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Abstract

Motivation: Adverse drug reactions (ADRs) are a major issue in drug development and clinical pharmacology. As
most ADRs are caused by unintended activity at off-targets of drugs, the identification of drug targets responsible
for ADRs becomes a key process for resolving ADRs. Recently, with the increase in the number of ADR-related data
sources, several computational methodologies have been proposed to analyze ADR-protein relations. However, the
identification of ADR-related proteins on a large scale with high reliability remains an important challenge.

Results: In this article, we suggest a computational approach, Large-scale ADR-related Proteins Identification with
Network Embedding (LAPINE). LAPINE combines a novel concept called single-target compound with a network
embedding technique to enable large-scale prediction of ADR-related proteins for any proteins in the protein—protein
interaction network. Analysis of benchmark datasets confirms the need to expand the scope of potential ADR-
related proteins to be analyzed, as well as LAPINE’s capability for high recovery of known ADR-related proteins.
Moreover, LAPINE provides more reliable predictions for ADR-related proteins (Value-added positive predictive val-
ue=0.12), compared to a previously proposed method (P < 0.001). Furthermore, two case studies show that most
predictive proteins related to ADRs in LAPINE are supported by literature evidence. Overall, LAPINE can provide reli-
able insights into the relationship between ADRs and proteomes to understand the mechanism of ADRs leading to
their prevention.

Availability and implementation: The source code is available at GitHub (https:/github.com/rupinas/LAPINE) and
Figshare (https://figshare.com/articles/software/LAPINE/21750245) to facilitate its use.

Contact: dhlee@kaist.ac.kr

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction It is widely accepted that there are two types of ADRs; one refers

to uncommon and idiosyncratic responses that cannot be predicted

Adverse Drug Reactions (ADRs) are defined as unintended harmful
from known pharmacology, and the other to predictable responses

or unpleasant reactions caused by drug intervention (Coleman and

Pontefract, 2016). Some serious ADRs are enough to result in life-
threatening events or even death. ADRs impose a significant public
health concern, contributing to over 100 000 deaths per year in the
U.S (Ernst and Grizzle, 2001). Also, serious ADRs such as liver and
kidney failures lead to drug withdrawals from the market (Qureshi
et al., 2011). Still, the prevention of ADRs is difficult due to an in-
complete understanding of ADRs, which leads to an increase in the
cost of drug development and the failure rates during clinical trials
(Waring et al., 2015). Therefore, complete and accurate information
on drug ADRs is required to improve drug safety for patients and to
reduce risks for pharmaceutical companies.

©The Author(s) 2022. Published by Oxford University Press.

caused by on-target or off-target interactions between drugs and
proteins (Garon et al., 2017; Pirmohamed et al., 1998). Therefore,
most previous studies on the subject of ADRs aim to mitigate the lat-
ter. From the early stages of drug discovery, pharmaceuticals have
screened drug candidates binding against a panel of safety targets to
anticipate possible ADRs (Bowes ef al., 2012; Whitebread et al.,
2005). However, these in vitro experimental tests for drug-target
interactions are expensive, labor-intensive and time-consuming.
Hence, in silico models such as molecular docking simulations or
structure-activity relationship approaches have been proposed to
calculate the binding affinity between drug and protein to predict
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the drug-target-ADR relationships (Wallach et al., 2010; Yang
et al., 2009, 2011). Even then, these methods are available only to a
few proteins with known three-dimensional structures.

