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Abstract

The small-molecule drug NT157 has demonstrated promising
efficacy in preclinical models of a number of different cancer
types, reflecting activity against both cancer cells and the tumor
microenvironment. Two known mechanisms of action are deg-
radation of insulin receptor substrates (IRS)-1/2 and reduced
Stat3 activation, although it is possible that others exist. To
interrogate the effects of this drug on cell signaling pathways
in an unbiased manner, we have undertaken mass spectrometry–
based global tyrosine phosphorylation profiling of NT157-trea-
ted A375 melanoma cells. Bioinformatic analysis of the resulting
dataset resolved 5 different clusters of tyrosine-phosphorylated
peptides that differed in the directionality and timing of
response to drug treatment over time. The receptor tyrosine

kinase AXL exhibited a rapid decrease in phosphorylation in
response to drug treatment, followed by proteasome-dependent
degradation, identifying an additional potential target for NT157
action. However, NT157 treatment also resulted in increased
activation of p38 MAPK a and g , as well as the JNKs and specific
Src family kinases. Importantly, cotreatment with the p38 MAPK
inhibitor SB203580 attenuated the antiproliferative effect of
NT157, while synergistic inhibition of cell proliferation was
observed when NT157 was combined with a Src inhibitor. These
findings provide novel insights into NT157 action on cancer cells
and highlight how globally profiling the impact of a specific drug
on cellular signaling networks can identify effective combination
treatments. Mol Cancer Ther; 17(5); 931–42. �2018 AACR.

Introduction
The past two decades have seen major advances in our under-

standingof themolecularmechanisms that underpin the different
hallmarks of cancer, and these have led to the development of new
classes of therapies that selectively target molecular mechanisms
of specific importance to the survival and proliferation of cancer
cells. However, the inherent genomic instability of cancer cells
and their propensity to acquire additional mutations, coupled
with intratumoral heterogeneity, means that the development of
resistance to targeted therapies represents a major clinical prob-
lem (1). In light of this issue, the development of agents that can
target several oncogenic signal transduction pathways, and/or
factors in the tumor microenvironment that contribute to disease
progression, has recently gained attention (2, 3).

The small-molecule drug NT157 represents a new class of
anticancer agents that affect both the cancer cell and its supportive
microenvironment (4–8). NT157 inhibits the proliferation of a
wide variety of cancer cell lines in vitro, including those derived
from colon, breast, and prostate cancer and melanoma, and
reduces growth of melanoma and prostate cancer cell line xeno-
grafts aswell as tumor burden in theCPC-APCmouse colon cancer
model (6–8). It also inhibits metastasis of A375 melanoma xeno-
grafts (7).OnemechanismofNT157 function is via degradation of
insulin receptor substrate (IRS)-1/2 and hence inhibition of pro-
proliferative and survival signaling mediated by these docking
proteins. This mechanism involves direct allosteric modulation
of the IGF-1R, uncoupling of the receptor from IRS-1/2, recruit-
ment of Shc1, and activation of the Erk MAP kinases. The latter
kinases thenmediate serine phosphorylation of IRS1/2, leading to
their degradationby theproteasome(7).However,NT157alsoacts
by reducing levels of activated, tyrosine-phosphorylated Stat3 via
stimulation of an uncharacterized protein tyrosine phosphatase
(4, 8). Stat3 plays amajor role in the cross-talk between tumor cells
and their microenvironment, and reflecting this, NT157 treatment
of mouse melanoma and colon cancer models leads to reduced
tumor inflammation, reactive stroma, andmacrophage infiltration
(4, 8). The ability of NT157 to inhibit two independent signaling
pathways critical for cancer cell proliferation, survival, and metas-
tasis, as well as cancer cell interaction with the tumor microenvi-
ronment, makes it a promising anticancer agent that may prove
refractory to development of acquired drug resistance.

To date, interrogation of themechanismof action ofNT157has
been based on candidate-based approaches. However, applica-
tion of global, unbiased strategies may reveal novel effects of this
drug on cancer cell signaling pathways, thereby identifying addi-
tional potential NT157 targets as well as potential ways to
improve NT157 efficacy. Because mass spectrometry (MS)–based
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phosphoproteomic profiling represents a powerful strategy to
resolve the impact of particular drugs on oncogenic signaling
networks (9, 10), we have applied this approach to NT157. This
reveals novel potential modes of action of NT157, including
inhibition of AXL and activation of p38 MAPKs, as well as path-
ways that may limit drug efficacy and represent candidates for
combination treatment.

Materials and Methods
Cell culture

Human A375melanoma cells were obtained from the ATCC in
2008. The following human melanoma cell lines were also
utilized: A375SM from the MDA Cancer Centre, Houston, TX in
2009; and M571 and M2068 provided by Dr. Michal Lotem at
Hadassah Medical Center, Jerusalem, Israel, in 2012. A375 and
M2068 cells were subject to additional validation in our labora-
tory by short tandemrepeat polymorphism inMarch2017.All cell
lines were routinely checked for mycoplasma contamination by
PCR and utilized for experiments within 4 passages. A375 cells
were maintained in RPMI1640medium supplemented with 10%
FCS and 100 U/mL penicillin and 100 mg/mL streptomycin, and
maintained at 37�C/5% CO2. A375 SM cells were grown in MEM
supplemented with 10% FBS, whereas M571 and M2068 cells
were maintained in RPMI/DMEM/F12 in the ratio 1:3:1, supple-
mented with 10% FBS.

