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Quantitative Structure-Activity Relationship (QSAR) modeling is a common computational
technique for predicting chemical toxicity, but a lack of new methodological innovations has
impeded QSAR performance on many tasks. We show that contemporary QSAR modeling
for predictive toxicology can be substantially improved by incorporating semantic graph
data aggregated from open-access public databases, and analyzing those data in the context
of graph neural networks (GNNs). Furthermore, we introspect the GNNs to demonstrate
how they can lead to more interpretable applications of QSAR, and use ablation analysis
to explore the contribution of different data elements to the final models’ performance.
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1. Introduction

Evaluating the toxicity of chemicals is an essential component of pharmaceutical and environ-
mental health research. Traditionally, the task of establishing toxicity has been accomplished
using n vivo models, where a model organism is exposed to a chemical of interest and ob-
served for toxic effects, or by performing epidemiological studies on human populations. Both
of these approaches are costly and time consuming,! and given the hundreds of thousands
of compounds of toxicological interest, innovative alternatives are needed to rapidly screen
chemicals. In recent decades, predictive toxicology and large-scale chemical screening efforts
have emerged to address this issue.?3

Quantitative Structure-Activity Relationship (QSAR) modeling is arguably the most
prevalent method for predicting in silico whether a chemical will cause a toxic response.*
Briefly, QSAR modeling involves collecting regularly structured quantitative descriptions of
molecular structures (known as fingerprints), and then fitting a statistical model (e.g., logis-
tic regression, random forest, etc.) to sets of chemicals where a toxic endpoint of interest is
already known.?% Since each data point used to train a model is itself the outcome of a single
experiment, QSAR is a meta-analysis approach that is complicated not only by the challenge
of capturing relevant structural features of chemicals, but also by errors, biases, and ambigu-
ities in the underlying experiments used to generate the training data. Consequently, QSAR
is often criticized for its disappointing performance on many tasks.”® The computational tox-
icology community has long acknowledged the need for new methodological innovations to

(©) 2021 The Authors. Open Access chapter published by World Scientific Publishing Company and
distributed under the terms of the Creative Commons Attribution Non-Commercial (CC BY-NC)
4.0 License.
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improve QSAR performance, but few have been effectively implemented.

In this study, we address these issues by augmenting the traditional QSAR approach with
multimodal graph data aggregated from several public data sources, and analyzing those data
in the context of a heterogeneous graph convolutional neural network (GCN) model. GCNs
are a relatively new class of models based on artificial neural networks that have performed in-
credibly well on many prediction tasks involving densely connected biomedical data, including
drug—drug interactions, protein function, and medical term semantic type prediction,? among
others. We evaluate the model on 52 assays and their accompanying chemical screening data
from the Tox21 dataset, and compare its performance to two rigorously defined traditional
QSAR models consisting of random forest and gradient boosting classifiers. Our results show
that the GNN strategy significantly outperforms traditional QSAR. We further refine our re-
sults by removing various components of the graph to explain the relative contributions of
different data sources to the GNNs’ increased performance. Finally, we discuss how GNNs
improve the interpretability of QSAR, and suggest future directions for this body of work.
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Fig. 1. Overview of the graph machine learning approach used in this study. We build a toxicology-
focused graph database (named ComptoxAl) using data aggregated from diverse public databases,
and extract a subgraph for QSAR analysis containing chemicals, assays, and genes. We then train
and evaluate a graph neural network that predicts whether or not a chemical activates specific
toxicology-focused assays from the Tox21 database.

2. Methods
2.1. Obtaining toxicology assay data

We used the Tox21 dataset?—a free resource provided by the US National Institutes of Health,
Food and Drug Administration, and Environmental Protection Agency—to obtain a set of
candidate assays for classification and establish ‘ground truth’ relationships between specific
chemicals and those assays. Each assay in the database includes experimental screening results
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describing the activity of the assay in response to specific chemicals of toxicological interest,
including pharmaceutical drugs, small molecule metabolites, environmental toxicants, and
others. We removed all chemical-assay measurements with inconclusive or ambiguous results,
as well as assays with very few (e.g., < 100) active chemicals.

