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Cell Culture and Reagents. The EGFR-mutant NSCLC cell lines
PC9 (del E746_A750), HCC827 (del E746_A750), HCC2279 (del
E746_A750), H3255 (L858R), and HCC2935 (del E746_T751,
S752I) have been described previously (1–7). The EML4-ALK
NSCLC cell line H3122 (EML4-ALK variant 1 E13;A20) has been
described previously (8) and was obtained from the National
Cancer Institute. Cells were maintained in RPMI (CellGro) sup-
plemented with 10% FBS (Gemini Bio Products). Erlotinib, da-
satinib, and lestaurtinib were purchased from LC Laboratories.
NVP-BGJ398, XL880, NVP-BEZ235, AZD6244, TAE684, and
AZ628 were purchased from Selleck Chemicals. BMS-509744 was
purchased from EMD Millipore. Lapatinib was purified from pa-
tient-discarded tablets by James Bradner, Dana-Farber Cancer In-
stitute, Boston. Cisplatin was obtained from the Dana–Farber Cancer
Institute Pharmacy and was manufactured by APP Pharmaceuticals.

Kinase ORF Screen. Screening was performed using a kinase ORF
library of 589 ORFs encoding 584 genes (CCSB/Broad Institute
Kinase ORF Collection) (9, 10), along with the positive and
negative controls described in the main text and displayed in Fig. 1.
PC9 cells were seeded overnight in 384-well microtiter plates at
a density of 400 cells per well. The following day, cells were
incubated with lentivirus corresponding to the kinase ORF li-
brary and controls in the presence of 4 μg/mL polybrene, spin-
infected at 1,126 × g for 30 min at 30 °C, then incubated at 37 °C
for an additional 4.5 h before replacing media with standard
growth media. At 24 h postinfection, standard growth media (six
replicates) or media containing 2 μg/mL blasticidin (one repli-
cate) was spiked into wells. At 72 h postinfection, media was
replaced with media containing 3 μM erlotinib (two replicates),
300 nM erlotinib (two replicates), DMSO (two replicates), or
DMSO + 2 μg/mL blasticidin (one blasticidin-treated replicate).
Cell viability was assayed 3 d after the addition of erlotinib/
DMSO using the CellTiter-Glo reagent (Promega).

Identification of Candidate EGFR Bypass Genes. Raw luminescence
values representing cell viability were averaged between repli-
cates, following exclusion of wells failing detection or other
quality control criteria (0.5% of wells). For each of the two drug
dose screening arms, for a given ORF or control, viability under
erlotinib treatment was normalized to that under DMSO treat-
ment. Candidate EGFR bypass genes were defined as those
having relative viability values of at least 39% in 300 nM erlotinib
and at least 31% in 3 μM erlotinib. Luminescence values cor-
responding to DMSO + blasticidin-treated cells were compared
with those of (unselected) DMSO-treated cells to assess each
ORF’s infection efficiency.

Screen Validation and Drug Sensitivity Assays. PC9, HCC827,
HCC2935, HCC2279, H3255, and H3122 cells were seeded
overnight in 384-well microtiter plates at a density of 400, 500,
1,200, 800, 1,100, and 1,000 cells per well, respectively. The
following day, cells were incubated with lentivirus (virus pro-
duction methods described below) corresponding to candidate
EGFR bypass ORFs as well as controls in the presence of 4 μg/mL
polybrene, spin-infected at 1,126 × g for 30 min at 30 °C, then
incubated at 37 °C for an additional 4.5 h before replacing media
with standard growth media. At 24 h postinfection, additional
standard growth media was spiked into wells. At 72 h post-
infection, media was replaced with media containing inhibitor(s)
at their final concentrations or DMSO (1:1,000 dilution). For

dose–response curves, inhibitor(s) were tested at each of the
following concentrations: 10, 1, 0.1, 0.01, 0.001, and 0.0001 μM.
Cell viability was assayed 3 d after the addition of inhibitor(s) or
DMSO using CellTiter-Glo (Promega). Drug-treated cells were
normalized to DMSO-treated cells to calculate relative percent
viability. Relative percent viability values and dose–response
curves were plotted using GraphPad Prism software (GraphPad);
AUC values were generated using GraphPad Prism software and
displayed using GENE-E software. Absolute IC50 values were
calculated using GraphPad Prism software.
Drug sensitivity assays with cisplatin were modified from above as