Small-molecule drugs
The molecular structure of NT157 is reported in Reuveni and

colleagues (7). NT157 was synthesized in-house as described
previously (7). The Src inhibitor PP1 and p38 MAPK inhibitor
SB203580 were obtained from Synthos Ltd. and Calbiochem,
respectively. Crizotinib and MG132 were purchased from Sell-
eckchem and Sigma Aldrich, respectively.

Preparation of A375 cell lysates for phosphoproteomic
profiling

Human melanoma A375 cells were seeded in 15-cm dishes for
24 hours. The medium was replaced with starvation medium
(RPMI supplemented with antibiotics, without serum), and the
cells were incubated overnight. The cells were then treated with
NT157, 3mmol/L, for 1 or 8 hours, orwith vehicle (0.03%DMSO)
for 8 hours. The cells were then washed twice with ice-cold PBS,
then lysed in lysis buffer [8 mol/L urea, 20 mmol/L HEPES, 2.5
mmol/L sodium pyrophosphate, 2.5 mmol/L b-glyceropho-
sphate, 1 mmol/L sodium orthovanadate, 1 mmol/L EDTA, 1
mmol/L tris (2-carboxyethyl) phosphine (TCEP)], and kept on ice
for 20 minutes. Lysates were briefly sonicated then centrifuged
(16,000 � g, 20 minutes, 4�C). Supernatants were collected and
stored at �80�C. Two sets of biological replicate samples were
prepared for all treatment conditions.

Phosphopeptide immunoprecipitation
Phosphopeptide immunoprecipitation was performed as

described previously (11), with minor modifications. Proteins
were reduced using 1 mmol/L TCEP and alkylated for 30minutes
with 4 mmol/L iodoacetamide at room temperature. The urea
concentration in the cell lysates was diluted to 2 mol/L using 50
mmol/L ammonium bicarbonate, and cell lysates were digested
with lysyl endopeptidase (1:200, w/w, Wako Laboratory Chemi-
cals) for 4 hours at room temperature. The urea concentrationwas
further diluted to 0.8 mol/L, and cell lysates were digested

overnight using Sequencing Grade Modified Trypsin (1:100,
w/w, Promega). Digested samples were desalted using Sep-Pak
columns (Waters) as per the manufacturer's instructions. Two
"spike-in" heavy peptides with alanine (al) C13N15 modifica-
tions were added prior to Sep-Pak clean-up (Sep-Pak, Waters).
These peptides were EF1A1 (EHA(al)LLApYTLGVK) (500 fmol)
and MAPK14 (HTDDEMTGpYVA(al) (10 pmol; Mimotopes).
Phosphopeptides in the samples were enriched through sequen-
tial overnight immunoprecipitations using resin-bound P-Tyr-
100 antibody (9411, Cell Signaling Technology), followed by
P-Tyr-20 antibody (610000, BD Biosciences). p-Tyr antibodies
were prebound to Protein G Sepharose resin (GE Healthcare Life
Sciences) by incubating antibody and resin at a 1:4 ratio (w/v)
overnight at 4�C. Phosphopeptides were eluted from the anti-
body–resin conjugate by adding 0.1 % trifluoroacetic acid, 40%
acetonitrile, after 3 washes with IAP buffer [50 mmol/L Tris-HCl
(pH 7.4), 150 mmol/L NaCl, 1% n-octyl-b-D-glucopyranoside,
cOmplete EDTA-free Protease Inhibitor Cocktail Tablet (Roche)],
and 4 washes with Milli-Q H2O. Phosphopeptide samples were
lyophilized by centrifugal evaporation, and resolubilized in 0.1%
formic acid, 2% acetonitrile for LC/MS-MS analysis.

LC/MS-MS identification and quantitation
Enriched peptides were analyzed using a Q Exactive Plus

Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific) coupled to a Dionex UHPLC. Peptides were separated
over a gradient of 65minutes at a flow rate of 250 nL/minute. The
scan range for MS1 analysis was 375 to 1,600m/z, and the top 12
most intense ions were fragmented with higher energy collision-
induced dissociation using a target value of 10,000 ions. The scan
range for MS/MS analysis was 200 to 2,000 m/z.

MS data analysis
Raw MS data were analyzed using MaxQuant software version

1.5.2.8. Database searching was performed using the Andromeda
search engine integrated into the MaxQuant environment against
the humanUniProt database release 2015_01, concatenated with
known contaminants as well as the reversed sequences of all
entries. The MaxQuant search included fix modifications of car-
bamidomethyl and variable modifications of oxidation, acetyl
(Protein N-term) and phosphorylation (STY), and was limited to
a maximum of two missed cleavages. From the MaxQuant search
data, only phosphotyrosine sites with P � 0.75 were used for
subsequent data analyses. The label-free intensity values for the
EF1A1 and MK14 heavy peptides in each cell line were averaged
and a subsequent normalization factor generated. Label-free MS
intensity values for each pTyr site quantified in the dataset were
divided by the appropriate normalization factor. Data from two
biological replicates and both antibodies (P-Tyr-100 and P-Tyr-
20) were combined and analysed together. Data from each
phosphotyrosine site was normalized to the highest value across
treatments, which was arbitrarily set as 1.