2.2. Aggregating publicly available multimodal graph data

The graph data used in this study come from a new data resource for computational tox-
icology, named ComptoxAI*. ComptoxAl includes a large graph database containing many
entity and relationship types that pertain to translational mechanisms of toxicity, all of which
are sourced from third-party public databases (including PubChem, Drugbank, the US EPA’s
Computational Toxicology Dashboard, NCBI Gene, and many others). We extracted the sub-
graph from ComptoxAl’s graph database defined as all nodes representing chemicals, genes,
and toxicological assays, as well as the complete set of edges linking nodes of those types.

(assayTargetsGene)

(geneInteractsWithGene)

Fig. 2. Metagraph of the node types, node counts, and edge types in the heterogeneous graph. Dur-
ing implementation of the GNN, we also define corresponding inverse edges (e.g., assayTargetsGene
< geneTargetedByAssay) to facilitate the message-passing paradigm of the GNN.

The 3 entity types that comprise the nodes of the extracted subgraph are chemicals,
assays, and genes. We sourced the chemicals from the US EPA’s DSSTox database,'® and
further filtered them so that each one is equivalent to a distinct compound in PubChem.
We obtained genes from the NCBI Gene database,'' and assays from the Tox21 screening
repository as described above. To serve as node features for chemicals, we computed MACCS
chemical descriptor fingerprints? for all chemicals in the graph using their SMILES strings.
Each fingerprint is a bit-string of length 166, where each bit indicates presence or absence of
a specific chemical characteristic. These fingerprints are also used as predictive features in the
baseline (non-GNN) QSAR models, described below. We sourced all edges in the graph from
either the Hetionet database!® or from assay—chemical annotations in Tox21. A metagraph
describing the node and edge types in the subgraph is shown in Figure 2.

3The full graph database for ComptoxAl can be found at https://comptox.ai, and will be described
in a separate, upcoming publication.
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2.3. Heterogeneous graph neural network

We constructed a heterogeneous graph convolutional neural network (GCN) architecture!
for the graph ML experiments. Since our graph contains multiple entity types (chemicals,
genes, and assays)—each with possibly different sets of node features, and linked by multiple
semantically distinct edge types—our architecture extends the GCN model to learn separate
message passing functions for each edge type. Briefly, each layer of the network aggregates
signals from adjacent nodes in the graph, such that a greater number of layers results in signals
being aggregated from an increasingly wider radius around each node. The output of the
network can be thought of as encoded representations of nodes that incorporate information
from the other nodes in their local neighborhood. The GCN can also be thought of as a
generalization of convolutional neural networks (CNNs) used in computer vision—instead of
the convolutional operator aggregating signals from nearby pixels in an image, it aggregates
features from adjacent nodes in the graph.'®

In a heterogeneous graph, different node types represent different types of entities, each
represented within a semantically distinct feature space.'® Therefore, the process of aggregat-
ing information from adjacent nodes must take those nodes’ types into account. Additionally,
different edge types (e.g., (chemicalUpregulatesGene) and (chemicalDownregulatesGene)) con-
vey their own semantically distinct meanings, which can substantially effect the flow of infor-
mation through the network. To handle these two challenges, we learn separate aggregation
functions for each edge type in the graph, following the example proposed by Schlichtkrull et
al in R-GCNs (Relational Graph Convolutional Networks).!” Within the R-GCN paradigm,
the message passing process can be split into 3 sequential steps: (1.) collecting signals from
adjacent nodes using an appropriate edge type-specific message function ¢, (2.) combining
each of those incoming signals (across all edge types) via a reduce function p, and (3.) finally
updating the target node v by applying an update function . Training the network is roughly
equivalent to finding an appropriate parameterization of ¢ for each edge type.

A formal description of the GCN is given in Appendix A. We implemented all GCN code
in PyTorch using the DGL library for the Python programming language.

2.3.1. Node classification

Given the GCN architecture described above, we construct a heterogeneous graph where
chemicals are labeled according to whether they do (1) or do not (0) activate an assay of
interest. Although we remove the node representing the assay of interest”, all other Tox21
assays are included in the graph, and edges between chemicals and the other assays can
therefore be used to improve the inferential capacity of the model beyond those of the baseline
QSAR models, which only have access to chemical structure. Similarly, interactions involving
genes further increase the information available to the model. We use the MACCS fingerprints
as node features, while assay and gene nodes are initialized as 1-dimensional uniform random
values that are optimized during model training, eventually serving as scalar ‘embeddings’ that

PTo prevent information leakage, since conectivity to the assay would perfectly predict the node
labels.
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are roughly proportional to those nodes’ importance in the trained network. The procedure
we use for labeling the graph is shown in Algorithm 1.