follows: PC9 cells were seeded at a density of 200 cells per well, cells
were treated with inhibitor/DMSO at 48 h postinfection, and the
inhibitor was tested at concentrations of 50, 10, 5, 1, 0.1, and 0.01 μM.
The cluster analysis displayed in Fig. 2B was performed as

follows: relative percent viability values generated from cells
treated with 1 μM (PC9) or 3 μM erlotinib (HCC2279,
HCC2935, H3255, HCC827) were used to perform a one-tailed,
unpaired t test (bypass ORFs vs. LACZ). We performed t tests
for all bypass ORFs whose effects led to any increase in mean
relative percent viability compared with LACZ; otherwise, the
effect of the bypass ORF was assigned a value of zero (no in-
crease). Significance values were converted into an ordinal scale
of resistance values according to the following thresholds: 0, no
increase or insignificant increase (P ≥ 0.05) in relative percent
viability compared with LACZ-transduced cells; +1, significant
increase in relative percent viability (0.01 < P < 0.05); +2, very
significant increase in relative percent viability (0.001 < P <
0.01); +3, extremely significant increase in relative percent viability
(0.0001 < P < 0.001); +4, extremely significant increase in relative
percent viability (P < 0.0001). ORF and cell line ordinal resistance
profiles were each grouped using a Euclidean distance metric and
complete linkage hierarchical clustering. Cluster analysis and visu-
alization was performed using R (www.r-project.org).
The heat map in Fig. S2E was constructed by considering the

P values (and “no increase” criteria) calculated above, and
among ORFs with significant resistance-inducing effects, by using
the fold-change in viability induced by a given ORF under erlotinib
treatment relative to LACZ. Visualization was performed using R.

Virus Production. Lentivirus was produced by transfection of 293T
packaging cells with plasmids corresponding to pLX-Blast-V5-
ORF, Δ8.9 (gag, pol), and VSV-G; and FuGene6 transfection
reagent (Roche) as described previously (9).

Viral Transduction and Culture of ORF-Expressing Cells for Protein
Analysis. PC9 and H3255 cells were seeded in six-well plates at
a density of 54,000 and 120,000 cells per well, respectively. The
next day, cells were incubated with lentivirus in the presence of
4 μg/mL polybrene for 6–7 h, after which media was replaced
with standard growth media. At 24 h postinfection, media was
replaced with selective media containing 1–1.3 μg/mL (PC9) or
8 μg/mL (H3255) blasticidin, and blasticidin-containing media
was replenished after another 72 h. Where noted, at 6 d post-
infection, cells were treated with media containing 0.5% FBS
overnight. The following day, cells were treated with inhibitor(s)
or DMSO at their final concentrations in media containing 0.5%
FBS for 6 h, then harvested for immunoblotting. Otherwise, cells
were harvested for immunoblotting 6 d postinfection (in these
cases, PC9 cell seeding density was 36,000 cells per well).
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Immunoblotting. Cell pellets were resuspended in lysis buffer
[50 mM Tris (pH 7.4), 2.5 mM EDTA (pH 8), 150 mM NaCl,
1% Triton X-100, 0.25% IGEPAL CA-630] supplemented with
protease inhibitors (Roche) and Phosphatase Inhibitor Mixtures
I and II (Calbiochem), incubated on ice for at least 2 min, then
centrifuged for 2 min at 15,700 × g. The protein concentrations of
supernatants were determined using a BCA Protein Assay Kit
(Pierce) and normalized. Lysates were reduced and denatured,
then separated using Tris-Glycine gels (Novex) and transferred
to iBlot Transfer Stack nitrocellulose membranes (Novex).
Membranes were incubated with primary antibodies overnight at
4 °C. Antibodies against phospho-EGFR (Y1068; 1:1,000) and
V5 (1:5,000) were purchased from Invitrogen. The antibody
recognizing total EGFR (1:1,000) was purchased from BD Bio-
sciences. Antibodies against total AKT (1:1,000), phospho-AKT
(S473 and T308), total AXL (1:1,000), phospho-AXL (Y702;
1:500), β-actin (1:10,000), cofilin (1:10,000), phospho-EGFR
(Y845; 1:500), total ERBB2 (1:1,000), phospho-ERBB2 (Y1221/
1222; 1:500), total ERK1/2 (1:750), phospho-ERK1/2 (T202/
Y204; 1:500), total FGFR1 (1:1,000), total FGFR2 (1:1,000),
phospho-FGFR (Y653/654; 1:500), total LCK (1:1,000), total
LYN (1:1,000), total NTRK1 (1:1,000), phospho-NTRK1 (Y674/
675; 1:500), total RAF1 (1:1,000), phospho-RAF1 (S338; 1:500),
total SRC (1:1,000), and phospho-SRC family (Y416; 1:500) were
purchased from Cell Signaling Technology. The phospho-SRC
family antibody (Y416) may cross-react with other Src family
members, including LCK and LYN. Phospho-AKT immunoblot-
ting was performed with the S473-directed antibody (1:750) unless
otherwise indicated. Phospho-EGFR immunoblotting was per-
formed with the Y1068-directed antibody unless otherwise in-
dicated. Incubation with IRDye secondary antibodies (1:10,000;
LI-COR Biosciences) and subsequent detection (Odyssey Imaging
System, LI-COR Biosciences) were performed according to
manufacturer recommendations.

