRAF inhibitor therapy
identified nestin as one of the most downregulated proteins in
the post-BRAF inhibitor treated tissue (supplemental Fig.
S1G) with a log2 ratio of �2.5. In total, we identified 14
peptides of nestin in both tissue specimens with a sequence
coverage of 36.5%. Taken together, these data show that
acquired resistance is associated with alterations in cytoskel-
etal and adhesion molecules and leads to the downregulation
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of the intermediate protein nestin in melanoma cell lines and
metastases of human patients.

Nestin Expression Correlates with Invasive Properties of
A375 Cells—To evaluate the functional role of nestin in resist-
ance toward BRAF inhibition, we induced a NES gene knock-

out in vemurafenib sensitive A375 S cells using the CRISPR/
Cas9 system (supplemental Fig. S2A). Single clones (A375
Nes-Ko #1–5) were selected for further analysis based on their
effective NES knockout (supplemental Fig. S2B–S2E). As a con-
trol we used a nontargeting (NonTar) control guide sequence

FIG. 1. Quantitative proteomics of melanoma cells identifies downregulation of nestin in drug-resistant cells. Volcano plot of
vemurafenib-resistant and -sensitive A375 proteomes for (A) the initial proteomic screen and (B) the second proteomic screen. Fold change
of SILAC ratios between A375 R and A375 S (log2) are plotted against p value (�log10) (n � 3). Black lines indicate the significance threshold
(FDR � 0.01; s0 � 1). Significantly up- and downregulated proteins are highlighted in magenta. C, Over-representation of selected KEGG
signaling pathways of A375 R compared with A375 S cells using String database analysis. The t test difference of SILAC ratios between A375
R and A375 S (log2) were plotted for each pathway (t test, FDR � 0.1; s0 � 1). Numbers represent identified significantly changing proteins
mapped to the pathway by the total protein count involved in that pathway. Color of the bars represents the FDR. D, and E, Western blot
analysis of different drug-resistant and drug-sensitive melanoma cell lines (A375, SkMel28, SkMel19, 451lu and Mel1617) against nestin and
quantification of signal intensities using ImageJ software.
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and transfected A375 S cells with this construct. A375 NonTar
cells showed no InDels in the NES gene and no change in nestin
protein abundance (supplemental Fig. S2F and S2G).

To address the relationship between nestin abundance and
the invasive properties of melanoma cells, we performed
three-dimensional spherical outgrowth assay. Melanoma
spheroids formed from A375 S and A375 NonTar cells in-
creased in size over 10 days (Fig. 2A and 2B). However,
vemurafenib-resistant and A375 Nes-KO spheroids were not
compact, showed less cellular adhesion and exhibited cells
that progressively infiltrated into the surrounding collagen gel.

In contrast, A375 S and A375 NonTar spheroids showed
restricted invasive movement of a few cells away from the
spheroid edge. Loss of nestin expression reduced the spher-
oid-forming ability of A375 Nes-KO cells like A375 R cells.
Collectively, these data show that expression of nestin corre-
lates with an invasive phenotype of resistant melanoma cells.

Depletion of Nestin Affects Cell Proliferation and Colony
Formation On Treatment with BRAFV600E and MEK Inhibi-
tors—To investigate the effects on cell proliferation in drug-
sensitive, drug-resistant and genome edited A375 Nes-KO
cell lines, we treated cells with the MAPK signaling pathway

FIG. 2. Nestin expression correlates with invasive properties of melanoma cell lines. A, Anchorage-independent growth assays of A375
S, A375 NonTar, A375 R and A375 Nes-KO clone #1 cells. Cells were seeded on agar, incubated for 3 days and spheroids were embedded
into a collagen I matrix and further incubated for 10 days. Images are representative of three independent experiments of day 0 and day 10
(15–20 spheroids per cell line and day). All images were acquired with a light microscope at 5-fold magnification. Scale bar: 200 �m. B,
Quantification of spheroids outgrowth. Analysis of outgrowth length was performed by measuring the total length from the center for 15
spheroids each on microscopic images using ImageJ software. Results are displayed as mean values 	 S.E.
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inhibitors vemurafenib (BRAFV600E inhibitor) and cobimetinib
(MEK inhibitor) and performed in vitro colony formation and
cell proliferation (MTS) assays. First, we examined the colony
formation ability of A375 Nes-KO compared with A375 S and