To broaden the scope of the investigation to include more pro-
teins, systematic methods were suggested to predict ADR-related
drug targets. Some studies identified significantly correlated drug
targets to ADR by combining drug-target interaction data and
drug-ADR relation data (Kuhn et al., 2013; Smit et al., 2021).
These methods successfully increased the number of proteins consid-
ered for relation with ADRs compared to previous structure-based
methods. However, these methods were heavily dependent on the
drug-target interaction data, such that proteins without known
interaction with drugs were out of scope. Another study suggested
an algorithm to infer potential ADR—protein relations based on an
integrated network with protein—protein interactions, ADR-ADR
similarities and ADR-protein relations (Chen et al., 2016b).
Although this large-scale prediction algorithm could consider all tar-
getable proteins, there was still room for improvement in prediction
accuracy due to the lack of information about the known ADR-
related proteins which is the key of the algorithm. Furthermore,
with the increase in the number of studies about ADRs, databases
containing relations between proteins and potential ADRs were
built by integrating information from ADR-related public databases
and literature mining (Galletti ef al., 2021; Huang et al., 2018).
Despite their efforts, relations reported by these databases contain
only a limited extent of ADRs and proteins.

To overcome the limitations of previous studies, we have focused
on the recent advances in various techniques developed to embed
biological information, especially network embedding techniques.
Network embedding learns a low-dimensional representation for
each node in the network without manual feature selection. By pro-
jecting every node in the given network with preserving the struc-
tural information, network embedding allows for the extraction of
latent features of nodes. These features can be applied to many tasks
related to networks, such as link prediction, community detection
and node classification (Hamilton et al., 2017). Also, network
embedding techniques have been utilized for biomedical challenges
such as predicting drug—drug interactions (Zhang et al., 2018), pro-
tein—protein interactions (Wang et al., 2017), drug-target interac-
tions (Mohamed et al., 2019), drug-disease associations (Zhou
et al., 2020) and disease similarity (Li e al., 2021). So, through
many previous studies, it has been shown that network embedding
techniques can successfully extract node features from various bio-
logical networks.

In this article, we suggest a computational approach, Large-scale
ADR-related Proteins Identification with Network Embedding
(LAPINE) that adopts the network embedding technique to develop
a novel method to achieve large-scale prediction of ADR-related
proteins (Fig. 1). One of the major challenges in predicting ADR-
related proteins is that the number of known protein-ADR relations
(2055 pairs in our benchmark dataset), available to train a predict-
ive model, is very small compared to all possible relations to be pre-
dicted. The number of known ADR-related drugs, on the other
hand, is relatively larger [139 756 pairs in the SIDER Database
(Kuhn et al., 2016)] and hence the accuracy of the model predicting
drug-ADR relations is expected to be higher. Since each drug

functions through its target proteins, we can thus try to transfer the
relatively richer information from drug—ADR relations to protein-
ADR relations, in order to overcome the limitations of the previous
methods. However, it would not make sense to simply use embed-
ding for proteins as the input for the drug~ADR models. We, there-
fore, introduced a novel concept called single-target compounds
(STCs). An STC is a fictitious compound that has only one specific
target protein, and likewise, each target protein has a corresponding
STC. Then, we can assume that the biological effects of a given STC
are entirely derived by perturbation started from its respective target
protein. Therefore, if we can predict the likelihood that an STC
causes ADRs, we can interpret it as the significance of the relation
between the target protein of the STC and ADRs.

To this end, we constructed the integrated network containing
drug-target interactions, protein—protein interactions and STC-
protein interactions. Through the network embedding, we obtained
low-dimensional representations of nodes for drugs and STCs in the
integrated network. Then we trained logistic regression classifiers to
predict the ADRs of the drugs by using low-dimensional representa-
tions of drugs as an input feature vector. Finally, the trained classi-
fier was used to calculate the ADR probability of STCs, which can
be interpreted as the score of the relation between ADR and a target
protein of an STC. With LAPINE, we achieved ADR-related protein
prediction on a larger scale than with previous approaches
(Supplementary Table S5). Also, we illustrated that previously
reported ADR-protein relations resulted in high scores and that
drugs that bind to high-scoring ADR-related proteins exhibited
ADRs more frequently compared to a previous study. Furthermore,
additional literature investigation confirmed the reliability of the
predicted ADR-protein relations.

