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ABSTRACT: National Cancer Institute (NCI) Program for Natural Product Discovery is a new initiative aimed at creating new
technologies for natural product-based drug discovery. Here, we present the development of a neural network-based bioinformatics
platform for visualization and analysis of natural product high-throughput screening data using the NCI's 60 human tumor cell
anticancer drug screen. We demonstrate how the tool enables visualization of similar patterns of response that can be parsed both
chemically and taxonomically, grouping NCI-60 biological profiles in one easy-to-use bioinformatics interface.

B INTRODUCTION structure, we launched a proof-of-concept study using an
artificial neural network of the NCI's 60 human tumor cell
anticancer drug screen (NCI-60) data of natural product
extracts, fractions, and pure compounds.

The NCI-60 is one of the longest-running biological assays
used to identify small molecules with cytotoxic, cytostatic, and
antiproliferative activity against cancer cell lines grown in
vitro.”> Measuring the cell growth of 60 different human
tumor cell lines representing leukemia, melanoma, and cancers
of the lung, colon, brain, ovary, breast, prostate, and kidney,
the assay generates a 60 X S-point dose—response biological
profile. Growth inhibition ranges from no inhibition (100%) to
cytostatic (0%) to complete cell death (—100%). To date, the
NCI has screened more than 150,000 crude natural product
extracts in the 1-dose NCI-60 assay. Of those, 37,054 natural
product samples were determined to be sufficiently active to
progress to the S-dose screen. These active extracts comprised
9447 marine, 19,546 plant, and 8061 microbial samples, and
the results represent one of the most comprehensive biological

The National Cancer Institute (NCI) Program for Natural
Product Discovery (NPNPD) is a Cancer Moonshot-funded
initiative by the US NCI aimed at better integrating natural
product samples into high-throughput screening (HTS)
programs. Recently, we have presented methods for the
automated generation of the NPNPD partially purified fraction
library,' as well as a two-step, rapid procedure for the
purification and identification of biologically active natural
products from the prefractionated library.” To date, 500,000
NPNPD fractions have been made available to the public in a
384-well plate format,® with the goal of enabling this unrivaled
supply of chemical diversity to be screened against multiple
targets and disease states to find new bioactive compounds for
potential therapeutic development. With multiple copies of
each fraction set generated, and more than 5,000,000 samples
shipped to screening centers so far, the development of
methods scalable to a variety of HTS data from many
screening campaigns and in various assay systems is another
aspect of technology development undertaken by the NPNPD.
Thus, we set out to develop a new method of accessing and Received: November 18, 2022
visualizing the data generated in large screens of test samples Accepted:  February 17, 2023
derived from source organisms with diverse taxonomic and Published: March 1, 2023
geographic origins. With the aim of establishing a bio-

informatics platform capable of integrating biological activity,

taxonomy, and geographic location, as well as chemical
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Figure 1. (A) Simplified representation of a trained SOM, represented by the 3 X 3 central grid of codebook vectors, with input vectors being
organized to the best matching unit on the lattice. (B) Final NCI-60 SOM neighbor distance plot with general organization of input vectors.
Prototypic activity profiles are depicted near the region which they represent. Unified distance is presented as a heatmap amongst the nodes. The
U-matrix is a visualization of the data distribution, highlighting areas of higher density and any gaps between them. Here, red nodes adjacent to
other red nodes will be more similar in biological profile than data assigned to orange or yellow nodes.
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Figure 2. Visualization of extracts on the NCI-60 SOM. (A) Distribution of extracts sourced from plant biota on the SOM. Highlighted hexagons
represent nodes where at least one plant-sourced extract is present, and the opaque hexagons represent nodes where there are none. (B) Placement
of known cardiac glycoside-containing plant extracts on the SOM. Extracts are represented with a six-digit alphanumeric sequence and the nodes
they are in are highlighted with a bold hexagon. Bold rectangle, diamond, and triangle represent the positions on the SOM of the NCI-60 dose—
response profiles of the three cardiac glycoside compounds. (C) Placement of all NCI-60 dose—response profiles of extracts from the family
Apocynaceae on the SOM. Individual extracts are represented with a six-digit alphanumeric sequence on the node and the extract is placed on the
map.