A375 R controls. A375 NonTar cells were used as CRISPR/
Cas9 control cell line. In absence of inhibitors, cell lines
showed similar colony formation ability in terms of colony
number and size (Fig. 3A). A375 S and A375 NonTar single

FIG. 3. Depletion of nestin affects cell proliferation and colony formation on treatment with BRAFV600E and MEK inhibitors. A,
Clonogenic assay of A375 S, A375 NonTar, A375 R and NES knockout (A375 Nes-KO) cells after 10 days treatment with signaling pathway
inhibitors. Cells were treated with vemurafenib (1 �M) and cobimetinib (0.1 �M), either alone or in combinations. Controls were treated with
DMSO. Cultures were fixed with formaldehyde and stained with crystal blue. Images are representative of three biological and three technical
replicates. B, Quantification of single colonies per condition. Results represent the mean of three biological experiments and three technical
replicates (9 wells per cell line). Error bar represents standard deviations C–D, A375 S, A375 NonTar, A375 R, and A375 Nes-KO were cultured
for 24 h, and then treated with vemurafenib (C) or cobimetinib (D) at the indicated concentrations (0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10 and 20 �M)
or DMSO as control. Cell viability was determined by MTS assay 96 h later. Results expressed as percentage of control represent the mean
of three biological experiments and six technical replicates (n � 24). Error bar represents standard deviations of replicates. E–F, Activity of
MMP9 (E) and MMP2 (F) using gelatin zymography. Supernatants of A375 S, A375 R and A375 Nes-KO cell lines were treated with DMSO or
vemurafenib for 24 h, analyzed by zymography gelatin plus gels and stained with Coomassie. ImageJ software was used for quantification of
signals. Results represent the mean of three biological experiments 	 S.E.
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cells were not able to grow into a colony after treatment with
the BRAFV600E inhibitor vemurafenib. In contrast, A375 R
showed the same colony formation ability with vemurafenib.
For the genome edited A375 Nes-KO cell lines, we observed
a 2-fold decrease in colony number (Fig. 3A and 3B). How-
ever, the size of the BRAFi treated nestin knockout cell line
colonies were smaller (data not shown). When cells were
treated with the MEK inhibitor cobimetinib or in combination
with BRAFi, the A375 S and the A375 R cell lines showed no
ability to grow into colonies (Fig. 3A and 3B). Interestingly,
after both treatments, the A375 Nes-KO cell lines colonies
were observed in similar numbers and sizes (Fig. 3A and 3B).
Next, we examined whether different concentrations of
BRAFV600E and MEK inhibitors impair cell survival and prolif-
eration of melanoma cells. We calculated the IC50 value for
each cell line and treatment using a three-parameter dose-
response test. When treated with vemurafenib, the IC50 of
A375 R, A375 S, A375 NonTar, and A375 Nes-KO was 2.46
�M, 0.268 �M, 0.259 �M and 2.091 �M, respectively (Fig. 3C).
This confirmed that A375 Nes-KO cells tolerate vemurafenib
treatment better than the A375 S cells. In addition, the ob-
served effect was constant over different concentrations of
BRAF and MEK inhibitors. No difference was observed be-
tween A375 S and A375 NonTar cells. For the cobimetinib
treatment, the IC50 of A375 Nes-KO cells (IC50 0.31 �M) was
7.7-times higher than for A375 R cells (IC50 0.04 �M) (Fig. 3D).
A375 S and A375 NonTar cells were not able to grow under
these conditions.