2 Materials and methods

2.1 Collection of known ADR-protein relations as

benchmark datasets

We collected a benchmark dataset of ADR—protein relations from
three different previous studies. Kuhn ez al. (2013) extracted over
200 ADR-target protein relations from PubMed’s abstract through
manual curation, and Smit et al. (2021) collected and organized
relations from three other papers about the drug-safety target.
ADReCS-Target (Huang et al., 2018) is a public database that pro-
vides information about ADRs caused by interaction between drugs
and proteins, manually curated from the MEDLINE database. ADR
terms are mapped to Preferred Terms (PTs) suggested by Medical
Dictionary for Regulatory Activities Terminology (MedDRA)
(Brown et al., 2012), and proteins are mapped to Ensembl protein
ID. Finally, we collected 218 ADR-protein relations from (Kuhn
et al., 2013), 964 from (Smit et al., 2021) and 905 from the
ADReCS-Target.

2.2 Collection of protein—-drug, protein—protein

interactions and drug—ADR relations
We obtained protein—protein interaction data from STRING
(Szklarczyk et al., 2021), a database with an extensive collection of
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known and predicted physical or functional associations between
proteins. Also, we obtained drug-protein interaction data from
STITCH (Szklarczyk et al., 2016), which integrated information
about interactions between chemicals and proteins extracted from
metabolic pathways, experimental results and other databases. For
both STRING and STITCH databases, we only considered interac-
tions that had been experimentally verified or extracted from other
public databases. Also, as both databases assigned confidence scores
(0-1000) to each interaction according to the evidence, we set a
threshold value of 700 for the confidence score, as recommended by
the authors as a ‘high confidence score’. This value was also demon-
strated by achieving the highest Pearson correlation coefficient be-
tween ADR similarity and target similarity of drug pairs
(Supplementary Fig. S1). As a result, we extracted 702 834 protein—
protein interactions between 13 633 proteins and 32 964 drug—pro-
tein interactions between 1136 drugs and 6952 proteins.

We obtained drug—ADR relations from the SIDER database
(Kuhn et al., 2016) which contains information on marketed drugs
and their ADRs extracted from public documents and medical pre-
scribes. The ADR terms in SIDER are mapped to MedDRA
Preferred Terms. Drugs that have no target proteins in the STITCH
database were excluded from our analysis. Hence, ADRs not related
to the rest of the drugs were also excluded from the analysis. To
summarize, the LAPINE utilized 1103 drugs and 4085 ADRs.

2.3 Construction of the integrated network of drug,
protein and STC

The integrated network was constructed by combining protein—pro-
tein interactions and drug—protein interactions. In particular, drug—
protein interactions were parsed to include only those between drugs
with at least one ADR and proteins that are present in the PPI net-
work. The directions for the edges were determined to take into ac-
count the characteristics of each biological interaction. Hence,
drug-protein interactions were converted into directed edges from
drug to protein, while protein—protein interactions were converted
into bidirectional edges in the integrated network. For all proteins in
the network, one STC targeting the corresponding protein was
added to the network. Interactions between STCs and proteins were
also converted into directed edges from STC to protein. The final
integrated network consists of 1103 drugs, 13 633 proteins and 13
633 STCs with 1 444 902 directed edges between them.

2.4 Network embedding of the integrated network

We used node2vec in embedding the integrated network to obtain
low-dimensional representations of drugs and STCs in the same
embedding space. The node2vec (Grover and Leskovec, 2016) is a
flexible network embedding model which learns representations of
nodes based on sequences of nodes sampled through random walks.
Given the assumption that nearby nodes in the random walk se-
quence are neighbors, node2vec learns a low-dimensional vector
representation of each node that maximizes the likelihood of pre-
serving the node’s neighbors in the network. In the following ADR
prediction process, we confirmed the suitability of node2vec for our
study compared to four other embedding methods (Cao ef al., 2015;
Kipf and Welling, 20165 Ou et al., 2016; Tang et al., 2015) which
showed high performance in the node classification task reviewed
by Yue et al. (2020) (Supplementary Fig. S2).

