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ABSTRACT
◥

The NCI-60 human tumor cell line panel has proved to be a
useful tool for the global cancer research community in the
search for novel chemotherapeutics. The publicly available cell
line characterization and compound screening data from the
NCI-60 assay have significantly contributed to the understan-
ding of cellular mechanisms targeted by new oncology agents.
Signature sensitivity/resistance patterns generated for a given
chemotherapeutic agent against the NCI-60 panel have long
served as fingerprint presentations that encompass target infor-
mation and the mechanism of action associated with the tested

agent. We report the establishment of a new public NCI-60
resource based on the cell line screening of a large and growing
set of 175 FDA-approved oncology drugs (AOD) plus >825
clinical and investigational oncology agents (IOA), representing
a diverse set (>250) of therapeutic targets and mechanisms. This
data resource is available to the public (https://ioa.cancer.gov)
and includes the raw data from the screening of the IOA and
AOD collection along with an extensive set of visualization and
analysis tools to allow for comparative study of individual test
compounds and multiple compound sets.

Introduction
For more than two decades, molecular target-based drug discov-

ery through biochemical screening and rational drug design have
been central strategies of drug discovery programs in both the
academic and pharmaceutical communities. Recently, two inde-
pendent studies analyzed the approaches used during successful
drug discovery projects resulting in FDA-approved drugs, since
1999. Both studies found significant contributions from phenotypic
screening and system-based approaches (1, 2). A related study
focusing on oncology drugs approved by the FDA between 1999
and 2013 found that a phenotypic screen (mechanism-informed or
de novo) played a major role in lead compound discovery and/or
candidate selection in 19 of 48 (39.5%) programs, including five of
16 (31%) that produced first-in-class drugs (3). As oncology treat-
ment has moved to targeted therapeutic agents based upon the
known genetic and biological aberrations of the disease, the overlap
between target-based drug discovery and phenotypic screening has
become defined in terms of well-characterized cell line models of

drug response (4, 5). Studies seeking to delineate the pharmaco-
dynamics of drugs in cancer cells have increasingly focused on the
identification and impact of the underlying genomic factors influ-
encing drug response (6–10).

The NCI-60 human tumor cell line panel has proved to be a useful
global cancer research community tool in the armamentarium of
cancer drug discovery and has facilitated the understanding of molec-
ular mechanisms for new oncology agents. The NCI-60 cell line panel
includes nine cancer types [leukemia, non–small cell lung (NSCLC),
colon, central nervous system, melanoma, ovarian, renal, prostate, and
breast] and has been used to profile potential oncology chemother-
apeutic agents for more than 20 years (11). Extensive genomic and
proteomic profiling of the NCI-60 cell lines makes this panel among
the best characterized collection of human cancer cell lines including
studies ofmutations, amplifications and deletions, proteomics, methy-
lome, miRNA, exosomes, andmore (12–16). Characterization data for
the NCI-60 cell line and data from the NCI-60 screening assay are
publicly available (https://dtp.cancer.gov/databases_tools/bulk_data.
htm; https://discover.nci.nih.gov/rsconnect/cellminercdb/). Many
groups have used the NCI-60 cell line panel for further studies or
have done metadata analyses of the NCI-60 data from NCI. These
include: https://web.expasy.org/cellosaurus/, https://www.cbioportal.
org/, https://cancer.sanger.ac.uk/cosmic, https://discover.nci.nih.gov/
rsconnect/cellminercdb/and others.

This article describes a new NCI-60 resource based upon data
obtained from the cell-based screening of a training set of 175 FDA-
approved oncology drugs (AOD) plus >825 investigational oncol-
ogy agents (IOA) and tool compounds. This accumulated set of
drugs and investigational agents represents a diverse range of
therapeutic targets and mechanisms (>250 in number) with mul-
tiple compound examples for many of the targets. The NCI-60 data
from this set are available through a public website with tools to
allow investigators to study how public NSC compounds relate to
this training set of compounds of known and assigned mechanisms
and to allow suppliers of compounds to the NCI-60 screen to study
their data in the same way.
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Materials and Methods
Chemistry

The IOAs and AODs are procured through internal/external syn-
thesis and through their acquisition from external vendors. All sample
lots of compounds in the IOA collection undergo rigorous 1H NMR
and LC/MS examination to ensure structural integrity and >95%
purity by high pressure liquid chromatography (HPLC). In some
cases, additional analytic techniques are employed to maintain the
integrity of the collection (e.g., chiral HPLC, optical rotation, X-ray
crystallography, and 13CNMR). ProtonNMR spectra and LC/MS data
showing > 95% purity for the representative agents discussed in this
account are found in the Supplementary Data.