To confirm this finding, we used a siRNA loss-of-function
model system and investigated the phenotype of a condi-
tional nestin knockdown (A375 Nes-Kd) with regards to
vemurafenib sensitivity. Downregulation of nestin expres-
sion was effectively achieved in A375 S cells as opposed to
cells harboring nonsilencing siRNA (NonSil) (supplemental
Fig. S3A). In agreement to NES gene knockout (Nes-KO),
nestin RNA downregulation resulted in increased cell pro-
liferation on BRAFV600E kinase inhibition compared with
A375 S cells as seen in the MTS assay (supplemental Fig.
S3B). The IC50 of vemurafenib in A375 Nes-Kd cells was
similar (1.454 �M) to the NES knockout cells; pointing to the
fact that nestin affects cell survival on stimulation with dif-
ferent BRAFV600E and MEK inhibitors.

Depletion of Nestin Induces Matrix Metalloproteinase Activ-
ity—Downregulation of nestin was previously connected with
increased activity of matrix metalloproteinases (MMP) MMP-9
and MMP-2, which are involved in migratory potential and
invasiveness of cancer cells (30). We hypothesized that A375
R with a significantly downregulated expression of nestin will
induce melanoma matrix metalloproteinases and that this
effect will be mimicked by our functional knockout cell line
A375 Nes-KO. To maintain enzymatic activity of MMP-9 and
MMP-2, we treated A375 S, A375 R and A375 Nes-KO cells
with vemurafenib or DMSO as a control for 24 h and analyzed
the supernatants using gelatin zymography (supplemental

Fig. S3C). All cell lines secreted MMP-2 and MMP-9; however,
A375 R and A375 Nes-KO cells showed a significantly stron-
ger signal for both metalloproteinases compared with the
supernatant of A375 S cells (supplemental Fig. S3C). This
pattern was like that observed in cells cultured with the
BRAFV600E inhibitor. A 2-fold difference in MMP-9 activity and
3-fold difference in MMP-2 activity was observed between
untreated supernatants of drug-sensitive and drug-resistant
lines (Fig. 3E and 3F). Interestingly, quantification of signals
resulted in a similar peak area for bands of MMP-9 and
MMP-2 in A375 Nes-KO and A375 R supernatants (Fig. 3E
and 3F), highlighting the similarity of their phenotypes. Treat-
ment of cells with the BRAFV600E inhibitor led to significant
increased activation of MMP-9 in A375 R and A375 Nes-KO
supernatants and decreased activation of MMP-2 in genome
edited A375 Nes-KO lines (Fig. 3E and 3F). These results
suggest a relationship between expression of nestin and ac-
tivity of certain MMPs known to enhance tumor invasion.