CCLE NSCLC Gene Expression Data.Microarray gene expression data
for 186 non-small cell lung cancer cell lines were obtained from
the Broad–Novartis Cancer Cell Line Encyclopedia (www.
broadinstitute.org/ccle/). The 2,000 most-varying genes demon-
strating >6 log2 robust multiarray average (RMA) units of mean
expression across these data were used to group the cell lines
using complete linkage hierarchical clustering and a Euclidean
distance metric. Cluster analysis and visualization was performed
using R.

Gene Expression Profiling and LINCS Analysis. ORFs selected for
profiling included 18 validated bypass-promoting ORFs; 19 ki-
nase ORFs unable to confer EGFR bypass in the primary ORF
screen (as measured by a z-score less than 0.2 under both drug
doses); as well as controls. PC9 cells were seeded overnight in
384-well microtiter plates at a density of 400 cells per well. The
following day, cells were incubated with lentivirus corresponding
to ORFs in the presence of 4 μg/mL polybrene, spin-infected at
1,126 × g for 30 min at 30 °C, then incubated at 37 °C for an
additional 4.5 h before replacing media with standard growth
media. At 24 h postinfection, additional standard growth media
was spiked into wells. At 72 h postinfection, media was replaced
with media containing 300 nM erlotinib. After 24 h of drug
treatment, media was aspirated and replaced with TCL Buffer
(Qiagen) for cell lysis. Plates were incubated at 25 °C for 25 min,
then stored at −80 °C until gene expression-profiling steps.
Gene expression profiles consisted of 978 transcripts that were

selected by the LINCS program (www.lincscloud.org) to repre-
sent an unbiased reduced representation of the transcriptome and
measured using a Luminex bead-based system (11). Each ORF
was assayed and profiled in quadruplicate, and all expression data
were quantile-normalized. To quantify the magnitude of differ-

ential expression in our data, we computed robust z-scores for
each gene in each sample according to

zi =
Xi −medianðYÞ

MADðYÞ× 1:4826
;

where Xi is the scaled expression value of the sample of interest,
Y is the vector of observed control expression values for the gene
of interest, and MAD is the mean absolute deviation.
After computing a robust z-score vector for each replicate, we

combined the robust z-scored replicate vectors into a single
representative vector that we refer to as a signature. Un-
supervised hierarchical clustering using the Spearman correla-
tion metric was performed on signatures generated from PC9
cells expressing 18 EGFR bypass-inducing genes, 19 kinases
unable to induce EGFR bypass, and controls. Hierarchical
clustering revealed a tight cluster comprised of 12 bypass-pro-
moting genes and the two EGFR double-mutant positive con-
trols. For the LINCS ORF query, signatures from each of the 12
bypass-promoting genes were used to independently query 2,537
ORF signatures in the LINCS dataset. Each LINCS ORF–
bypass ORF query pair was assigned a connectivity score (12)
computed using the weighted Kolmogorov–Smirnov statistic
(13). All LINCS ORFs in the dataset were rank ordered by
their connectivity scores to a given bypass ORF query. The top
∼3% positively correlated LINCS ORFs are listed per bypass
ORF query in Fig. 4B.
For the LINCS compound query, signatures from each of the