Cell culture
NCI-60 cell lines are maintained by the NCI Developmental

Therapeutics Program Tumor Repository. For each lot of cells, the
Repository performed Applied Biosystems AmpFLSTR Identifiler
testing with PCR amplification to confirm consistency with the
published Identifiler short tandem repeat profile for the given cell
line (17, 18). Each cell line was tested for Mycoplasma when it was
accepted into the repository; routine Mycoplasma testing of lots was
not performed. Cells were kept in continuous culture for nomore than
20 passages. The optimal seeding density for each of the cell lines
was determined prior to performing concentration–response stud-
ies (11, 19, 20). The NCI-60 screen was performed as described at:
https://dtp.cancer.gov/discovery_development/nci-60/default.htm.
Briefly, the NCI-60 human tumor lines were grown in RPMI1640
medium supplemented with 5% FBS and 2 mmol/L L-glutamine. For
experiments, cells were inoculated into 96-well plates in 100 mL of comp-
lete medium at plating densities ranging from 5,000 to 40,000 cells/well
depending on the doubling time of individual lines. The plates were
incubated at 37�C in humidified 5% CO2/95% air for 24 hours.
Compounds were formulated in DMSO. The plates were incubated
for 48 hours. For staining, sulforhodamine B (SRB) solution (100 mL) at
0.4% (w/v) in 1% acetic acid was added to each well, and plates were
incubated for 10minutes at room temperature. The SRBwas solubilized,
and the absorbance at 515 nm was read. Using the absorbance mea-
surements [time zero, (Tz), control growth, (C), and test growth (Ti)],
the percent cell growth was calculated. Growth inhibition of 50%
(GI50) is calculated from [(Ti � Tz)/(C � Tz)] � 100 ¼ 50, which
is the compound concentration resulting in a 50% reduction in the net
protein increase (as measured by SRB staining) in control cells. The
NCI-60 screen is performed in duplicate and mean values are reported.

NCI-60 compound screen
The IOA and AOD compounds were tested in the 2-day, 5-con-

centration standard NCI-60 screen, and the mean growth 50% inhi-
bition (GI50) values are tabulated in Supplementary Table S1 (Sup-
plementary Data). A public website (https://ioa.cancer.gov) has been
established to make available up-to-date data related to the collection
of NCI IOAs and FDA-AODs. The website includes both chemical
data (structural and calculated property information for each drug/
agent) and biological assay data (concentration–response data from
the NCI-60 screen and calculated endpoint assay results [GI50, total
growth inhibition and lethality (LC50)]. In addition, visualization and
interactive tools are available which allow investigators to examine and
compareNCI-60 data for individual compounds or sets of agents using
mean graph or heat map formats and to run various COMPARE
analyses, including concentration–response endpoints, mean graphs,
COMPARE correlations, and correlation maps.

Several data presentation formats and analytic tools were developed
during the establishment of the originalNCI-60 screening assay to look
at the relative cell line responses to specific drugs/compounds across
the NCI-60 cell line panel while factoring out differences in overall
potency of the compounds: the focus was the pattern of relative
sensitivities to a compound among the cell lines (21). The mean graph
is a bar graph where the center line (“zero”) represents the average
sensitivity of all 60 cell lines, and the responses of the individual cell
lines are presented relative to that center line. Because NCI-60
concentration data are tracked as the log(concentration), the values
are log units, which further helps normalize the response patterns.
The COMPARE algorithm looks for correlations in the graph patterns
among compound data in the 60 cell lines and was built around
the Pearson correlation coefficient, which produces a dimensionless
result, further factoring out considerations of relative potency among
compounds.

The relative patterns in the NCI-60 are often easier to see in amean
graph presentation than in a heat map. In addition, the correlation
map tool can visualize correlations among all members of a com-
pound set. The compounds are represented by nodes (circles) on the
map, and the distances between nodes represent the correlations
between the response patterns with more similar patterns being
closer together. This presentation can make it easier to visualize the
similarities than trying to interpret a set of mean graphs, a grid of
correlation values or a colored heat map of correlation values.