B RESULTS AND DISCUSSION

Visualization techniques such as principal component analysis
(PCA), or the Kohonen self-organizing map (SOM) can
project high-dimensional datasets onto low-dimensional space

assay campaigns involving the use of crude natural product
extracts. While there are correlation-based tools available to

examine the NCI-60 biological response pattern that has been

previously published (such as COMPARE® and CellMiner’),
pairwise comparisons of large datasets generally require
secondary or tertiary steps to visualize meaningful relation-
ships. Here, we present the development of a tool that can
visualize all the NCI-60 dose—response profiles for the natural
product samples in one easy-to-use bioinformatic resource.
The utility of this system to help prioritize natural product

chemistry efforts on active extracts is also demonstrated.
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and have become commonly used tools for the analysis of
chemical and biological data.*” As we were interested in
depicting the similarities between a large number of NCI-60
dose responses, and artificial neural network methods are
ideally suited to such data sets, we chose a SOM visualization
technique to analyze the data.'” A SOM is an unsupervised
artificial neural network data mining tool that has shown
extensive use for clustering, organization, and visualization of
complex datasets.'”"" The basic concept of the SOM
architecture with simplified dose—response curves is shown

https://doi.org/10.1021/acsomega.2c07416
ACS Omega 2023, 8, 9250—-9256
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Figure 3. Taonura sp. work summary showing the location of the extracts on the map, NCI-60 data of the crude extract, as well as the structure and

NCI-60 activity of the active principles.

in Figure 1A. The SOM algorithm arranges data in a
topologically ordered fashion, where similar input vectors
(e.g, dose—response profiles), are mapped together to form
representative nodes. The map in Figure 1A is composed of
nine nodes that define the basic map topology shown by
different codebook vectors, which are depicted as averages of
the underlying data, with new query dose—response or input
vectors placed in a representative, closest matched node on the
trained SOM.

For the NCI-60 SOM, all data preparation and SOM
construction were done using the Kohonen package for R."”
Dose—response data of natural product extracts and natural
product pure compounds tested in the NCI-60 growth
inhibition (GI) assay were selected from 1989 until 201S.
To reduce the proportion of low information data and focus
the SOM on samples with the most differential data points,
only extracts with more than 3 cell lines that reached a level of
ICys at 10 ug/mL (inhibition of the growth of at least 3 cancer
cell lines by 75%) were included in the training set. This had
the effect of omitting marginally active profiles or those that
had the response limited to the highest dose and concentrating
the SOM on those extracts that had the highest level of
actionable cytotoxicity. The resulting “active SOM” dataset
reduced the total number of extract experiments plotted from a
little over 25,000, to approximately 11,000 (For examples of
dose responses that were selected and omitted from the set, see
Supporting Information SI Figure S1). A random selection of
the resulting 6000 NCI-60 five dose datasets was then mapped
to the untrained lattice and the codebook vectors were
exported. The final SOM depicted in Figure 1B maps the data
set to a hexagonal grid of 33 X 19 nodes with an average
occupancy of 10 extracts per node. Node sizes were correlated
to the number of input vectors assigned (i.e., smaller hexagons
have less data). Map coloring was further correlated with the
average calculated distance of a node to its surrounding
neighbors with nodes depicted in red having bioactivity
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patterns most similar and those in yellow and blue the least
similar to their nearest neighboring nodes of bioactivity. The
map was organized such that broadly cytotoxic extracts are on
the upper left corner of the SOM, with a decrease in lethal
response from top to bottom. Potency was also used as a
descriptor with nodes showing a decrease in activity toward the
right side of the map. Representative examples taken from
selected map regions are shown in SI Figure S2. In total, the
SOM contained NCI-60 five-dose information on 5041 marine
invertebrate extracts, 4570 plant extracts, and 2592 microbial
extracts, representing 2427 genera. This integrated platform
enabled us to visualize and examine taxonomic, geographic,
chemical, and NCI-60 dose—response similarity relationships
between different extracts, thereby introducing a more
comprehensive approach for the prioritization of lead projects
from NCI-60 data.