The integrated network used for embedding was considered
directed and weightless according to the previously described prop-
erties. The hyperparameters p and g that determine the characteris-
tics of the biased random walk in node2vec were optimized with
values that maximize the performance of the subsequent ADRs pre-
diction model (Supplementary Table S1). Other hyperparameters of
node2vec were set to values as recommended by a previous study
(Yue et al., 2020).

2.5 Learning the ADR prediction model and prioritizing

ADR-related proteins

Predicting multiple ADRs for a drug is generally considered a multi-
label classification task. For our research, we transformed this into
a set of independent binary classification tasks, each with logistic
regression classifiers based on the binary relevance method
(Tsoumakas er al., 2006). Logistic regression classifiers were
trained for each ADR with the low-dimensional representation of
drugs from network embedding as the input. So we trained the
identical number of classifiers for all 4085 ADRs. The drug-ADR
relations extracted from SIDER were used as a training set for
learning. After the training was completed, relations between each
STC and ADRs were predicted by applying the model to the low-
dimensional representation of the STC. The predicted STC-ADR re-
lation score then can be interpreted as a relation score between the
target protein of the STC and the ADR. Hence, ranks of the scores
of all proteins for the ADR is used to prioritize the proteins related
to the ADR.

To compare embedding algorithms and optimize hyperpara-
meters for the classifier, we trained the ADR prediction model using
10-fold cross-validation. The SIDER dataset is split into 10 sets, in
each fold one set is used as test data and the other set is used as
training data. To enable 10-fold cross-validation, ADRs with less
than 10 drugs were excluded. We measured the area under the ROC
curve (AUROC) and the average precision (AP) for each ADR and
averaged them to evaluate the performance of the model. The AP,
which summarizes a precision-recall curve, was calculated as the
weighted mean of precisions achieved at each threshold (Pedregosa
et al., 2011). In both metrics, higher values indicate better
performance.

By comparing the distribution of performances, we selected
node2vec as the best embedding method and set the regularization
coefficient of the logistic regression to 0.1 (Supplementary Figs S2
and S3, Supplementary Table S1). All other parameters of logistic re-
gression were set to default as recommended by the Scikit-Learn
Python package (Pedregosa et al., 2011). After these processes, we
used all drug—ADR relations in the SIDER dataset to train the final
model using optimized settings.

2.6 Comparison of ADR-protein relation prediction

performance with other methods

We evaluated the prediction performance of LAPINE in compari-
son to those of previously suggested ADR-protein relation predic-
tion models on the carefully constructed test dataset. Since the
scope of each previous study is quite different, from the benchmark
protein-ADR datasets, the positive samples were selected from
ADRs that are common to LAPINE and previous methods. The
negative samples however are not available from the such dataset,
as we cannot state for certain that there is no relation between
given pairs of ADRs and proteins. Thus, we considered non-
positive samples among the relations between proteins and ADRs
included in the benchmark dataset as negative samples for training
models. Finally, we constructed a balanced test set by sampling ran-
domly from the negative samples to the same number of positive
samples. And the distribution of prediction performance for each
test set was reported by repeating negative sampling 1000 times.
Performance was calculated with AUROC and AP, as described in
the previous section.

2.7 Quantitative evaluation of predicted proteins using

drug-ADR relations and drug-target interactions

For each predicted protein, the significance of relations with each
ADR can be inferred by calculating how many drugs that target the
protein cause the ADR. In other words, for each ADR-protein pair,
we can construct a confusion matrix that organizes the drugs into
different categories, assuming the protein as a predictor of ADR and
the ADR as the target event (Supplementary Fig. S4). With this ma-
trix, we used two widely used indicators, positive predictive value
(PPV) and likelihood ratio (LR) to evaluate the reliability of the
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predicted ADR—protein relations (Grimes and Schulz, 2005; Kuhn
and Johnson, 2013).