The formal statistical considerations regarding a Pearson cor-
relation are not applicable because the NCI-60 cell lines are not a
random sampling of cell lines, and the compounds submitted to the
NCI-60 screen are not a random sampling of chemical structures.
Specifically, the level of correlation required for potential biological
significance for the NCI-60 cell lines diverges from the critical
values calculated for a Pearson correlation with 59 degrees of
freedom. The correlation values that indicate potential biological
significance are based on empirical evidence: COMPARE was used
to predict compounds with possible similar mechanisms to com-
pounds of known mechanism assayed in cell-free systems, and the
likelihood of the prediction being borne out declined almost to zero
as correlations decreased toward 0.6 (22). The cutoff used here
for potential biological significance is 0.7 and correlations at 0.8 and
above are considered strong. In contrast, the critical value for a
Pearson correlation with 60 degrees of freedom is about 0.3, but at
that level the relatedness among the IOA compounds is meaning-
lessly high as are the relatedness of most compounds assayed in the
NCI-60.

Data availability
The data generated in this study are available within the article and

its Supplementary Data and at ioa.cancer.gov.

Results
Several main themes emerged from the study of the NCI-60

patterns obtained from the evaluation of the IOA and AOD
collection: (i) targeted inhibitors within a biological pathway tend
to show a high correlation in GI50 patterns through COMPARE
analysis forming clusters representing agents with a given mech-
anism as well as between agents sharing targets within respective
biochemical pathways, (ii) NCI-60 response patterns can suggest
unexpected “off-target” activities for a given investigation agent,
and (iii) the activity of agents against the NCI-60 cell lines correlates
with the gene expression patterns for the agent’s target.
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Aheatmap view of the hierarchical clustering of the NCI-60 growth
response patterns (GI50s) from the 955 drugs/agents of the AOD and
IOA set is shown in Fig. 1. The patterns observed for the drugs/agents
in this view comprise the complete spectrum of activity from agents
where all of the cell lines were found to be sensitive to those where
complete resistance occurred. The clustering of these patterns by
similarity (Pearson correlation) leads tomultiple agents being grouped
together based on similar response patterns that are consistent with
their associated therapeutic targets. Not unexpectedly, the overall
potency levels observed varies greatly among some of the compounds
of the targeted groups of response patterns. Using the COMPARE
algorithm of the GI50 patterns associated with the entire AOD/IOA
compound set produces a 955�955 matrix grid of Pearson correla-
tions. A useful visualization of this matrix grid is the correlation map
view (Fig. 2) where a connection is drawn between any two agents
showing a response pattern correlation above a selected threshold
value (e.g., 0.7 for the figure shown). When viewed in this manner,
similarities between the patterns produced by agents associated with a
given molecular target form clustered groups, the more highly corre-
lated the response patterns the closer together are the nodes. This
presentation provides the same information as the clustered heat map
in a manner that can be easier to interpret.

Correlations of agents targeting elements within signaling
pathways

Agents that target different proteins within a biochemical pathway
tend to show a high correlation in GI50 patterns through COMPARE
analysis forming clusters representing agents similar NCI-60 mean-
Graph patterns indicating similar mechanisms of action as well as
between agents sharing targets within a biochemical pathway. For
example, COMPARE evaluation of agents with mechanisms of action
targeting components within the PI3K/AKT/mTOR pathway form
correlation map clusters linked together by both target and pathway
(Fig. 2). Only three of 15 of the AKT inhibitors in the IOA set are not
found in the connected cluster with a minimum COMPARE corre-
lation of 0.7 (most at 0.85), including the multikinase inhibitors
perifosine and AT-13148 and the inactive enantiomer of the Pfizer
inhibitor, PF-4176340. In addition, the AKT cluster includes both
allosteric (e.g., MK-2206) and competitive inhibitors, highlighting the
fact that the NCI-60 is a functional cell assay with a cell growth

inhibition/cell death readout. More than 75% of the PI3K inhibitors
(32/42 agents) in the IOA set, including the selective PI3K alpha and
PI3K beta inhibitors, form a highly connective cluster at a 0.7
COMPARE correlation with the target and pathway. An examination
of the heat map view showed that at least half of the nonconnected
PI3K outliers were universally inactive in the cell line assay. Finally, 12
of 20 of themTOR inhibitors form a highly connective cluster at the 0.7
COMPARE correlation level, with half of the nonconnective mTOR
singletons representative of the rapamycin class of inhibitors.