Bioinformatic analyses
Clustering of datawas achieved using theGraphical Proteomics

Data Explorer (GProX) program. KOBAS was used to perform
pathway enrichment analysis (12). The hypergeometric test
was selected to test statistical enrichment of KEGG and Reactome
pathways, and the P values were corrected for multiple compar-
isons (13). The protein–protein interactions among proteins of
interest were retrieved from the Protein Interaction Network
Analysis platform (14), and substrate–kinase relationships were
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downloaded from the PhosphoSitePlus database (15). Cytoscape
(16) was used for visualization of networks.

Western blot analysis
A375 cells were plated in 10-cm plates, and 24 hours later,

the medium was replaced with starvation medium lacking FCS.
Following 24-hour starvation, the cells were treated with NT157
(3mmol/L) for 0.5 to8hours, or vehicle. The cellswere harvested in
hot Laemmli sample buffer and subjected toWestern blot analysis
as described previously (7). Antibodies used were as follows: from
Cell Signaling Technology, pY702 AXL (#5724), AXL (#4566),
pT180/Y182 p38 MAPK (#9211), JNK (#9258) YES1 (#3201),
pY416 Src (#6943); R&D systems, pY779AXL (# AF2228); Abcam,
pY705 Stat3 (Ab76315), Stat3 (Ab50761); Santa Cruz Biotechnol-
ogy, p38 MAPK (#535), pT183/Y185 JNK (#6254), GAPDH
(#47724), b-actin (sc-69879); Sigma-Aldrich, a-tubulin (T5168).

Treatment of A375 cells with MG132 and NT157
A375 cells were seeded in 10-cm plates, and 24 hours later, the

mediumwas replacedwith starvationmedium. Following 24-hour
starvation, cells were pretreated with MG132 (10 mmol/L) for
1 hour before treatment with NT157 (3 mmol/L) or DMSO vehicle
for 2 hours. Cellswere harvested inhot Laemmli sample buffer and
subjected to Western blot analysis using the indicated antibodies.

Knockdown of YES1 using siRNAs
A375 cells (0.6 � 106/well) were reverse transfected in 6-well

plates using DharmaFECT 4 (2 mL per well) and a total concen-
tration of 40 nmol/L of Dharmacon ON-TARGET plus SMART-
pool siRNA targeting YES1 (L-003184-00-005) or the nontarget-
ing (siOTP) control (D-001810-10). After 24 hours, the media

were changed to complete medium. After another 24 hours, the
medium was changed to starvation medium. Following 24 hours
of starvation, the cells were treated with NT157 (3 mmol/L) or the
DMSO vehicle for 2 hours before harvesting into hot Laemmli
sample loading buffer and Western blot analysis.

Screen of NT157 activity against a kinase panel
Thiswas undertakenbyReactionBiologyCorp. For details, refer

to Table 1 and Supplementary Table S2.

AXL in vitro kinase activity assay
The AXL in vitro kinase activity assay was performed using the

AXL Kinase Enzyme System and ADP-Glo assay (Promega) fol-
lowing the manufacturer's instructions. Briefly, recombinant AXL
kinase domain (50 ng) was incubated with the peptide substrate
AXLtide (0.2 mg/mL) in the presence of 1mmol/L ATP for 1 hour at
room temperature before addition of the ADP-Glo reagent for a
further 1 hour at room temperature. The kinase detection reagent
was then added and incubated at room temperature for 30
minutes before luminescence was detected using the CLARIOstar
microplate reader (BMG LABTECH).

Cell proliferation assays
A375 cells were plated in a 96-well plate (1,500 cells/well).

Twenty-four hours later, the medium was replaced with fresh
medium with vehicle control or specific drugs or drug combina-
tions. Cell proliferation was assessed bymethylene blue assay, 72
hours later.

Combination index
To calculate the combination index (CI), we used the formula

a/Aþ b/B, where a is the dose of NT157 and b is the dose of PP1,

Table 1. Effect of NT157 on in vitro activity of diverse protein kinases

Compound IC50
�(mol/L):