The ability to parse diverse datasets accrued from various
source organisms in taxonomic, biological, and even chemical
contexts makes the NCI-60 SOM a very powerful tool for
oversight of large screening datasets and project prioritization.
In Figure 2A, we show the distribution of all plant-sourced
extracts on the SOM which covers 80% of the map (i.e., 491 of
the 627 total nodes of biological response on the map). Similar
visualizations of other source phyla are also possible, for
marine invertebrate and microbial-sourced extract coverage on
the SOM, see SI Figures SI3 and SI4, respectively. The analysis
can be further annotated with the integration of knowledge of
chemical structure known to be responsible for a particular
NCI-60 cell response. The utility of this approach is shown by
the clustering of plant extracts which we have determined in
various screening campaignsm’14 possess a biological signature
in the NCI-60 panel that is diagnostic of cardiac glycosides
(Figure 2B). Also indicated on the SOM are the nodes where
three prototypal cardiac glycoside NCI-60 profiles, namely
digitoxin (NSC 7529), neriifolin (NSC 123976), and f-k-
strophanthin (NSC 44320), are found, with the three

https://doi.org/10.1021/acsomega.2c07416
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Figure 4. G5, mean graph SOM. (A) General topology of the SOM showing data mapped to a hexagonal grid of S0 X 40 nodes with an average
occupancy of 10 extracts per node. Node sizes were correlated to the number of input vectors assigned with smaller nodes containing less data and
map coloring was correlated with the average calculated distance of a node to its surrounding neighbors, with nodes depicted in red being the most
similar and yellow the least similar to their nearest neighbors. (B—J) Gls, mean graph SOM shows an emphasis on the nodes that show sensitivity
to the breast cancer panel in (B), central nervous system cancer panel in (C), colon cancer panel in (D), leukemia cancer panel in (E), melanoma
cancer panel in (F), nonsmall cell lung cancer panel in (G), ovarian cancer panel in (H), prostate cancer panel in (I), and renal cancer panel in (J).
The sensitivity of cell lines was defined as 1 log dilution less than the median GIj,.

compounds positioned separately on the SOM because of
differences in potency. Cardiac glycosides are known to be
produced across the plant family Apocynaceae,"” and when the
map is queried against all samples from this family with NCI-
60 data (Figure 2C), many of the extracts cluster in the same
regions as shown in 2B. Here, we demonstrate that the main
driver for the NCI-60 activity of the Apocynaceae are the
cardiac glycosides—a very potent group of compounds that are
common natural products found across this plant family.

When members of the same closely related taxonomic
groups do not always produce identical or even similar natural
products, and their biological activity profile in the NCI-60
assay is different, the SOM can be used to differentiate them. A
clear example is found from two extracts of Taonura sp.
sponges (extract NSC numbers C19265 and C17835), which
were found separated along the y-axis of the SOM by 18 nodes
(Figure 3). Interestingly, the samples were collected in the
same geographic region, and photographs taken at the time of
collection show a similar appearance and habitat for both
organisms (see SI Figures SS and $6). NCI-60 bioassay-guided
isolation determined the active principle of Taonura sp.
C1926S extract to be the triterpene heteronemin,'® while the
active principle of the C17835 extract was the macrolide
latrunculin A."” The identified compounds displayed very
different NCI-60 profiles, heteronemin being a potent
cytotoxin and latrunculin A having a largely cytostatic profile
across most of the NCI-60 cell lines. Here, although the
extracts were from the same genus of sponge, collected in the
vicinity of each other, their placement on the SOM indicated a
different response profile, and the active principles sub-
sequently isolated and identified were chemically distinct.

A second version of an NCI-60 SOM based on the
calculated Glsy values derived from S-dose experiments was
also developed. Envisioned as a complement to COMPARE’
analysis, the interface provides the ability to refine searches by
various parameters such as a cancer panel or a particular cell
line within the NCI-60 cell lines. Similar to the COMPARE
algorithm, this analysis uses calculated thresholds rather than
normalized responses: specifically, the concentration (in pg/
mL) at 50% growth inhibition for vector input. An example of
the outcome of this process is shown in Figure 4 where we
have re-parsed the SOM to highlight data from the nine
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different NCI-60 panels. By concentrating on a select panel or
a cell line, we can find biological activity nodes that coincide
with taxa or compounds that have been reported to contain
natural products with selective cytotoxic activity against, for
example, breast cancer. In SI Figure S7, we show select
examples of dose responses that show selectivity against some
of the cell lines in the breast cancer panel and their placement
on the GI;y mean graph SOM. This type of cell- and panel-
specific data parsing can aid the analysis of new NCI-60 data to
enable more efficient chemistry efforts on cancer-type-specific
natural products.