Algorithm 1 Labeled heterogeneous graph construction for toxicity assay QSAR model.
Let G be a heterogeneous graph for QSAR, a € A be an assay of interest, and ¢(c) denote
an activity label for chemical ¢ € C w.r.t. assay a.
for each chemical ¢ € C do

if 3 an edge (¢, 7, a) s.t. the edge type of r is (chemicalHasActiveAssay) then
l(c) + 1
else if 3 an edge (c¢,r,a) s.t. the edge type of r is (chemicalHasInactiveAssay) then
L)« 0
else
{(c) + is undefined > No label available for node ¢
end if
end for
G: <+ G\a > Delete node a from the graph to prevent information leakage
return G

The resulting graph G% containing labeled chemicals is then used as input to the GCN,
which we train to predict the correct labels. We use an 80%/20% train/test split on the labeled
chemicals, optimize the GCN’s parameters using the Adam algorithm (a computationally
efficient variant of stochastic gradient descent suitable for sparse gradients),'® and compute
the error between predicted and true labels via cross entropy loss.

Additional details on the node classification approach are given in Appendix B.

2.4. Baseline QSAR classifiers

For comparison, we built 2 additional (non-NN) QSAR models that represent rigorously de-
fined benchmarks consistent with current practice in predictive toxicology: A random forest
classifier,!® and a gradient boosting classifier.?? Each model was trained on the aforementioned
MACCS fingerprints of chemicals computed from SMILES strings, with an 80%/20% train-
ing/testing split. We tuned 6 hyperparameters for each random forest model, and 5 for each
gradient boosting model, as described in Table S1. These were tuned using grid search, where
the optimal hyperparameter set is defined as the one that minimized binary cross entropy be-
tween predicted labels and true labels on the training data.

3. Results
3.1. GNN node classification performance vs. baseline QSAR models

Of the 68 total assays in the Tox21 database, we retained 52 for analysis in the QSAR experi-
ments. The remaining 16 assays were not used due to either a low number of active chemicals
or underrepresentation of screened chemicals in the ComptoxAl graph database. Additionally,
we discarded compound labels for chemicals with inconclusive or ambiguous screening results.
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As shown in Figure 3, the GNN model significantly outperforms both the random forest
(Wilcoxon signed-rank test p-value 2.3-107%) and gradient boosting (p-value 2.6-1073) models
in terms of area under the receiver operating characteristic curve (AUROC), with a mean
AUROC of 0.883 (compared to 0.834 for random forest and 0.851 for gradient boosting). This
is robust evidence that the GNN model tends to substantially outperform ‘traditional” QSAR
models. A notable characteristic of the GNN AUROC:s is that their distribution has a higher
variance than either the random forest or gradient boosting AUROCSs. Anecdotally, this may
be due to diminished sensitivity of the GNN model when trained on assays with few positive
examples—neural networks tend to struggle as data become more sparse, which seems to be
the case here. We also compared F1-score distributions between the 3 model types; however,
the differences between the 3 models are not statistically significant. The relatively low F1-
scores in the 3 model types is a result of the class imbalance in the QSAR toxicity assays—all
of the assays contain far more negative samples (assay is inactive) than positive samples (assay
is active), which results in any false negatives having a magnified impact on F1. The same
increased variance observed in GNN model AUROC:S is shown in the GNN F1-scores.

A p=2310+ _ P=26"10° 5 p=093 p=0.98
1.0
g
c 0.5
)
0
—
L
0.0
Random Gradient Graph‘neural Random Gradient Graph‘neural
forest boosting network forest boosting network

Fig. 3. Overall performance metrics of the 3 QSAR model types on each of the Tox21 assays—
a.) AUROC and b.) F1 score. The mean AUROC is significantly higher for the GNN model than for
either of the two baseline models. Differences in F1 scores are not statistically significant. The GNN
achieves poor F1 scores on assays with relatively few (e.g., < 100) “active” annotations in Tox21,
which is consistent with known performance of neural networks on data with sparse labels. p-values
correspond to Wilcoxon signed-rank tests on means, with a significance level of 0.05.