12 bypass-promoting genes were used to independently query
34,148 compound signatures in the LINCS dataset. Each com-
pound–ORF query pair was assigned a connectivity score as
described above. All compounds in the dataset were rank or-
dered by their connectivity scores to a given ORF query. To
identify compounds that were consistently correlated/anti-
correlated to the query ORFs, we computed every compound’s
median normalized rank across all 12 ORFs. The resultant ranks
are displayed in Fig. 5A.

Caspase-3/7 Activation Assay. PC9 cells were seeded overnight in
384-well microtiter plates at a density of 400 cells per well. The
following day, cells were incubated with lentivirus corresponding
to ORFs in the presence of 4 μg/mL polybrene, spin-infected at
1,126 × g for 30 min at 30 °C, then incubated at 37 °C for an
additional 4.5 h before replacing media with standard growth
media. At 24 h postinfection, additional standard growth media
was spiked into wells. At 72 h postinfection, media was replaced
with media containing DMSO, erlotinib, the relevant kinase in-
hibitor, or their combinations, at their final concentrations.
Caspase-3/7 activity was assayed 26 h after the addition of in-
hibitor(s) or DMSO with the Caspase-Glo 3/7 reagent (Prom-
ega). Luminescence values corresponding to drug-treated cells
were normalized to those of DMSO-treated cells to calculate
relative caspase-3/7 activation.

In-Cell Western for Protein Expression. PC9 cells were seeded
overnight in black, clear-bottom 384-well microtiter plates at
a density of 1,300 cells per well. The following day, cells were
incubated with lentivirus corresponding to 77 randomly selected
ORFs from the CCSB/Broad kinase ORF library in the presence
of 4 μg/mL polybrene, spin-infected at 1,126 × g for 30 min at
30 °C, then incubated at 37 °C for an additional 4.5 h before
replacing media with standard growth media. At 24 h post-
infection, standard growth media was spiked into wells. At 72 h
postinfection, cells were fixed with 4% formaldehyde and 0.1%
Triton X-100 in PBS for 30 min. Fixative was removed, and
cells were washed with PBS, then blocked for 30 min at room
temperature. Cells were incubated with primary antibody
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(1:5,000 dilution of anti-V5; Invitrogen) overnight at 4 °C. Cells
were washed three times with 0.1% Tween-20 in H20, then
incubated with a mix of secondary antibody and cell stains
[1:800 dilution of IRDye 800CW goat anti-mouse (LI-COR);
1:10,000 dilution of DRAQ5 (Cell Signaling); and 1:1,000 di-
lution of Sapphire700 (LI-COR)] for 1 h at RT. Cells were
washed three times with 0.1% Tween-20 in H20, and once with

PBS, before scanning using the LI-COR Odyssey. Quantifica-
tion of fluorescence was performed using LI-COR Image Stu-
dio software.