In addition to mapping the activity of crude extracts derived
from plant, marine invertebrate, and microbial sources, the
SOM can also be parsed for pure compounds. In Figure S,

> eoen

Figure S. Placement of 1302 dose—response profiles of pure natural
products on the SOM. Highlighted nodes contain at least one pure
compound dose—response, while the opaque nodes contain only
natural product extract dose—response profiles.

SOM nodes containing one or more pure natural product S-
dose experiments are highlighted, while the opaque nodes
represent parts of the map where only natural product extract
dose—response profiles are present. Approximately 25% of the
NCI-60 dose—response profiles on the SOM are not currently
annotated with a chemical structure, indicating that there
remains work to do to fully chemically annotate the NCI-60
SOM. While useful for guiding current projects, these opaque
nodes represent potential areas of underexplored “biological
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space” with yet unassigned chemical annotation and potential
leads for future projects using NCI-60-guided activity isolation.

B CONCLUSIONS

Large natural product collections represent an abundance of
chemical diversity with drug discovery potential. However, all
their biological, analytical, and chemical data are challenging to
annotate. Here, we used NCI-60 cell line screen results, a
content-rich dataset on one of the largest collections of natural
product samples, and developed a neural network-based
bioinformatics platform for data analysis, visualization, and
project prioritization. Examples shown were focused on
relationships of NCI-60 dose—response profiles and the
taxonomy and chemistry of the extracts. Using the NCI-60
SOM, we were able to demonstrate taxonomic, chemical, and
NCI-60 phenotypic relationships between different extracts,
thereby introducing a new approach for the prioritization of
lead projects from the NCI-60 data to improve the efficiency of
natural products chemistry efforts. When the SOM was further
extended to try to deduce, a priori, mechanism of action, it was
determined that, except in a few limited examples, a greater
amount of annotation on the specific genetic and expression-
level features of the cancer cell lines was likely necessary. We
have recently used a higher level of cell-line annotation to look
at the activity of pure natural products in the NCI-60 assay.'®
In the future, we hope to extend this more advanced approach
to predict specific genetic signature features that correlate with
the activity of natural product mixtures to enable the discovery
of new natural products with selectivity for specific cell line
mutations or overexpression levels.

B METHODS

SOM Architecture. All data preparation and SOM
construction were done using the R statistical environment
with the Kohonen package.'’ Dose—response data of natural
product extracts and natural product pure compounds tested in
the NCI-60 growth inhibition (GI) assay were selected from
1989 until 2015. The data were formatted into a matrix of
15,942 sample experiments versus 300 cell line responses at
low to high doses. For preparation, all values above 100%
(growth beyond positive control) were set to 100. Raw data
were divided by 100 so that all values were between —1 and 1.
The ratio of map dimensions were calculated (based initially
on MATLAB’s SOM_TOPOL STRUCT() function): (1)
heuristic estimate of the number of nodes in the lattice, (2)
calculate covariance matrix of data set, and (3) use the ratio of
the two largest eigenvalues to return the estimated width and
height of the untrained map. The final map size was adjusted
from the initial estimate until the topographic error stabilized
to its approximate lowest value of 0.613, with a topological
error (average distance of best matching codebook vectors) of
1.74. The R script for the NCI-60 SOM assembly is given in
SL

General Experimental Procedures. General Experimen-
tal Procedures. Optical rotations were recorded on a Rudolph
Research Analytical Autopol IV polarimeter using a 0.25 dm
cell in the solvent indicated. NMR spectra were recorded at 25
°C on a 400 MHz Agilent Inova spectrometer equipped with a
5 mm OneNMR probe. The 'H and *C NMR chemical shifts
were referenced to the solvent peaks for CDCl; at oy 7.26 and
Oc 77.0. NMR FID processing and data interpretation was
done using MestReNova software, version 14.0. High-
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resolution mass spectra were recorded on an Agilent 6545
Accurate-Mass Q-TOF LC/MS system (1290 Infinity II)
equipped with a dual AJS ESI source. Preparative-scale HPLC
purification was performed with a Waters Prep LC system,
equipped with a Delta 600 pump and a 996-photodiode array
detector using the Phenomenex Kinetex Cg HPLC column [$
pum, 150 X 21.2 mm]. All solvents used for chromatography,
UV, and MS were HPLC grade, and the H,O was Millipore
Milli-Q PF filtered.