NT157

Kinase (ATP; mmol/L) Data 1 Data 2
Control compound
IC50

�(mol/L)
Control
compound ID

AXL 100 5.53E�06 5.51E�06 1.36E�08 Staurosporine
BLK 10 9.19E�07 9.35E�07 1.59E�08 Staurosporine
c-MET 10 9.69E�06 9.63E�06 2.54E�07 Staurosporine
c-Src 15 3.71E�06 3.85E�06 3.94E�09 Staurosporine
EGFR 1 4.38E�06 3.99E�06 6.40E�08 Staurosporine
EPHA2 50 6.72E�06 6.79E�06 9.91E�08 Staurosporine
FGFR1 5 2.11E�06 2.05E�06 1.27E�09 Staurosporine
FGR 50 6.68E�06 7.05E�06 3.93E�09 Staurosporine
FLT1/VEGFR1 2.5 5.81E�06 6.42E�06 7.14E�09 Staurosporine
FRK/PTK5 30 3.55E�06 3.27E�06 7.75E�08 Staurosporine
FYN 30 5.32E�06 5.60E�06 6.01E�09 Staurosporine
HCK 30 2.80E�06 2.85E�06 4.32E�09 Staurosporine
IGF1R 30 3.25E�06 3.36E�06 1.22E�07 Staurosporine
JNK1 15 1.29E�06 Staurosporine
JNK2 20 4.81E�06 Staurosporine
JNK3 30 6.98E�07 JNKi VIII
LCK 15 1.01E�05 1.03E�05 1.84E�09 Staurosporine
LYN 15 5.10E�06 5.20E�06 1.77E�09 Staurosporine
P38a/MAPK14 2.5 4.26E�08 SB202190
P38b/MAPK11 50 2.39E�07 SB202190
P38d/MAPK13 30 1.42E�05 1.61E�05 7.36E�07 Staurosporine
P38g 50 1.69E�06 Staurosporine
PDGFRa 5 9.76E�06 8.95E�06 4.11E�10 Staurosporine
YES/YES1 50 4.67E�06 4.47E�06 4.79E�09 Staurosporine

NOTE: Compounds were tested in 10-dose IC50 mode in duplicate with 3-fold serial dilution starting at 10 mmol/L. Control compound staurosporine was tested in
10-dose IC50modewith 4-fold serial dilution starting at 20 mmol/L. Alternate control compoundswere tested in 10-dose IC50modewith 3-fold serial dilution starting
at 20mmol/L. Reactionswere carried out at KmATP. Empty cells indicate no inhibition or compound activity that could not be fitted to an IC50 curve. IC50 value higher
than 10 mmol/L is estimated on the basis of the best curve fitting available.
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which, when combined, give the same effect as dose A of NT157
alone or dose B of PP1 alone. A CI < 1 indicated synergy.

RT-PCR
A375 cells were seeded into 6-well plates. After 24 hours, cells

were washed twice with 1� PBS and placed in starvationmedium
for a further 24 hours. Cells were then treated with DMSO or
3 mmol/L NT157 for 2 hours. RNAwas extracted using the RNeasy
Mini Kit (Qiagen). RNA (1 mg) was converted to cDNA using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Relative levels of Axl were determined by PCR using the
following primers: sense 50-AACCTTCAACTCCTGCCTTCTCG-30

and antisense 50-CAGCTTCTCCTTCAGCTCTTCAC-30. Actin was
used as the control with the following primers: sense 50-GGCA-
TCCTCACCCTGAAGTA-30 and antisense 50-GGGGTGTTGA-
AGGTCTCAAA-30. The PCR amplification was performed using
OneTaq Quickload 2� master mix with standard buffer (New
England Biolabs) according to the manufacturer's instructions.
PCR conditions were: initial denaturation at 94�C for 30 seconds,
followed by 30 cycles of 94�C for 30 seconds, 55�C for 60 seconds
and 68�C for 20 seconds, and a final extension at 68�C for 20
seconds. Amplified products were resolved on a 1.5% (w/v)
agarose gel and visualized by staining with RedSafe (iNtRON
Biotechnology). Densitometry was performed using ImageJ 1.48v
(https://imagej.nih.gov/).

Results
Global phosphoproteomic profiling of NT157-treated cells

To determine the impact of NT157 on the tyrosine phospho-
proteome, A375 cells were treated with either vehicle control or
drug for 1 or 8 hours. Cell lysates were then subjected to immu-
noaffinity-coupled LC/MS-MS analysis (17) to qualitatively and
quantitatively profile changes in tyrosine phosphorylation over
the time course. This led to the identification of 193, 228, and 247
class I phosphotyrosine sites (high confidence localization prob-

ability of >0.75) from the vehicle control, 1-hour treatment, and
8-hour treatment sample, respectively (Supplementary Table S1).
The data were then subjected to an integrated bioinformatic
workflow to resolve effects of NT157 on cell signaling networks
over time (Fig. 1). This analysis comprised three steps. First,
GProX was used to identify clusters of phosphotyrosine peptides
related by virtue of similarity in their temporal response to drug
treatment. Second, the individual clusters were analyzed by PINA
(14) to characterize corresponding protein–protein interaction
networks. Third, interrogation by KEGG/Reactome was used to
identify cellular pathways and processes enriched within each
cluster. This approach led to the identification of 5 clusters of
phosphotyrosine-containing peptides characterized by distinct
temporal responses to NT157 treatment (Supplementary Table
S1; Fig. 2).