Loss of Nestin Expression Is Associated with PI3K/AKT and
Integrin Signaling—To understand how the loss of nestin pro-
tein abundance may alter cellular protein homeostasis, we
performed a quantitative (phospho)proteome analysis of A375
Nes-KO versus A375 S versus A375 R cells using a SILAC
approach and LC-MS/MS. In two biological replicates, we
identified 5965 protein groups and 7524 phosphorylation
sites, of which 91 showed significant changes in abundance
at a FDR � 0.01 (s0 � 1) in the A375 Nes-KO compared with
A375 S (Fig. 4A and 4B, supplementary Table S1 and supple-
mentary Peptide Table). The comparison of A375 R to A375
Nes-KO cells showed significant differences between these
two cell lines (supplemental Fig. S4A). Biological replicates
showed a good correlation of the proteome and phosphopro-
teome (supplemental Fig. S4B and S4C). Interestingly, ECM
interacting proteins, such as vinculin, fibronectin, integrin �4
and integrin �6, as well as Proteinkinase C, focal adhesion
kinase FAK and other downstream signaling proteins were
significantly upregulated in the genome-edited cells (Fig. 4A).
Enrichment analysis of the significantly regulated proteins for
GO cellular component indicated an involvement in adhesion
junctions, extracellular region and focal adhesion. (Supple-
mental Fig. S4D). The KEGG pathways PI3K/AKT signaling,
remodeling of focal adhesions, actin cytoskeleton signaling
and integrin signaling were significantly over-represented in
A375 Nes-KO cells compared with A375 S cells (supplemental
Fig. S4D). Furthermore, the phosphoproteome analysis re-
vealed differentially regulated phosphorylation sites on key
members of the integrin signaling pathway and downstream
proteins. Phosphorylation sites on FAK, ERK1/2 and Integrin
�4 were significantly upregulated in the genome edited cell
line compared with A375 S cells (Fig. 4B). To identify the
(phospho)proteomic overlap between A375 Nes-KO and
A375 R cells, we correlated the ratios of A375 Nes-KO versus
A375 S against ratios of A375 R versus A375 S (Fig. 4C and
4D). We identified differentially regulated proteins and phos-
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phorylation sites on key members of the integrin signaling
pathway in A375 Nes-KO and A375 R cells with similar ratios
(Fig. 4C and 4D). For example, abundance of EGFR, Filamin-B
and Collagen 6A3 and 10A1, as well as phosphorylation sites
on Integrin �4, FAK and ERK1. Focal adhesion kinase FAK
plays a central role in cancer cell motility, adhesion, and
invasion (48, 49). In melanoma cells, we found Nes-KO to be
associated with increased FAK phosphorylation and protein
levels (Figs. 4B). Phosphorylation of FAK at S910 was identi-
fied with high quality by LC-MS/MS (supplemental Figs. S4E).
We confirmed these results by immunoblot using antibodies
against key signaling molecules in NES knockout (A375 Nes-
KO), nestin knockdown (A375 Nes-Kd), A375 S and A375 R
cells (Fig. 4E). Immunoblot revealed a higher expression of
EGFR, Integrin �4 and FAK in A375 R, A375 Nes-KO and
Nes-Kd cells. Signals for phosphorylation sites of ERK1/2

(T202/Y204) and AKT (S124) were also increased in A375 R,
knockout and knockdown cells compared with A375 S. Taken
together, these results link nestin with integrin and PI3K/AKT
signaling pathways in melanoma; while also revealing new
molecular events in context of acquired resistance to vemu-
rafenib (Fig. 4F).

DISCUSSION

To identify additional resistance mechanisms and reveal
new molecular targets to overcome resistance, we investi-
gated two melanoma cell lines (A375 S and A375 R) with
differing phenotypes of acquired resistance to the BRAFV600E

inhibitor vemurafenib. In this context, we utilized SILAC cou-
pled to mass spectrometry to characterize the global pro-
teomic and phosphoproteomic changes in melanoma cell
lines. This study is, to our knowledge, one of the largest global