Taonura sp.—Collection, Extraction, and Isolation.
The sponge Taonura sp. was collected by SCUBA at a depth of
18 m in Tonga in 1997 under contract through Coral Reef
Research Foundation for the National Cancer Institute. The
specimen was taxonomically identified by Patricia Bergquist
and a voucher specimen (0CDNS5587) was deposited at the
Smithsonian Institution. The sponge (wet weight 214.18 g)
was extracted in water, followed by a MeOH/DCM overnight
soak according to the National Cancer Institute’s standard
marine extraction procedure detailed in McCloud' to give the
organic solvent extract C19265 (8.3 g). A portion of the
organic extract (250 mg) was prefractionated on Cg SPE (2 g)
eluting sequentially with: water/methanol (95:5) to yield 16.8
mg of fraction 1, water/methanol (80:20) to yield 10.9 mg of
fraction 2, water/methanol (60:40) to yield 4.3 mg of fraction
3, water/methanol (40:60) to yield 2.8 mg of fraction 4, water/
methanol (20:80) to yield 9.0 mg of fraction S, methanol to
yield 52.2 mg of fraction 6, and methanol/acetonitrile (50:50)
to yield 63.8 mg of fraction 7. A portion of combined fractions
S, 6, and 7 (m = 25.0 mg) were further purified on C;
preparative HPLC eluting with a steep gradient from water/
methanol (9:1) to methanol over 48 min. The conditions were
isocratic at water/methanol (9:1) for S min followed by a
gradient from water/methanol (9:1) to methanol over 35 min,
followed by isocratic methanol conditions over 8 min.
Collections were done in 1-minute increments starting from
time = 0 min. Fractions 41 to 44 combined yielded 11.6 mg of
heteronemin, (11.6% crude extract yield).

Heteronemin. Clear oil; chirooptical and NMR spectro-
scopic data in agreement to those previously reported;'
HRESIMS m/z [M + Nal]* 511.30277 (calcd for
C,oH,NaO,", $11.30301).

Taonura sp.—Collection, Extraction, and Isolation.
The sponge Taonura sp. was collected by SCUBA at a depth of
12 m in Tonga in 1997 under contract through Coral Reef
Research Foundation for the National Cancer Institute. The
specimen was taxonomically identified by Patricia Bergquist
and a voucher specimen (0CDNS502) was deposited at the
Smithsonian Institution. The sponge (wet weight 231.55 g)
was extracted in water, followed by a MeOH/DCM overnight
soak according to the NCI's standard marine extraction
procedure detailed in McCloud'® to give the organic solvent
extract C17835 (11.4 g). A portion of the organic extract (250
mg) was prefractionated on Cg SPE (2 g) eluting sequentially
with: water/methanol (95:5) to yield 9.6 mg of fraction 1,
water/methanol (80:20) to yield 15.0 mg of fraction 2, water/
methanol (60:40) to yield 23.3 mg of fraction 3, water/
methanol (40:60) to yield 8.5 mg of fraction 4, water/
methanol (20:80) to yield 8.6 mg of fraction S, methanol to
yield 50.5 mg of fraction 6, and methanol/acetonitrile (50:50)
to yield 83.2 mg of fraction 7. A portion of combined fractions
4, S, and 6 (m = 50.0 mg) were further purified on Cq
preparative HPLC eluting with a steep gradient from water/
methanol (9:1) to methanol over 48 min. The conditions were
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isocratic at water/methanol (9:1) for S min followed by a
gradient from water/methanol (9:1) to methanol over 35 min,
followed by isocratic methanol conditions over 8 min.
Collections were done in one-minute increments starting
from time = 0 min. Fractions 36 and 37 combined yielded 15.8
mg of latrunculin A (19.2% crude organic extract yield).

Latrunculin A. Clear oil; chirooptical and NMR spectro-
scopic data in agreement to those previously reported;'’
HRESIMS m/z [M + Nal]* 444.18182 (calcd for
C,,Hy NNaO,S*, 444.18151).
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