Phosphotyrosine sites exhibiting decreased abundance
Although NT157 has been identified as an inhibitor of IRS

and Stat3 signaling, it is unclear as to whether other signaling
pathways are antagonized by this drug. Therefore, our analysis
initially focused on proteins that exhibit rapid (within 1 hour) or
more delayed (between 1 and 8 hours) reductions in tyrosine
phosphorylation in response to NT157 (Clusters 2 and 4, respec-
tively). A heatmap and protein–protein interaction network for
Cluster 2 are shown in Fig. 3A and B. Although no cellular
pathway or process was significantly enriched within this cluster,
a striking result was a rapid decrease in phosphorylation of the
receptor tyrosine kinase (RTK) AXL on Y702 within the activation
loop, and accompanying reduction in phosphorylation of the
nonRTK TNK2 on Y284 and Y859. Because TNK2 is a known
downstream effector of AXL (18), the decreased phosphorylation
of TNK2 is consistentwithNT157negatively regulating AXL signal
output. A rapid decrease in phosphorylation of IRS-4 Y779 was
also detected, although the known NT157 targets IRS-1, IRS-2, or
Stat3 were not present within this Cluster. Bioinformatic analysis

Vehicle

NT157
1 h

NT157
8 h

pTyr
Profiling

GProX
Temporal 
clustering

PINA
Protein–
protein

interaction
networks

KEGG
Reactome
pathways/
processes

P

P

P

P

Figure 1.

Schematic of workflow. A375
melanoma cells were treated with
vehicle or NT157 and cell lysates
subjected to immunoaffinity-coupled
LC/MS-MS. An integrated bioinformatic
workflow was then utilized to resolve
effects of NT157 on cell signaling
networks over time. GProX was used to
identify clusters of phosphotyrosine
peptides related by virtue of similarity in
their temporal response to drug
treatment, PINA to characterize
corresponding protein–protein
interaction networks, and KEGG/
Reactome was used to identify cellular
pathways and processes enriched
within each cluster.
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of Cluster 4 (heatmap provided as Supplementary Fig. S1)
revealed a protein–protein interaction network with PTK2 (also
known as FAK) as a major hub, and significant enrichment for
cell–cell communication and both VEGF and DCC signaling,
reflecting decreased phosphorylation of proteins, such as spectrin
alpha chain, VASP, PTK2 (on the key regulatory site Y397), SHB,
DOCK1, and PIK3R2 (Fig. 4A and B).

Interestingly, the focal adhesion protein and PTK2 interactor
NEDD9 (Fig. 4A) exhibited decreased phosphorylation on two
sites in Cluster 2 (Fig. 3A) and also 2 sites within Cluster 4
(Supplementary Fig. S1), revealing that this focal adhesion scaf-
folding protein exhibits both rapid, and delayed, decreases in
phosphorylation on specific sites. However, as noted in the
following section, specific sites on NEDD9 also increase in phos-
phorylation following drug treatment, indicating that the impact
of NT157 on this scaffolding protein is complex. ERBB3 and INSR
were also members of the PTK2 interaction hub in Cluster 4
(Fig. 4A).

Of note, although a previous study used phosphospecific
antibodies to demonstrate decreased abundance of Y896-phos-
phorylated IRS-1 and Y612-phosphorylated IRS-1/2 uponNT157
treatment, this was undertaken on IGF-1–stimulated cells.
Because our study was performed on serum-starved cells without
IGF-1 treatment, this may explain the absence of these sites from
Clusters 2 and 4.

Phosphotyrosine sites exhibiting increased abundance
The allosteric mode of action of NT157 on the IGF-1R results in

engagement of the receptor with Shc rather than IRS proteins, and

enhanced Erk activation (7). Given this apparent "switch" in
receptor signaling, it was of interest to determine whether other
pathways are upregulated in response to this drug. Such enhanced
signaling might also reflect relief of negative feedback mechan-
isms, as observed upon application of mTOR inhibitors (19).
Consequently, identifying such pathways might not only provide
insights into themechanism of NT157 action, it may also identify
potential strategies for improving the efficacy of this drug.

Protein–protein interaction and pathway analysis for sites
exhibiting rapid increases in tyrosine phosphorylation (Cluster
1) are presented in Fig. 5A and B, with an accompanying heatmap
shown as Supplementary Fig. S2. Cluster 1 corresponds to a dense
protein–protein interaction network featuring numerous Src fam-
ily kinases (SFK; SRC, LCK, LYN, FYN, YES1), RTKs (EGFR, EphA2,
DDR2, INSR), several signaling proteins (PTPN11, PIK3R1,
PLCG1), the focal adhesion proteins BCAR1 and NEDD9, and
HSP90AB1 (Fig. 5A). In the case of the SFKs, it should be noted
that the activation loop phosphopeptide detected is indistin-
guishable for SRC, LCK, FYN, and YES1. However, the corre-
sponding peptide for LYN (corresponding to Y376) is noniden-
tical, so we can conclude from the MS analyses that LYN and at
least one of the other 4 SFKs is exhibiting increased activation at 1
hour after drug treatment.Western blotting of lysates from control
and NT157-treated A375 cells with a phospho-antibody selective
for the activation loop of SFKs detected two bands of approxi-
mately 60 kDa (Supplementary Fig. S3A). The intensity of the
upper band exhibited a biphasic increase in response to 0.5 to 2
hours of NT157 treatment, whereas the lower band exhibited a
progressive increase over this timeframe. Knockdown using
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Figure 2.