A similar situation results in the case of the 37 agents associat-
ed with targets within the BRAF/MEK/ERK pathway, which form a
highly connective correlation map cluster (13/15 BRAF, 14/15
MEK, 8/9 ERK inhibitors) using a 0.75 COMPARE correlation
constraint (most at 0.85). Examination of the heat graph view of the
NCI-60 patterns for the BRAF inhibitors shows consistent sensi-
tivity among almost all of the melanoma and at least two of the
colon cancer lines (COLO 205, HT29; Fig. 3A). In general, the ERK
inhibitors display sensitivity patterns similar to the BRAF agents,
with additional activity observed against a leukemia (HL-60),
ovarian (OVCAR-5), and renal (A498) cell lines and three other
colon cell lines (HCC-298, HCT-116, SW-620; Fig. 3B). The MEK
inhibitors as shown on the correlation map are active against all
of the cell lines that are sensitive to the BRAF and ERK inhibitors
as well as one additional colon line (KM12), a renal line (TK10), a
breast line (MDA-MB-231) and three other NSCLC lines (HOP-92,
NCI-H23, and NCI-H322; Fig. 3C). Other targeted investigational
agents which cluster with correlations of ≥0.75 include NAMPR-
Tase, HSP90, BET bromodomain, FGFR, IAP, PLK-1, IGF1R,
EGFR, MDM2 inhibitors and DNA-alkylators (Fig. 2).

Off-target effects
In addition to enabling comparisons between drug sensitivity

profiles that support commonmechanisms of action, a second emerg-
ing theme from the study of NCI-60 patterns is the elucidation of
unexpected “off-target” activities for investigational agents. Response
patterns for agents that fall outside the “signature” pattern anticipated
for a given mechanism of action can be used to suggest alternative
targets thatmay be affected by the test compound. Examples of this can
be seen in the NCI-60 data for agents targeting: (i) the BTK pathway,
(ii) BET, (iii) BCR-ABL, (iv) ALK, TRK, IGF1R.

Figure 1.

Heat map view of hierarchical clustering of NCI-60 growth response Pearson correlation patterns. Color representations of GI50 values ranging from 10�12 M (red)
to 10�2 M (green). Select agent-associated primary targets indicated for representative larger compound sets.
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Bruton’s tyrosine kinase (BTK) is a member of the TEC family
of non-receptor tyrosine kinases and is a target that has been exploited
in the treatment of B-cell malignant disease and inflammation.
Ibrutinib was the first BTK inhibitor approved by the FDA for treat-
ment of mantle cell lymphoma in 2013 and leukemia in 2014 (23).
Ibrutinib is a pyrazolopyrimidine-based compound that contains
an a, b-unsaturated acyl amide which forms a covalent bond with
the Cys-481 near the active site of BTK. Several other structurally
related irreversible BTK inhibitors have either been approved (aca-
labrutinib, zanubrutinib) or are in clinical testing (including tirabru-
tinib, branebrutinib, orelabrutinib, evobrutinib, and spebrutinib). The
NCI-60 heat map profiles of these agents along with several compet-
itive reversible inhibitors (fenebrutinib, vecabrutinib, ARQ-531, and
RN-486) from the current IOA set are shown in Supplementary Fig. S1
(Supplementary Data). TheNCI-60 response patterns for these agents,
both the irreversible and reversible prototypes (acalabrutinib, tirab-
rutinib, fenebrutinib, evobrutinib, spebrutunub, orelabrutinib, rizab-
rutinib, vecabrutunub, branebrutinib, and RN-486), show minimal or
no response among the tested cell lines. However, three BTK inhibitors
(ibrutinib, zanubrutinib, and acalabrutinib) display a distinct pattern
in the NCI-60 assay that is highly correlated (>0.72) to the sensitivity
patterns for the EGFR inhibitors (e.g., nazartinib, osimertinib). In a
report discussing the pharmacology of acalabrutinib, it was found that
the agent was inactive in an EGFR recombinant kinase inhibition assay
in contrast to ibrutinib, which was found to be a potent inhibitor (24).
Subsequent findings found acalabrutinib to be a weak inhibitor of
EGFR (IC50 7.5mmol/L), consistent with the potency levels observed in

the NCI-60 (25). Although zanubrutinib has been reported to be a
more selective inhibitor with respect to EGFR (relative to ibrutinib),
the high COMPARE correlation to the EGFR pattern suggests that
EGFR target inhibitory activity remains a component of the response
pattern (26). The NCI-60 patterns observed for both spebrutinib and
RN-486 aremore complex, leading to possibility that additional targets
may be involved in the pharmacology associated with these agents.
Finally, the distinct sensitivity pattern associated with ARQ-531 along
with a high COMPARE correlation with members of the RAS/BRAF/
MEK/ERK pathway further suggest its identification as a dual BTK/
MEK inhibitor (27). From an examination of the response patterns
associated with the BTK inhibitors, the NCI-60 assay exclusively
provides information regarding the off-target activities associated with
these agents.