Statistical Tests.One-tailed, unpaired t tests were calculated using
GraphPad Prism software. P values less than 0.05 were consid-
ered significant.
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Fig. S1. Protein expression of ectopically expressed ORFs. (A) Immunoblot analysis of PC9 cells overexpressing candidate bypass-mediating ORFs and controls
following treatment with DMSO for 6 h. Cells were incubated with 0.5% serum media 18 h before and during DMSO treatment. Total cell lysates were im-
munoblotted for V5-tagged, ectopic protein expression using a V5-directed antibody. (B) Immunoblot analysis of PC9 cells transduced with MET and control
genes. Total cell lysates were immunoblotted for V5-tagged, ectopic protein expression using a V5-directed antibody. (C) In-cell western of PC9 cells transduced
with 77 randomly selected kinase ORFs. Ectopic, V5-epitope-tagged protein levels (Left) and total cellular DNA levels (Right) were measured for transduced cells
and untransduced controls. Left and Right represent the same wells on a single plate of cells. (D) Quantification of fluorescent signal displayed in C. Data are
expressed as V5-associated signal relative to that of total DNA. Greater than 93% of randomly selected kinases induce signal above two SDs from the mean of
negative controls.
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erlotinib resistance (P ≥ 0.05 or no increase in viability relative to LACZ); grayscale represents increasing fold-change (fc) in viability (relative to LACZ controls)
among ORFs with significant effects (P < 0.05). Data were generated from cells treated with 1 μM (PC9) or 3 μM erlotinib (HCC2279, HCC2935, H3255, HCC827).
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Fig. S3. EGFR-mutant cell lines are transcriptionally heterogeneous. The 186 NSCLC cell lines were clustered according to microarray gene expression profiles
obtained as part of the Cancer Cell Line Encyclopedia (CCLE). Rows represent genes and columns represent cell lines. Heat map colors represent 8 log2 robust
multiarray average (RMA) units of expression, ranging from blue (<6 log2 RMA units) to bright yellow (>12 log2 RMA units). The EGFR-mutant cell lines used for
screening and/or validation studies are labeled red. The PC14 cell line has been reported to be misidentified and likely identical to PC9 by the CCLE’s supplier of
this line (Riken).
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Fig. S4. A subset of EGFR bypass genes can promote resistance to ALK inhibition in ALK-dependent cells, but EGFR bypass genes fail to promote resistance to
cisplatin in PC9 cells. (A) EML4-ALK-positive H3122 cells expressing EGFR bypass genes and controls were treated with indicated doses of TAE684 or vehicle,
then assayed for cell viability after 72 h using CellTiter-Glo. Data are expressed as percent viability relative to vehicle-treated cells and represent the mean ± SD
of four replicates. Graphs with identical control curves reflect experiments performed in parallel on the same day. (B) PC9 cells expressing EGFR bypass genes
and controls were treated with indicated doses of cisplatin or vehicle, then assayed for cell viability after 72 h using CellTiter-Glo. Data are expressed as percent
viability relative to vehicle-treated cells and represent the mean ± SD of four replicates. Graphs with identical control curves reflect experiments performed in
parallel on the same day.
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Fig. S5. Pharmacological blockade of EGFR bypass kinases restores sensitivity to erlotinib. Cell viability of PC9 cells overexpressing indicated EGFR bypass-
inducing kinases and controls following treatment with increasing concentrations of erlotinib (purple curve), the relevant kinase inhibitor (light blue curve), or
their combination (orange curve) for 72 h. Cell viability was assayed with CellTiter-Glo. Data are expressed as percent viability relative to vehicle-treated cells
and represent the mean ± SD of ≥3 replicates. These dose–response curves were used to generate AUC values, plotted in Fig. 3A. Kinase inhibitors tested
included (A) dasatinib for Src family kinases; (B) XL880 for AXL and MST1R; (C) BGJ398 for FGFR family kinases; (D) lestaurtinib for NTKR family kinases; (E)
lapatinib for ERBB2; (F) BMS-509744 for ITK; and (G) AZ628 for RAF1. Graphs with identical control curves reflect experiments performed in parallel on the
same day. (H–M) Immunoblot analysis of PC9 cells expressing EGFR bypass kinases under combination drug treatment. Transduced cells were treated with
indicated doses of erlotinib, the relevant kinase inhibitor, or a combination for 6 h. Cells were incubated with 0.5% serum media 18 h before and during drug/
DMSO treatment. Total cell lysates were immunoblotted for the indicated proteins. Kinase inhibitors tested included (H) dasatinib for Src family kinases SRC,
LYN, and LCK; (I) XL880 for AXL; (J) BGJ398 for FGFR family kinases FGFR1 and FGFR2; (K) lestaurtinib for NTRK1; (L) lapatinib for ERBB2; and (M) AZ628 for
RAF1. Except for with AZ628 (see main text), treatment with the relevant kinase inhibitors reduces phosphorylation of the target kinases tested.
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Fig. S6. Inhibition of EGFR bypass kinases enhances erlotinib-induced apoptosis. Caspase-3/7 activity of PC9 cells overexpressing indicated EGFR bypass-
inducing kinases and controls following treatment with erlotinib, the relevant kinase inhibitor, or their combination for 26 h. Caspase-3/7 activity was
measured with Caspase-Glo. Data are expressed as caspase-3/7 activity relative to vehicle-treated cells and represent the mean ± SD of four replicates. Kinase
inhibitors tested included (A) dasatinib for Src family kinases; (B) XL880 for AXL and MST1R; (C) BGJ398 for FGFR family kinases; (D) lestaurtinib for NTKR family
kinases; (E) lapatinib for ERBB2; (F) BMS-509744 for ITK; and (G) AZ628 for RAF1. Graphs with identical control values reflect experiments performed in parallel
on the same day.
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Fig. S7. LINCS compounds whose transcriptional effects most negatively correlate with those of EGFR bypass-mediating ORFs. (A) Median normalized ranks of
the top 0.7% negatively correlated compounds and categorization by drug target class and primary target(s) (1–17). Each bar represents a compound. A single
compound targeting both PI3K and SRC is denoted with an asterisk. (B–D) BEZ235 and AZD6244 treatment down-regulate phospho-AKT and phospho-ERK1/2,
respectively, in a dose-dependent fashion. (B) Immunoblot analysis of PC9 cells treated with indicated doses of the PI3K-mTOR inhibitor BEZ235 for 6 h. Total
cell lysates were immunoblotted for the indicated proteins. (C) Immunoblot analysis of PC9 cells treated with indicated doses of the MEK inhibitor AZD6244 for
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4 h. Total cell lysates were immunoblotted for the indicated proteins. (D) Immunoblot analysis of PC9 cells treated with 100 nM erlotinib (erl), 500 nM BEZ235
(BEZ), 2.5 μM AZD6244 (AZD), or their combinations for 6 h. Total cell lysates were immunoblotted for the indicated proteins.
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Fig. S8. ORF-induced signaling activation in PC9 and H3255 cells. (A) Overexpression of Src family kinases leads to phosphorylation of tyrosine 845 on EGFR.
Immunoblot analysis of PC9 cells overexpressing Src family kinases and control ORFs following treatment with DMSO for 6 h. Cells were incubated with 0.5%
serum media 18 h before and during DMSO treatment. (B) Resistance-promoting genes frequently reactivate ERK1/2 signaling in H3255 cells. Immunoblot
analysis of H3255 cells overexpressing the indicated ORFs and treated with erlotinib for 6 h. Cells were incubated with 0.5% serum media 18 h before and
during drug/DMSO treatment. Colors denote significance and effect size of a given ORF’s resistance-promoting effect in H3255 cells, relative to LACZ, as
determined from Fig. S2. Black, not significant; orange, significant with fold-change ≤1.20; red, significant with fold-change >1.20.
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Table S1. IC50 values of ORF-screen validation experiments in PC9 cells