GProX temporal clustering. The MS dataset was subjected to GProX temporal clustering, which resolved 5 clusters of phosphotyrosine-containing peptides
characterized by distinct temporal responses to NT157 treatment.
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selective siRNAs determined that YES1 was amajor contributor to
the upper band, consistent with its slightly larger size compared
with other SFKs, and aNT157-induced increase in intensity of this
band was not observed following YES1 knockdown (Supplemen-
tary Fig. S3A and S3B). YES1 may also contribute to the lower
band, either directly, or by promoting activation of other SFKs
(Supplementary Fig. S3B). Although SRC, FYN, and LYN could be
detected in A375 cells by Western blotting, knockdown of each
SFK individually did not significantly affect the intensity of either
band detected by the phospho-SFK antibody (Supplementary Fig.
S3C). Consequently, either these kinases are not activated, or it is
difficult to determine the contribution of each one individually by
this approach. In the case of LYN, the latter explanation is more
likely, as increased phosphorylation of the corresponding activa-
tion loop peptide could be detected byMS (Supplementary Table
S1). LCK could not be detected in A375 cells.

The presence of PTPN11 in Cluster 1 may reflect the increased
expression of this protein observed in certain cell lines following
NT157 treatment (8). In addition, a striking result was increased

activation of MAPK9 (JNK2), MAPK12 (p38 MAPK g), and
MAPK14 (p38 MAPK a) at this time point. The presence of
numerous SFKs and signaling proteins are reflected in a significant
enrichment for specific signaling pathways upon KEGG/Reac-
tome searches (Fig. 5B). Interestingly, similar to Cluster 1, sites
corresponding to specific RTKs (ERBB3, MET), signaling proteins
(CRKL, PIK3R2, PLCG1), focal adhesion proteins (PTK2, BCAR1,
NEDD9), and the stress-related kinases MAPK10/MAPK8 (JNK3/
JNK1) were also present in Cluster 5 (rapid increase, then
decrease; Supplementary Figs. S4 and S5A and S5B). However,
this Cluster lacked the SFKs of Cluster 1.

The final cluster that we identified and interrogated, Cluster 3,
exhibited a delayed induction upon NT157 treatment (Fig. 2;
Supplementary Figs. S6 and S7A and S7B). Although this Cluster
contained many proteins, a prominent aspect of the protein–
protein interaction network was the presence of major "hubs"
corresponding to HSP90AA1, HSP90AB1, and HSPA1A (Supple-
mentary Fig. S7A), resulting in "cellular response to heat" being
among the significantly enriched Reactome categories along with
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(B) for sites exhibiting rapid reductions (within 1 hour) in tyrosine phosphorylation (Cluster 2).
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examples corresponding to semaphorin, Eph, adhesion, and
cytoskeletal signaling (Supplementary Fig. S7B). Also of note was
that MAPK1 was present within this cluster, consistent with the
previously reported stimulation of ERK activity by NT157 (7).

NT157 affects both AXL tyrosine phosphorylation and
expression levels

Western blotting with appropriate site-selective phosphospe-
cific antibodies confirmed that NT157 treatment leads to a rapid
decrease in AXL Y702 phosphorylation (Fig. 6A). Interestingly,
this preceded a later decrease in Y779 phosphorylation that
reflected an overall reduction in AXL expression, first evident after
2 hours of NT157 treatment. Note that in Fig. 6A, the graphs
indicate relative phosphorylation, so that the absolute level of
active AXL was still markedly suppressed at 8 hours of treatment.
Western blotting also validated the rapid induction of JNK and
p38 MAPK activation in response to NT157. Because NT157
administration is known to result in reduced Stat3 activation
(4, 8), blotting for Stat3 Y705was included as a positive control in
this experiment.

To further interrogate the mechanism of action of NT157 on
AXL, we commissioned a screen that tested the effect of NT157 on
the in vitro kinase activity of diverse protein kinases. The panel
included AXL, representatives of other RTK subfamilies, different
SFKs, the JNKs, and the p38MAPKs (Supplementary Table S2). In
this screen, which was undertaken at an ATP concentration
corresponding to the Km for each kinase, NT157 exhibited an
IC50 against AXL of approximately 5.5 mmol/L (Table 1).
Although this indicates thatNT157 can directly inhibit AXL kinase

activity in vitro, and the IC50 is comparable with the concentration
ofNT157 used in our cell–based assay (3 mmol/L), we believe that
direct inhibition is unlikely to explain the effects ofNT157 onAXL
tyrosine phosphorylation in cells, for several reasons. First, NT157
exhibited poor selectivity for AXL versus other kinases included in
the screen. In this regard, the IC50 for AXL was comparable with
the IC50s for kinases that actually exhibited increased phosphor-
ylation upon NT157 treatment of cells, such as EGFR and EphA2
(Table 1; Fig. 5A). Second, the Km ATP for AXL is 100 mmol/L,
while the concentrationofATP in cells is approximately 1mmol/L.
If NT157 acts as an ATP-competitive kinase inhibitor, then the
higher ATP concentration in cells will likely render NT157 inactive
in cells at 3 mmol/L. Indeed, in an in vitro kinase assay undertaken
in our laboratory at 1 mmol/L ATP, NT157 at 3 mmol/L did not
significantly inhibit AXL activity, in contrast to crizotinib, which is
known to represent an effective AXL inhibitor in vitro (Fig. 6B;
ref. 20). Third, the IC50 forNT157 against AXL ismuch higher than
that for previously characterized AXL-selective inhibitors. For
example, the IC50 for R428 is approximately 0.01 mmol/L (21).
Given these considerations, the effect of NT157 on AXL tyrosine
phosphorylation in cells is unlikely to reflect direct inhibition of
the kinase domain. The data from the kinase panel also indicate
that the ability of NT157 to stimulate SFK, p38 MAPK, and JNK
activity in cellsmust reflect indirectmechanisms, as either no effect
of NT157, or inhibition by the drug, was observed in the corre-
sponding in vitro assays (Table 1).