A similar situation occurs with the bromodomain and extraterminal
(BET) family of proteins that are involved in the binding of acetylated
lysine residues to histones and are a target of interest in oncology.
Small-molecule inhibitors of BET regulation of gene expression
include the triazolo-benzodiazepines iBET-762, JQ-1, and the clinical
candidate birabresib in addition to molibresib, AZD-5153, GSK-
1210151A, PLX-51105, and PFI-1. These agents inhibit protein func-
tion by binding in a 2:1 stoichiometry to the two bromodomain
proteins required for the process. Researchers at AstraZeneca working
to improve the potency of the androgen receptor modulator AZD-
3514, discovered that the underlying mechanism of this agent, was to
act as a bivalent BET inhibitor, engaging two BRD-containing proteins
to simultaneously inhibit BET regulation of gene expression (28).

Figure 2.

Correlation map of GI50 response pat-
terns for all compounds of the IOA
set. The compounds are represented
by nodes (circles) on the map and
the distances between nodes repre-
sent the correlations (minimum 0.7)
between the response patterns with
more similar patterns being closer
together. Select agent-associated pri-
mary targets are indicated for repre-
sentative larger compound sets. These
highlighted targets are assigned a
unique color/symbol combination
which is listed in the legend and are
represented with larger symbols.
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Other androgen receptor inhibitors including enzalutamide, JNJ-
63576, apalutamide, and darolutamide are not associated with the
BET bromodomain inhibitors. Systematic synthesis of analogs aiming
to improve upon the BET potency of AZD-3514 while maintaining
favorable pharmacokinetic properties resulted in the identification of
the potent bivalent BET clinical candidate AZD-5153 (29). The
COMPARE correlation map view of the NCI-60 patterns of the entire
IOA set indeed shows the BET bromodomain clusters with the
androgen modulator AZD-3514 with correlations uniformly ≥0.70
(Supplementary Fig. S2; Supplementary Data). The corresponding
heat map view of this compound set shows AZD-3514 to be of
relatively lower potency in the NCI-60 cell line assay, consistent with
its level of bromodomain binding affinity (IC50¼ 4.12� 10�5 mmol/L,
Reaction Biology; refs. 30, 31). Another agent in this cluster at a

minimal correlation of 0.65 is the Hedgehog (SMO) inhibitor
HPI-1. In fact, bromodomain inhibition has been observed to be
an effective strategy for targeting Hedgehog-driven tumors (32). In
support of this “off-target” finding for HPI-1, this agent was found
to be active in a bromodomain AlphaScreen binding assay (IC50 ¼
1.29 � 10�5 mmol/L, Reaction Biology; refs. 30, 31).

The absence of c-ABL in the fusion oncoprotein BCR-ABL leads to
an abnormal tyrosine kinase that is responsible for chronic myeloid
leukemia (CML; ref. 33). The discovery and development of the
BCR-ABL inhibitor imatinib in 2001 revolutionized the treatment of
CML. By binding at the ATP-binding site of the BCR-ABL kinase,
blocking enzymatic activity and preventing antiapoptotic signaling
in the cell (34). The ultimate development of cellular resistance
to imatinib led to the FDA approval of several second-generation

Figure 3.