Gene

Validation experiment IC50 value, μM

LACZ LUCIFERASE EGFR-L858R-T790M EGFR-ex19del-T790M Experimental ORF

AXL 0.042 0.046 >10 >10 >10
BLK 0.022 0.023 8.7 8.4 >10
CRKL 0.022 0.023 8.7 8.4 >10
ERBB2 0.022 0.023 8.7 8.4 0.79
FGR 0.022 0.023 8.7 8.4 3.6
FGFR1 0.042 0.046 >10 >10 0.19
FGFR2 0.057 0.082 >10 >10 1.2
FRK 0.022 0.023 8.7 8.4 0.29
HCK 0.022 0.023 8.7 8.4 >10
ITK 0.022 0.023 8.7 8.4 1.4
LCK 0.022 0.023 8.7 8.4 0.34
LYN 0.022 0.023 8.7 8.4 0.054
MOS 0.042 0.046 >10 >10 2.3
MST1R 0.022 0.023 8.7 8.4 0.53
NTRK1 0.022 0.023 8.7 8.4 0.41
NTRK2 0.022 0.023 8.7 8.4 0.11
RAF1 0.022 0.023 8.7 8.4 6.2
SRC 0.022 0.023 8.7 8.4 1.7
YES1 0.022 0.023 8.7 8.4 0.031

Absolute IC50 values correspond to validation experiments described in Fig. 2A.
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