The ability of NT157 to reduce AXL protein expression levels
could reflect transcriptional or posttranscriptional regulation.
Determination of AXL mRNA levels by RT-PCR indicated that
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theywere unchanged uponNT157 treatment (Fig. 6C), suggesting
that NT157-induced alterations in AXL protein synthesis or sta-
bility might occur. To determine whether NT157 promotes AXL
degradation, we pretreated cells with the proteasome inhibitor
MG132. Although MG132 administration alone lowered AXL
levels, consistent with a previous report (22), it prevented the
NT157-induced reduction in AXL expression (Fig. 6D). These data
indicate that in addition to reducing AXL tyrosine phosphoryla-
tion,NT157promotes proteasome-dependent degradationof this
RTK.

NT157 modulates AXL and SFK activation in multiple cell lines
To determine whether the NT157-mediated effects on cell

signaling observed in A375 cells were broadly applicable, we
utilized Western blot analysis to characterize how this drug
impacted key pathways, including AXL expression and activation,
in three additional melanoma lines (Fig. 7A). Although we could
not detect AXL expression in the A375SM line (a metastatic
derivative of A375; ref. 23), treatment with NT157 led to robust
activation of SFKs and p38 MAPK, and inhibition of Stat3 phos-
phorylation, consistent with data from the parental line (Fig. 6A;
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Supplementary Fig. S3A). In M2068 melanoma cells, treatment
with NT157 led to activation of Src (as determined from the ratio
of pSrc/total Src) and p38 MAPK, decreased Stat3 phosphoryla-
tion, and NT157-induced reductions in AXL tyrosine phosphor-
ylation and expression were also evident. In M571 melanoma
cells, similar effects on AXL, Stat3, and p38 MAPK were detected,
but an impact on SFKs was not observed. These data indicate that
the novel effects of NT157 on AXL, SFKs, and p38 MAPK are not
restricted to a single cell line.

Inhibition of p38MAPK or SFKs has opposing effects onNT157
activity

Administration of NT157 to cells resulted in a marked activa-
tion of p38 MAPK (Figs. 5A and 6A). To determine how this
pathway contributes to the antiproliferative effects of NT157, we
cotreated cells with the selective p38 MAPK inhibitor SB203580

(24). The IC50 for inhibition of p38MAPKby this drug is 0.3 to 0.5
mmol/L (25), and coadministration of SB203580 at 0.37 and 1.11
mmol/Lmarkedly attenuated the antiproliferative effect ofNT157,
whilemonotreatmentwith SB203580 at these concentrationswas
without effect (Fig. 7B).

Because NT157 treatment also results in rapid SFK activa-
tion (Cluster 1, Fig. 5A), we characterized the effect of
blocking SFK activity on the antiproliferative effects of
NT157. Strikingly, when A375 melanoma cells were treated
with NT157 and the small-molecule SFK-selective tyrosine
kinase inhibitor PP1, alone or in combination, markedly
enhanced inhibition of proliferation was observed for the
combination treatment (Fig. 8). Extrapolating from the dose–
response curves, approximately 11% inhibition of proliferation
could be achieved by using 10 mmol/L PP1 or 0.29 mmol/L
of NT157 in isolation, or a combination of 2.5 mmol/L PP1 and
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Validation and further characterization of novel targets of NT157 action. A, Western blot analysis. A375 melanoma cells were treated with vehicle (V) or NT157
(3 mmol/L) for 0.5 to 8 hours, and then lysed. Cell lysates were Western blotted as indicated. The graphs on the right summarize densitometric analysis of the
adjacent blots. B, Effect of NT157 on AXL in vitro kinase activity at a physiologic ATP concentration. The assaywas undertaken as described in Materials andMethods
at 1 mmol/L ATP. Data, mean and SEM, n¼ 4. �� , P < 0.01 for crizotinib relative to vehicle control. C, Effect of NT157 on AXL mRNA levels. RT-PCR selective for AXL
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0.11 mmol/L NT157. Formal calculation of a CI using these values
gives a value of 0.63, demonstrating synergy between the two
drugs.

Overall, these data reveal that activation of p38 MAPK con-
tributes to the antiproliferative effects ofNT157 andalso identify a
novel strategy for enhancing the therapeutic efficacy of this drug.
More broadly, they highlight how global characterization of
signaling networks can identify important modes of action of
novel drugs as well as nodes that mediate resistance and hence
combination treatment modalities.