Heatmaps for BRAF inhibitors (A), ERK inhibitors (B), andMEK inhibitors (C). NCIEndpoint is color representation of GI50 values ranging from 10�9 M (red) to 10�5 M
(green); cells are black when values were not obtained.
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inhibitors (dasatinib, nilotinib, ponatinib, bosutinib) and the discovery
of several third-generation blockers (rebastinib, bafetanib), including
the selective allosteric inhibitor, ABL-001 (35). A heat map view of
the sensitivity patterns produced upon testing these agents in the
NCI-60 cell line assay is shown in Fig. 4A. Not surprisingly, the K-562
leukemia cell line which expresses the BCR-ABL fusion gene is
sensitive to all of the BCR-ABL inhibitors (36). Because no other cell
lines in the NCI-60 express BCR-ABL, it is likely that responses by
other cell lines observed for this set of compounds are due to inhibition
of other targets. In fact, the finding of TRK inhibitory activity for the
BCR-ABL inhibitors ponatinib, rebastinib, and bosutinib was sug-
gested by the sensitivity of the KM12 colon cell line (which highly
expresses the NTRK fusion gene) to these agents. In addition, the
observation of cell sensitivity in the colon HCT-116 and HT29 lines
and in most of the melanoma lines in response to treatment with both
bafetinib and rebastinib suggested the association of a BRAF inhibitory
profile for these agents. The possibility of BRAF inhibitory activity for
bafetinib and rebastinib was confirmed in two ways: (i) a finding of
1.8% and 15.8% enzyme activity relative to DMSO control for these
agents (at 1 mmol/L), respectively, in a BRAF kinase profile assay
(Reaction Biology; refs. 30, 31), and (ii) the finding of COMPARE
correlations of 0.78 and 0.80, respectively, for bafetinib and rebastinib
with the selective BRAF inhibitor vemurafenib when the algorithm is
run without the K-562 and KM12 cell lines.

A fourth example of using NCI-60 response patterns to identify
selective and dual inhibitors relates to the study of compounds
designed to target the ALK, TRK, and IGF1R receptors (Fig. 4B). For
the cell lines in the NCI-60 screen, only the SR leukemia line expresses
the ALK fusion protein, leading to a response pattern of solely the SR
line for ALK selective inhibitors, such as alectinib (CH-542802), ASP-
3026, CEP-28122, CEP-37440, and brigatinib (AP-26113). Similarly,
singular expression of NTRK fusion gene by the KM12 colon cell line
leads to a related one-cell KM12 line pattern in theNCI-60 assay for the
selective TRK inhibitors in the IOA set, including larotrectinib,
selitrectnib, and CH-7057288. Dual ALK/TRK inhibitors are readily
identified by their NCI-60 sensitivity patterns that target both the SR
and KM12 lines and include crizotinib, entrectinib, lorlatinib (PF-
06463922), ensartinib, and reprotrectinib (TPX-005). The insulin-like
growth factor receptor, IGF-1R is another target where selective
inhibitors have a distinctive response pattern upon screening in the
NCI-60 panel. The selective IGF-1R inhibitors, linsitinib (ASP-7487),
AEW-541, ADW-742, and GSK-1904529A, produce a distinct 5-cell
line GI50 pattern in the assay, including the HL-60 leukemia, HOP-92
NSCLC, COLO-205 andHT-29 colon, and theMCF-7 breast cell lines.
For ALK/IGF-1R dual inhibitors, such as TAE-684, ceritinib (LDK-
378), AZD-3463, and GSK-1838705A, the 5-cell line IGF-1R GI50
pattern is supplemented by the addition of the SR line. Alternatively,
the addition of the sensitive KM12 line to the IGF-1R pattern was
observed for the dual TRK/IGF-1R inhibitors BMS-754807 and BMS-
536924. Not surprisingly, the NCI-60 response patterns for the
purported ALK inhibitor SOMCl-12-81 and IGF-1R inhibitor XL-
228 suggest that these agents more appropriately belong to the class of
nondescriptive multikinase inhibitors.

Confluence of screening activities with genetic status of the
NCI-60 cell lines

The extensive genomic characterization of the NCI-60 cell lines
leads to a discussion of a third theme associated with response patterns
generated from the testing of targeted inhibitors in the screen.
Although systematic study of gene expression patterns and drug
sensitivity data have yielded mixed results, there are several examples