We performed further review of model performance on two selected assays of
interest: PXR agonism (labeled tox21-pxr-p1l in Tox21) and HepG2 cell viability
(tox21-rt-viability-hepg2-pl). We selected these assays because: (1.) Both are seman-
tically distinct from all other Tox21 assays (i.e., there are no other assays measuring pregnane
X activity or cell viability), and therefore we do not expect an information leak from other
highly correlated Tox21 assays present in the GNN, and (2.) both have a sufficient number of
positive chemicals such that their ROC curves attain high resolution at all values of the deci-
sion rule. Figure 4 shows that the GNN outperforms the random forest and gradient boosting
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models at virtually all discrimination thresholds in both cases. The high performance of the
GNN on HepG2 cell viability is especially noteworthy—cell viability is notoriously challeng-
ing to predict in chemical screening experiments. Many of the other 50 Tox21 assays showed
similar patterns in performance. All ROC plots are available in Supplemental Materials.
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Fig. 4. Receiver operating characteristic (ROC) curves for two selected Tox21 assays: a.) PXR
agonism (tox21-pxr-pl) and b.) HepG2 cell viability (tox21-rt-viability-hepg2-p1). In both
cases, the area under the curve (AUC) is significantly higher for the GNN model than either the
Random Forest or Gradient Boosting models. AUC values are given with 95% confidence intervals.

To verify that the improved performance of the GCN over the baseline QSAR models is
not solely due to the use of multilayer neural networks, we performed an additional analysis
of the cell viability assay using a multilayer perceptron (MLP) model. The MLP model never
achieved better than an AUROC of 0.76, which is comparable to the performance of the other
baseline models, yet still significantly less than the GCN’s AUROC of 0.85. Complete details
on the MLP analysis are available in Supplemental Materials.

3.2. Ablation analysis of graph components’ influence on the trained model

To better understand how the GNN model outperforms the random forest and gradient boost-
ing models, we performed an ablation analysis on the two previously mentioned assays—
pregnane X agonism and HepG2 cell viability. For both of the assays, we re-trained the model
after removing specific components from the GNN:

e All assay nodes.

e All gene nodes.

e MACCS fingerprints for chemical nodes (replacing them with dummy variables so the
structure of the network would remain the same).

ROC plots for these experiments are shown in Figure 5. For both assays, the full GNN
model performed best, although only modestly better (in terms of AUROC) than the versions
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without MACCS fingerprints or gene nodes. However, the performance of the GNN drops
substantially—barely better than guessing labels at random (i.e., AUROC = 0.5)—when assay
nodes are removed from the graph. In other words, much of the inferential capacity of the
GNN models is conferred by chemicals’ connections to assays other than the one for which
activity is being predicted. Similarly, MACCS fingerprints are not—on their own—enough for
the GNN to attain equal performance to the baseline QSAR models, which only use MACCS
fingerprints as predictive features. Therefore, although the GNN achieves significantly better
performance than the two baseline models, it is only able to do so with the added context of
network relationships between chemicals, assays, and (to a lesser degree) genes.
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Fig. 5. Receiver Operator Characteristic (ROC) curves for two selected Tox21 assays using different
configurations of the GNN model. ‘GNN - full’ is the complete model as described in §2.3.1. ‘GNN
- no structure’ omits the MACCS chemical descriptors and replaces them with node embeddings.
‘GNN - no gene’ omits gene nodes and their incident edges. ‘GNN - no assay’ removes all assay nodes
and incident edges, so predictions are made solely using chemicals, genes, the remaining edges, and
the MACCS fingerprints as chemical node features. AUC values include 95% confidence intervals.