FIG. 4. Loss of nestin is associated with to PI3K/AKT signaling. Volcano plot of nestin CRISPR/Cas9 knockout (Nes-KO) versus
vemurafenib-sensitive (A375 S) cells (A) proteome and (B) phosphoproteome. Fold change of SILAC ratios between A375 Nes-KO and A375
S (log2) are plotted against p value (�log10) (n � 3). Black lines indicate the significance threshold (FDR � 0.01; s0 � 1). Significantly up- and
downregulated proteins are highlighted in magenta. C, Proteome correlation of Nes-KO relative to A375 S against A375 R relative to A375 S.
Magenta: proteins involved in integrin signaling using GO annotation. D, Correlation of phosphorylation sites of Nes-KO relative to A375 S
against A375 R relative to A375 S. Magenta: proteins involved in integrin signaling using GO annotation. E, Western blot analysis of A375 R,
A375 S, siRNA knockdown cells Nes-Kd and CRISPR/Cas9 knockout cells Nes-KO against key molecules of the integrin signaling, MAPK/ERK
and PI3K/AKT signaling pathways. F, Schematic overview of proposed interaction of nestin with key molecules of integrin, MAPK/ERK signaling
pathway. Green: upregulated in A375 Nes-KO versus A375 S cells, red: downregulated in A375 Nes-KO versus A375 S cells, gray: not
quantified; P: identified upregulated phosphorylation site in A375 Nes-KO versus A375 S cells; arrows: indicate upregulated receptors in A375
Nes-KO versus A375 S cells.
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(phospho)proteomic analyses assessing the differentially ex-
pressed proteins in drug-sensitive and drug-resistant mela-
noma cells. We identified several pathways to be over-repre-
sented in resistant cells including PI3K/AKT/mTOR signaling,
integrin signaling and MAPK/ERK signaling pathways. The
MAPK/ERK and PI3K/AKT/mTOR signaling pathways are
known resistance mechanisms and constitutively activated in
malignant melanoma. Here, several key proteins and phos-
phorylation sites within these pathways were identified with
high confidence like EGFR or phosphorylated ERK1/2. In ad-
dition to signaling pathways, the tumor microenvironment and
remodeling of the cytoskeletal organization have been re-
ported to play an important role in the development of ac-
quired resistance. For example, Kim and colleagues showed
that actin signaling through YAP/TAZ activation confers BRAF
inhibitor resistance in melanoma (50). Similarly, we detected
several cytoskeletal proteins such as nestin, vimentin and
gelsolin to be downregulated in resistant cells. In the present
study, we investigated whether the intermediate filament nes-
tin may contribute to resistance in melanoma cells. Expres-
sion of nestin in various cancer cell types has been studied,
however the mechanistic basis of the function of nestin is still
unknown. Nestin was reported to be involved in cancer cell
migration, invasion, and metastasis (18, 31, 51). Quendro and
colleagues showed in a large-scale proteomic study that nes-
tin and vimentin are both upregulated in melanoma cells and
tissue material compared with control melanocytes (29). We
could confirm this in A375 melanoma cells and further show
that nestin and vimentin are downregulated in resistant cells
compared with sensitive cells. Nestin and vimentin are inter-
action partners with important functions in cell migration,
cytoskeletal reorganization and apoptosis (52). Doxie and col-
leagues showed that nestin expression was completely de-
pleted in nestin-expressing cells in human tumors after BRAF
and MEK inhibitor therapy, which highlights the loss of nestin
expression in human tumors. In previous reports, NES ex-
pression has been reported to be regulated by the transcrip-
tion factors SOX9 and SOX10 and nestin and SOX9 may be
negative prognostic markers in melanoma (53). In agreement
with this, both transcription factors were also identified in our
data set with the same abundance trend as nestin. Because
nestin is a known stemness marker (27) we investigated the
presence of other stemness markers in our data set. We could
identify the stemness marker ABCG2, which is known to
enhance tumorigenic potential of melanoma cells (54). Al-
though ABCG2 was not significantly regulated, we identified
the potential cancer stem cell (CSC) marker of ALDH1 to be
upregulated in drug-resistant and in nestin CRISPR/Cas9
knockout cells compared with sensitive cells. ALDH1 is asso-
ciated with multidrug resistance in different types of human
melanoma tumors (55) and therefore may influence the stem-
ness of melanoma cells. Taken together, this highlights the
good coverage of the dataset and utility as a resource for the
melanoma community.

To confirm the clinical significance of our findings, we re-
analyzed public microarray datasets for matching pre- and
posttreatment tumors. We could only observe a tendency
toward NES downregulation, however in none of the treat-
ments did it reach significance. Several hypothetical reasons
could explain this. The first reason may be that nestin clinical
relevance is patient specific and depends on the patient ge-
netic background or tumor microenvironment. The second
contributing factor may be that, contrary to A375 cell line
where we have a clear BRAFi sensitive/resistant phenotype, in
pre- and posttreatment tumors the response to BRAFi is not
well defined (i.e. nonresponder, partial responder, full re-
sponder). In addition, we could confirm downregulation of
nestin in FFPE specimens using immunohistochemistry; how-
ever, expression of nestin differed between tumor specimens.
Quantitative proteomics of one pair of pre- and post-treated
tumors identified nestin as one of the most downregulated
proteins in the dataset with a good sequence coverage. These
results highlight the significance of nestin expression in hu-
man tumors.