where significant correlations between these patterns are obtained (37).
Expression of the mutant BRAF V600E gene in several of the mela-
noma lines and two colon lines in the NCI-60 cell line panel correlated
with the response pattern obtained with several compounds specifi-
cally designed to inhibit the mutant BRAF V600E protein (Fig. 3A).
Previously discussed was the association of the ALK fusion protein
with the SR leukemia cell line as well as the NTRK fusion gene with the
KM12 colon cell line (Fig. 4B). Another gene that has been charac-
terized as wild-type (WT) or mutant for each of the NCI-60 cell lines is
TP53 (38). Cell lines in the NCI-60 panel that express TP53 WT
include the SR leukemia, A-549 and NCI-H460 NSCLC, HCT-116
colon, LOXIMVI, MALME-3M, SK-MEL-2, UACC-257, and UACC-
62melanoma, A498, ACHN,CAKI-1, UO-31 renal, andMCF-7 breast
cancer cell lines. Not surprisingly, these are the lines that are sensitive
to the MDM2-p53 inhibitors in the IOA collection that have been in
clinical trials, including idasanutlin, AMG-232, CGM-097, MI-773,
RG-7112, milademetan, and alrizomadin (Fig. 5). A grid COMPARE
analysis of all these agents based on their NCI-60 GI50s show a range of
Pearson correlation s from 0.86 to 0.97. Interestingly, another clinical
MDM2 inhibitor (siremadlin) that was less potent in the NCI-60 cell
line screen, had Pearson correlations averaging 0.71 to the other
MDM2 inhibitors in the IOA set. Several alternative-targeted agents
including the antipsychotic drug fluspirelene (39) and natural pro-
ducts including flavopiridol (40) have been reported to have off-target
MDM2 inhibitory activity. In the NCI-60 cell line assay, fluspirelene
and flavopiridol produced significant responses in the cell lines
expressing TP53 WT, although COMPARE analysis of the GI50
sensitivity patterns with the MDM2 inhibitors in the IOA collection
showed low Pearson correlations, likely due to the significant sensi-
tivity observed among many other cell lines in the screen.

Finally, another gene of interest in the NCI-60 cell lines is KRAS.
Specifically, the KRAS G12Cmutation has been found to be expressed
in two of the NCI-60 cell line panel NSCLC lines, HOP-62 and NCI-
H23 (12). As expected, these two cell lines are highly responsive to the
selective KRAS G12C inhibitors in the IOA collection, including ARS-
1620, sotorasib, MRTX-1257, and adagrasib (Fig. 6).

Discussion
Other cell line panel studies that incorporate larger numbers

(�1,000) of human cell lines, including the Cancer Cell Line Ency-
clopedia (CCLE; ref. 4) and the Cancer Genome Project (CGP; ref. 8),
have been used to study the correlations between drug sensitivity
profiles and the underlying genomic characteristics of the cancer cells.
It has been argued that larger cell line panels are necessary to fully
capture the genetic diversity associated with patient tumors that
respond at lower rates to treatment with newer targeted therapies (as
opposed to more traditional cytotoxic drugs; ref. 41). However,
analyses comparing drug response data from the larger panel CCLE
and CGP studies have found inconsistencies and poor correlations,
likely due to differences in experimental protocols, drug concentra-
tions tested, and analysis tools (42). Other reports have indicated that
acceptable consistency in drug response profiling can be achieved
between these two studies when differences in analytic methodology
and experimental procedures are taken into account (43). Moreover,
several cell line drug sensitivity studies have focused on metrics other
than potency, including the evaluation of the slope of the concentra-
tion–response curve, AUC, and maximum effect to reveal systematic
variations in responses (44, 45).

An alternative assessment of the data from these cancer tumor cell
line screens focuses on the sensitivity/resistance patterns generated for
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Figure 4.

Heat maps for second- and third-generation BCR-ABL inhibitors (A) and ALK, TRK, ALK/TRK, IGF1R, ALK/IGF1R, and TRK/IGF1R inhibitors (B). NCIEndpoint is color
representation of GI50 values ranging from 10�9 M (red) to 10�5 M (green); cells are black when values were not obtained.
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a given chemotherapeutic agent over the entire range of cell lines
examined (independent of potency). These patterns of activity were
first defined through application of the Pearson correlation COM-
PARE algorithm on results of tested agents in the NCI-60 cell line
screen more than 20 years ago (46). These sensitivity/resistance
patterns serve as fingerprint presentations that encompass target
information and the mechanism of action associated with the tested
agents. Moreover, a statistical inspection of the respective patterns
generated from the CCLE and CGP studies found them to be correl-
ative, even with some discrepancy obtained with the individual
compound-response measurements (47).

For many years, the NCI has maintained a growing collection of
FDA-approved small-molecule oncology drugs (AOD) that are avail-
able individually or as a plated set for use by external cancer researchers
(https://dtp.cancer.gov/organization/dscb/obtaining/default.htm). A
hierarchical clustering of the NCI-60 growth inhibition sensitivity
patterns of these drugs revealed high correlations between those agents
with similar mechanism of action (48). Over the last decade, the
Developmental Therapeutics Program at NCI has worked to build an
additional compound library, the IOA set, through the acquisition of
small-molecule investigational clinical and preclinical oncology agents

(955), representing a diverse range of therapeutic targets (currently 235
in number) that fully encompass the hallmarks of cancer (49, 50). In
general, the compounds chosen for this set are the result of highly
optimized medicinal chemistry programs that tend to select for agents
with high cell permeability properties.