4. Discussion
4.1. GNNs versus traditional ML for QSAR modeling

The toxicology community largely agrees that QSAR underperforms on many tasks, and that
new methodological advances are desperately needed. In this study, we demonstrate that
GNNss significantly outperform the current gold-standard techniques in the field. Aside from
the fact that neural networks can more easily adapt to nonlinear objectives than non-neural
network models,?! this is likely a natural consequence of incorporating biomedical knowledge
that goes beyond chemical structure characteristics. Gene interactions provide clues about
how chemicals influence metabolic and signaling pathways in vivo, and non-target assays (i.e.,
other assays in the graph aside from the one currently being predicted) may correlate with
activity of the target assay.
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4.2. Interpretability of GNNs in QSAR

Chemical fingerprints—such as MACCS, which we use in this study—provide a valuable ap-
proach to representing chemicals that is suitable for machine learning. However, models based
on fingerprints are challenging to interpret.”?? Although each field of a MACCS fingerprint
corresponds to meaningful chemical properties (such as whether the chemical contains mul-
tiple aromatic rings, or at least one nitrogen atom), the fingerprint is largely inscrutable in
QSAR applications, since biological activity is the result of many higher-order interactions
between the chemical of interest and biomolecules.

In this study, the knowledge representation-based heterogeneous graph data represent eas-
ily interpretable relationships between entity types that mediate toxic responses to chemicals.
Although not implemented in this particular study, a GNN architecture known as a graph
attention network explicitly highlights portions of a graph that are influential in predictions,
providing a logical next step for continuing this body of work on GNNs in QSAR modeling.
Other, simpler approaches also provide avenues for exploring interpretability, such as visual-
izing the edge weights for edges starting at assay nodes in the trained GNN. Often, the sheer
size of graphs make this approach intractable, but since our graph only contains 52 assays it is
relatively straightforward to inspect their weights. For example, the highest weighted assays
for the HepG2 cell viability prediction task are HepG2 Caspase-3/7 mediated cytotozicity and
NIH/3T8 Sonic hedgehog antagonism (a marker of developmental toxicity). The first of these
makes sense from an intuitive standpoint, as it measures toxic response in the same cell line
as the predicted assay. The second, on the other hand, does not have an immediately obvious
connection to the predicted assay, but may be linked to the fact that Shh antagonists can
induce apoptosis.?? Either way, it is easy to see that assay weights can be used to generate
specific hypotheses for future targeted studies of mechanisms that underlie toxicity.

We provide all assay weights for these two assays in Supplemental Materials.

4.3. Sources of bias and their effects on QSAR for toxicity prediction

Like any meta-analysis technique, QSAR is subject to multiple sources of bias that can be
introduced at several levels, not the least of which is in the original experiments used to
generate toxic activity annotations for training data samples. This was a greater issue his-
torically, when known activities for chemicals were compiled either from published scientific
journal article results or from reporting guidelines for in vivo experiments.?* Publication bias
caused negative activity annotations to be extremely incomplete, and techniques for imputing
negative annotations were inconsistent. Older QSAR studies often did not state the original
sources of their data, so verification and reproducibility of results are immensely challenging
(if not impossible).

Fortunately, modern large-scale screening efforts (including Tox21) were created to directly
address these and other issues.?> While our training data are still subject to batch effects, bias
in selecting assays and chemicals for screening, and other systematic and experimental errors
that are propagated along to the final QSAR model, we are relatively confident that pub-
lication bias, reporting bias, and other issues that plagued early QSAR studies have been
substantially decreased. Furthermore, our GNN approach to QSAR modeling may be more
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robust to these sources of bias than non-GNN approaches, because (a.) the graph incorporates
multiple levels of biological knowledge that can ‘fill in gaps’ left by incomplete or inaccurate
data at other levels and (b.) GNNs—and heterogeneous GNNs in particular—exhibit proper-
ties that make them inherently robust to noise.?%:2" In the future, we will continue to refine
novel predictions of the GNN by fusing electronic health record data via drug exposures to
chemicals in the graph, and assess whether predicted toxicity outcomes are observed in real-
world data.

5. Conclusions

In this study, we introduce a novel GNN-based approach to QSAR modeling for toxicity
prediction, and evaluate it on data from 52 assays to show that it significantly outperforms
existing methods. GNNs comprise an incredibly active emerging topic within artificial intelli-
gence research, and as one of the first GNN applications in computational toxicology we hope
that our results serve as a ‘jumping off point’ for a vast body of similar work. We plan to eval-
uate graph attention networks, new data modalities, and network regulization techniques in
the near future, and encourage contributions from the toxicology and informatics communities
at-large to improve predictive toxicology’s overall data ecosystem.