Discussion
The small-molecule drug NT157 has exhibited promising

activity in preclinical studies (4, 6–8) aswell as novelmechanisms
of action that include allosteric modulation of the IGF-1R (7) and
inhibition of Stat3 phosphorylation, with the latter effect appar-
ently mediated via activation of an uncharacterized protein tyro-
sine phosphatase (4). In this study, we have utilized a global
phosphoproteomic approach to determine that NT157 exerts
complex effects on intracellular signaling networks, with resolu-
tion of 5 different clusters of tyrosine phosphorylation sites that
differ in their directionality of response to drug treatment as well
as temporal regulation.Despite this complexity, this approachhas
provided new insights into cellular effects of NT157 that highlight

potential applications of this drug and strategies for development
of more potent drug combinations.

An important finding was that NT157 inhibits activation loop
phosphorylation of AXL within 1 hour of drug administration to
cells. Given that AXL, and its downstream effector TNK2, were the
only tyrosine kinases affected within this rapid inhibition cluster,
this suggested that the decrease in AXL phosphorylation may be
directly mediated by NT157. However, when tested for effects on
in vitro kinase activity, NT157 exhibited poor selectivity toward
AXL and was an ineffective inhibitor at a physiologic ATP con-
centration. Because these assays were undertaken with the kinase
domain of AXL, one possibility is that NT157 binds to another
region of AXL and represents an allosteric inhibitor. Alternatively,
because NT157 promotes dephosphorylation of Stat3 (4), it may
act via a relatedmechanism on AXL. Whatever themechanism for
this early effect on AXL tyrosine phosphorylation, NT157 then
promotes degradation of this RTK, which occurs in a proteasome-
dependent manner. Consequently, NT157 exerts a two-pronged
attack onAXL signaling.Over the past decade, AXL has emerged as
an important oncogenic kinase that is strongly implicated in the
development and progression of several human cancers, includ-
ing those of the breast, prostate and pancreas, non–small cell lung
cancer (NSCLC), and acute myeloid leukemia (26). In addition,
AXL mediates resistance to both conventional chemotherapy and
specific targeted therapies, including EGFR inhibitors in NSCLC
(26). Consequently, the identification of AXL as a likely NT157
target significantly expands the potential applications of this drug.

A key mechanism underpinning NT157 action is allosteric
modulation of the IGF-1R, leading to uncoupling of the receptor
from IRS1/2, recruitment of Shc1, and activation of the Ras/Raf/
Erk cascade. This then leads to Erk-mediated serine/threonine
phosphorylation of IRS1/2 and proteasomal degradation of these
docking proteins (7). Interestingly, although activation ofMAPK1
(ERK2) was detected in our study as a component of Cluster 3, we
also determined that NT157 treatment leads to rapid activation of
additional MAPK cascades, specifically p38 MAPKs a and g , and
JNK1–3. This is important for several reasons. First, the activation
of these kinases may provide an additional pathway for serine/
threonine phosphorylation of IRS proteins, as the JNKs in par-
ticular are known to phosphorylate and negatively regulate IRS-1
(27). Second, these stress-induced kinases may contribute to the
proapoptotic effect of NT157 observed in certain cellular systems
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(6, 28). Indeed, we determined that activation of p38 MAPK is
required for the inhibitory effect of NT157 on cell proliferation.
Third, because p38 MAPK and the JNKs are not classically down-
stream of Shc1/Ras, this supports the concept that NT157 has
additional mechanisms of action beyond its known effect on the
IGF-1R. A potential stimulus for these pathways is the increased
phosphorylation of BCAR1 and NEDD9 detected in response to
NT157, as these two related scaffolds are known to promote p38
MAPK and/or JNK activation (29, 30). Alternatively, NT157 may
trigger their activation through stress-related mechanisms,
although evidence for this is currently lacking.

A surprising result was the increased abundance of phosphor-
ylated peptides corresponding to the activation loop of SFKs in
response to drug treatment, which occurred as a rapid response to
NT157 (Cluster 1). This may reflect IGF-1R inhibition by NT157,
as a similar effect on SFKs occurs in rhabdomyosarcoma cells in
response to anti–IGF-1R agents. Furthermore, as in our study,
YES1was amajor contributor to this SFK response (31). The rapid
NT157-induced activation of SFKs observed may explain the
enhanced phosphorylation of known SFK substrates, such as
BCAR1, NEDD9, HSP90AA1, and HSP90AB1 (Clusters 1, 3, and
5; refs. 32, 33). Because SFKs generate proliferative and prosurvi-
val signals, we hypothesized that their increased activation may
act to dampen the anticancer activity of NT157. Indeed, cotreat-
ment of cancer cells with NT157 and the Src tyrosine kinase
inhibitor PP1 resulted in synergistic inhibition of proliferation
compared with either agent alone. Therefore, this identifies a
novel strategy for enhancing the therapeutic efficacy of not only
NT157, but also SFK inhibitors, which have demonstrated dis-
appointing results in clinical trials evaluating activity against solid
tumors (34).Developing this concept further, because theHSP90-
associated chaperone complex is required for optimal activity of a
variety of oncogenes and HSP90 cycling is positively regulated by

tyrosine phosphorylation (35), combined treatment with NT157
and HSP90 inhibitors may also be effective.

In summary, this study has provided important mechanistic
insights into the mechanism of action of NT157 and highlighted
the power of the global phosphoproteomic approach to identify
signaling network responses that limit therapeutic efficacy and
that can be exploited for improved cancer cell targeting.
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