The evaluation of this expanded set of investigational oncology
agents in the NCI-60 cell line assay has allowed for establishment of
a phenotypic systems–based resource (https://ioa.cancer.gov) for
public use by the cancer research community. This data resource
includes all of the raw data from the screening of the IOA and AOD
collection along with visualization and analysis tools to allow for
comparative study of individual test compounds and multiple
compound sets. In addition, suppliers of compounds to the NCI-60
cell line screen can use their data when using the visualization and
interactive tools to work with a partial or complete set of the AOD
and IOA agents. For example, use of the correlation map view
following the running of the COMPARE algorithm with a test
compound will readily identify agents that display response patterns
that meet a defined minimum correlation criteria for any agents in
the AOD or IOA set. Evaluation of the 367 members of a published
kinase inhibitor set in this manner produced confirmation of several

Figure 5.

Heatmaps for TP53-expressing cell lines. NCIEndpoint is color representation of GI50 values ranging from 10�9 M (red) to 10�5 M (green); cells are black when values
were not obtained.

Figure 6.

Heat maps for KRAS inhibitors. NCIEndpoint is color representation of GI50 values ranging from 10�9 M (red) to 10�5 M (green); cells are black when values were not
obtained.

Targeted Investigational Oncology Agents in the NCI-60

AACRJournals.org Mol Cancer Ther; 22(11) November 2023 1277

https://dtp.cancer.gov/organization/dscb/obtaining/default.htm
https://ioa.cancer.gov


highly correlative target inhibitor classes of agents (including EGFR
and BRAF inhibitors; ref. 30).

This interactive resource can also be used to formulate hypotheses
regarding unexpected “off-target” activity for a given test compound.
Several examples have been offered herein whereby sensitivity patterns
that deviate somewhat from the “signature” pattern anticipated for a
given target have been used to suggest possible secondary mechanisms
of action. For instance, as discussed previously, several agents of BCR-
ABL, ALK, and IGF-1R inhibitor classes that have been confirmed as
dual TRK inhibitors, produce responses in the colon KM12 cell line in
addition to the NCI-60 patterns associated with their primary mech-
anism of action. It is a reasonable question to ask whether there are
other targeted compounds to which the KM12 cell line responds and
whether those agents also inhibit TRK kinase. A check of the IOA
library found several examples of this type, including the EGFR
inhibitor PF-6459988 and the FGFR inhibitor AZD4547, both of
which have been confirmed to have TRK inhibition as a secondary
activity. Interestingly, there are many members of the MEK family of
inhibitors in the IOA library that also have a pattern that includes
sensitivity of the KM12 cell line. Three MEK inhibitors, including the
FDA-approved selumetinib, binimetinib, and PD-184352 are not
cytotoxic to the KM12 colon cell line, suggesting the possibility of
higher MEK selectivity.

Signature sensitivity patterns for some targeted agents can be
delineated on the basis of the genomic underpinnings of many of the
NCI-60 cell lines. For example, the BRAF inhibitor pattern among
most of themelanoma and two of the colon cell lines aligns completely
with the cell lines that harbor the BRAF V600E mutation. The NTRK
fusion protein is present exclusively in the KM12 colon line and the
same is true for ALK fusion protein in the SR lymphoma line. The
expression of TP53 WT by a number of cell lines in the NCI-60 set
leads to a distinct response pattern for the MDM2 inhibitors in the
library. Finally, mutant KRAS leads to a distinct pattern for two
NSCLC lines for inhibitors of KRAS G12C.

There are clearly limitations to the use of this resource as a tool for
delineating mechanisms of action for a test agent. For example, several
classes of targeted agents showflat response patterns, sometimes due to
relative inactivity in all of the cell lines in the 2-day NCI-60 screen. As
shown, the selective BTK inhibitors are such a class of agents.However,
in this case, the relative inactivity of the agent class allows for the ready

identification of secondary patterns as is the case for the dual BTK/
EGFR inhibitors.

For more than two decades, the NCI-60 cell line screen has been an
informative and useful component of the anticancer discovery arena. It
is hoped that the targeted AOD and IOA resource described herein
provides a further enhancement to this extensively utilized chemo-
therapeutic discovery tool.
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