To study the effect of nestin, we used CRISPR/Cas9 ap-
proach to generate a NES gene knockout in drug-sensitive
melanoma cells. We identified two peptides at the N terminus
of the protein by high-resolution mass spectrometry because
the knockout occurred at the end of Exon 1 of the genomic
sequence. However, the knockout cell line was considered as
an effective functional knockout of nestin because both inter-
action and functional active domains were absent from the
resulting protein. To confirm that our results are not because
of cell manipulation in terms of Cas9 expression, guide RNA
transfection or single cell picking, we generated a CRISPR/
Cas9 control cell line (A375 NonTar) using a nontargeting
guide sequence. We could not observe differences in the cell
proliferation and colony formation between A375 NonTar and
drug-sensitive cell lines. This study provides novel data show-
ing that nestin expression significantly correlates with cell
survival and colony formation on MAPK signaling pathway
inhibitor treatment. Indeed, we are not only describing an
increased cell survival and colony formation ability in knock-
out cells under BRAF inhibitor treatment, but we also show a
direct effect of NES expression on the growth of melanoma
cells on inhibition with the MEK inhibitor cobimetinib. Several
studies have suggested that combined therapy with BRAF
and MEK inhibitors are promising trials to delay MAPK-driven
acquired resistance and may activate other resistance mech-
anisms like PI3K/AKT/mTOR signaling pathways (56). Deple-
tion of nestin may activate these resistance mechanisms and
increase cell survival on mono- or combined therapy.

Our results indicate a phenotypic difference in invasion and
proliferation of drug-sensitive and drug-resistant cells. Inter-
estingly, the genome edited A375 Nes-KO cell lines derived
from drug-sensitive cells showed a similarly invasive pheno-
type to drug-resistant cells. However, expression of nestin
has been reported to mediate both, three-dimensional tumor-

Quantitative Proteomics of BRAF Drug Resistance

1106 Molecular & Cellular Proteomics 18.6



igenesis and cell invasiveness (19, 25). It is also reported that
depletion of nestin using shRNA results in an invasive pheno-
type of melanoma cell lines, which is mediated through up-
regulation of specific matrix metalloproteinases (MMPs) (30).
In this study, we could also show that nestin gene knockout
induces activity of MMP2 and MMP9 like resistant phenotype.
This falls in line with the hypothesis proposed by Lee and
colleagues, who identified nestin depletion to be associated
with the activation of MMP-2 (gelatinase A, type IV collagen-
ase) and MMP-9 (gelatinase B, type IV collagenase) (30). The
invasion and metastasis of tumor cells have been shown to
require proteolytic activity to degrade components of the
extracellular matrix (57) and to involve FAK/integrin-mediated
cell/matrix adhesion pathways (58). We provide evidence that
nestin depletion is associated with signaling through focal ad-
hesion, integrin and PI3K/AKT/mTOR pathways. Interestingly,
ECM interacting proteins, like Laminin-B or Filamin-B, the in-
tegrins �1 and �4, Proteinkinase C, FAK and other downstream
signaling proteins were significantly upregulated in the genome
edited cells compared with drug sensitive cells at the proteome
level. FAK activated by integrins plays a central role in cell
invasion and adhesion by triggering several signaling pathways.
Furthermore, the phosphoproteome analysis revealed differen-
tially regulated phosphorylation sites on the key players of the
integrin signaling pathway and downstream proteins. In this
regard, recent evidence in prostate cancer research indicate
that nestin depletion is associated with an expression pattern of
phosphorylated FAK (pFAK) at the cell membrane. Phosphoryl-
ated FAK promotes integrin clustering, which results in pFAK-
and integrin-dependent matrix degradation and an invasive
phenotype (31). In melanoma cells, Hyder and colleagues could
also observe increased levels of phosphorylated FAK and pro-
tein levels in nestin knockdown cells and a localization of phos-
phorylated FAK at the cell membrane like the studies in prostate
cancer (31). In conclusion, we could link nestin protein levels,
not only with an invasive phenotype, but also with acquired drug
resistance in melanoma.
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