6. Supplemental Materials

All source code pertaining to this study is available on GitHub at https://github.com/
EpistasisLab/qgsar-gnn. A frozen copy of the code at the time of writing is available at
https://doi.org/10.5281/zenodo.5154055.

Supplemental tables and figures are available on FigShare at https://doi.org/10.6084/
m9.figshare.15094083.
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Appendix A. Graph convolutional network architecture

Our GCN implementation uses a message-passing paradigm that combines aspects of the
GraphSAGE?® and R-GCN!7 architectures. Let G = (V,&,R) be a heterogeneous graph con-
sisting of nodes v; € V, edges (v;,r,v;) € €, and a set of edge types r € R. Each edge is labeled
with exactly one edge type. All chemical nodes (represented below as hY) are represented by a
bit string of length 166 corresponding to its MACCS fingerprint, while all other nodes (assays
and genes) are represented by a single decimal-valued ‘embedding feature’ that is learned
during optimization. The magnitude of an assay or gene’s embedding is roughly equivalent
that node’s importance in the network, and can be introspected for model interpretation.
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Each layer of the network is defined as an edge-wise aggregation of adjacent nodes:

h =g (Z pien (W,Sl*”hgl*“ + Wél”hg”))) . (A.1)
rerR

where h! is the hidden representation of node i in layer I, NV'(i) is the set of immediate neighbors

of node i, and o is a nonlinear activation function (either softmax or leaky ReLLU, as explained

in Appendix B). p can be any differential ‘reducer’ function that combines messages passed

from incident edges of a single type; in the case of this study we use summation. Since our

graph contains relatively few edge types, regularization of the weight matrices W is not needed.

Appendix B. Node classification model

For classifying chemicals as active or inactive with regards to an assay of interest, we stack 2
GCN layers in the form given by (A.1), with a leaky ReLLU activation between the two layers
and softmax applied to the second layer’s output. Since we only classify chemical nodes, we
ignore outputs for all other node types (and for chemicals with undefined labels); labels are
generated via Algorithm 1 We train the network by minimizing binary cross-entropy between
the network’s softmax outputs and true activity values:

£=-3"¢r") mr? + 1 - en”)) (1 - n?). (B.1)
ey
where Y is the set of all labeled nodes, E(hgo)) is the true label of node i, and hZ@) is the final
layer output of node i.
The relatively shallow architecture of the network allows us to optimize the model using
the Adam algorithm applied to the entire training data set, but the model can be adapted to
mini-batch training when appropriate or necessary.

References

1. A. B. Raies and V. B. Bajic, In silico toxicology: computational methods for the prediction
of chemical toxicity, Wiley Interdisciplinary Reviews: Computational Molecular Science 6, 147
(2016).

2. R. R. Tice, C. P. Austin, R. J. Kavlock and J. R. Bucher, Improving the human hazard charac-
terization of chemicals: a tox21 update, Environmental health perspectives 121, 756 (2013).

3. A. Roncaglioni, A. A. Toropov, A. P. Toropova and E. Benfenati, In silico methods to predict
drug toxicity, Current opinion in pharmacology 13, 802 (2013).

4. A. Z. Dudek, T. Arodz and J. Gélvez, Computational methods in developing quantitative
structure-activity relationships (qsar): a review, Combinatorial chemistry € high throughput
screening 9, 213 (2006).

5. A. Tropsha, Best practices for gsar model development, validation, and exploitation, Molecular
informatics 29, 476 (2010).

6. C. Hansch and T. Fujita, p-o-7 analysis. a method for the correlation of biological activity and
chemical structure, Journal of the American Chemical Society 86, 1616 (1964).

7. A. Cherkasov, E. N. Muratov, D. Fourches, A. Varnek, I. I. Baskin, M. Cronin, J. Dearden,
P. Gramatica, Y. C. Martin, R. Todeschini et al., Qsar modeling: where have you been? where
are you going to?, Journal of medicinal chemistry 57, 4977 (2014).

8. G. M. Maggiora, On outliers and activity cliffs why gsar often disappoints (2006).

197



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

28.

Pacific Symposium on Biocomputing 27:187-198(2022)

X. Yue, Z. Wang, J. Huang, S. Parthasarathy, S. Moosavinasab, Y. Huang, S. M. Lin, W. Zhang,
P. Zhang and H. Sun, Graph embedding on biomedical networks: methods, applications and
evaluations, Bioinformatics 36, 1241 (2020).

A. J. Williams, C. M. Grulke, J. Edwards, A. D. McEachran, K. Mansouri, N. C. Baker,
G. Patlewicz, I. Shah, J. F. Wambaugh, R. S. Judson et al., The comptox chemistry dash-
board: a community data resource for environmental chemistry, Journal of cheminformatics 9,
1 (2017).

G. R. Brown, V. Hem, K. S. Katz, M. Ovetsky, C. Wallin, O. Ermolaeva, 1. Tolstoy, T. Tatusova,
K. D. Pruitt, D. R. Maglott et al., Gene: a gene-centered information resource at ncbi, Nucleic
acids research 43, D36 (2015).

J. L. Durant, B. A. Leland, D. R. Henry and J. G. Nourse, Reoptimization of mdl keys for use
in drug discovery, Journal of chemical information and computer sciences 42, 1273 (2002).

D. S. Himmelstein, A. Lizee, C. Hessler, L. Brueggeman, S. L. Chen, D. Hadley, A. Green,
P. Khankhanian and S. E. Baranzini, Systematic integration of biomedical knowledge prioritizes
drugs for repurposing, Elife 6, p. 26726 (2017).

T. N. Kipf and M. Welling, Semi-supervised classification with graph convolutional networks,
arXiv preprint arXiv:1609.02907 (2016).

Z.-M. Chen, X.-S. Wei, P. Wang and Y. Guo, Multi-label image recognition with graph convo-
lutional networks, 5177 (2019).

C. Zhang, D. Song, C. Huang, A. Swami and N. V. Chawla, Heterogeneous graph neural network,
793 (2019).

M. Schlichtkrull, T. N. Kipf, P. Bloem, R. Van Den Berg, I. Titov and M. Welling, Modeling
relational data with graph convolutional networks, 593 (2018).

D. P. Kingma and J. Ba, Adam: A method for stochastic optimization, arXiv preprint
arXiv:1412.6980 (2014).

V. Svetnik, A. Liaw, C. Tong, J. C. Culberson, R. P. Sheridan and B. P. Feuston, Random forest:
a classification and regression tool for compound classification and gsar modeling, Journal of
chemical information and computer sciences 43, 1947 (2003).

R. P. Sheridan, W. M. Wang, A. Liaw, J. Ma and E. M. Gifford, Extreme gradient boosting as
a method for quantitative structure—activity relationships, Journal of chemical information and
modeling 56, 2353 (2016).

K. Hornik, M. Stinchcombe and H. White, Multilayer feedforward networks are universal ap-
proximators, Neural networks 2, 359 (1989).

M. Matveieva and P. Polishchuk, Benchmarks for interpretation of gsar models, Journal of
cheminformatics 13, 1 (2021).

C. Wu, S. Hu, J. Cheng, G. Wang and K. Tao, Smoothened antagonist gdc-0449 (vismodegib) in-
hibits proliferation and triggers apoptosis in colon cancer cell lines, Fxperimental and therapeutic
medicine 13, 2529 (2017).

M. T. Cronin, A.-N. Richarz and T. W. Schultz, Identification and description of the uncertainty,
variability, bias and influence in quantitative structure-activity relationships (gsars) for toxicity
prediction, Regulatory Tozicology and Pharmacology 106, 90 (2019).

B. K. Shoichet, Virtual screening of chemical libraries, Nature 432, 862 (2004).

Y. Xie, H. Xu, J. Li, C. Yang and K. Gao, Heterogeneous graph neural networks for noisy
few-shot relation classification, Knowledge-Based Systems 194, p. 105548 (2020).

H. Nt and T. Maehara, Revisiting graph neural networks: All we have is low-pass filters, arXiv
preprint arXiv:1905.09550 (2019).

W. L. Hamilton, R. Ying and J. Leskovec, Inductive representation learning on large graphs,
1025 (2017).

198