PPV is the ratio of drugs showing ADR among drugs targeting
the protein [PPV = TP/(TP + FP)]. Therefore, it can be considered
that the ADR-protein relation with high PPV has high reliability
(Smit er al., 2021). However, the absolute value of PPV is severely
affected by the overall prevalence of ADR. Therefore, to evaluate all
ADRs with the same criteria, value-added PPV(VAPPV) (Coulthard,
2007), which is the value obtained by subtracting prevalence from
PPV, was used as an evaluation index for the ADR~protein relation.
LR is the calculation of how many times more likely an ADR-
related drug binds to a target protein compared to other drugs [LR
= TPx(FP 4+ TN)/FPx (TP + FN)]. So, LR indicates how useful the
target protein is in predicting the ADR of the drug (Grimes and
Schulz, 2005). So, for quantitative evaluation of predictions from
LAPINE, we calculated the VAPPV and LR of the top 50 predictive
proteins according to their relation scores. But ADR—protein rela-
tions consisting of less than five drug-related proteins or less than
five drug-related ADRs were excluded for statistical significance
(Kuhn et al., 2013).

2.8 Literature investigation and gene set enrichment

analysis on the predicted proteins

In order to validate whether predicted proteins from LAPINE are in-
deed related to a given ADR, we searched for evidence by querying
the related keywords in PubMed. This literature investigation pro-
cess was done at two different depths. First, relations between an
ADR and each of the top 10 predictive proteins were searched to-
gether to find the previously published research that indicated their
relations. Each pair in which the relation can be attributed to direct
causation was separately specified. Then, the same process was
repeated at a different depth, with the top 10 KEGG pathways that
were enriched by the top 50 predictive proteins. The enrichment test
was performed via the Enrichr (Kuleshov ez al., 2016), and the top
potential pathways were selected by P-value. The literature manual
curation was done once again to look for publications with any rela-
tions between a given ADR and the process indicated by the KEGG
pathways.

3 Results

3.1 Wide coverage of LAPINE verified by benchmark

datasets

We obtained benchmark datasets from three different previous stud-
ies to evaluate our predictions. Among the previously reported
ADR-protein relations, we calculated the percentage of relations in
which the protein was not the target of any drugs related to the
ADR (Table 1). Almost half of the proteins in benchmark datasets
are not known targets of ADR-related drugs. Previous ADR-related
protein identification methods that are heavily dependent on drug—
target interaction data cannot analyze relations involving those

Table 1. Statistics of benchmark datasets of ADR-protein relations

proteins. However, as LAPINE can analyze all proteins in a protein—
protein interaction network, it covers over 90% of all known
ADR-protein relations in benchmark datasets. In conclusion, such
statistics demonstrate the need for a new methodology that does not
depend on drug-target interaction data for a complete understand-
ing of proteins that trigger ADRs.

3.2 Drugs with similar ADRs have similar
low-dimensional representations through a

network embedding

The integrated network, constructed by combining the protein—pro-
tein interactions, drug-protein interactions and STCs was
embedded using the node2vec algorithm. As a result, we obtain
low-dimensional representations of drugs and STCs in the inte-
grated network. To evaluate how well the low-dimensional repre-
sentations contain the pharmacological properties of drugs, we
investigated the correlation between the similarity of the drug rep-
resentations and the ADRs of drugs. Jaccard index was calculated
for ADR similarity, and cosine similarity was calculated for drug
representation similarity. The result shows that there is a correl-
ation between the similarity of the ADRs of the two drugs and that
of the drug vector representations (Fig. 2), implying that these low-
dimensional vectors can be used to represent the pharmacological
properties.

Meanwhile, among drug pairs with low ADR similarity, the high
similarity of drug representations was observed in some cases.
Considering the nature of the currently available ADR information
(i.e. positive-unlabeled data), such cases suggest that the drug repre-
sentations may imply unknown associations with ADRs. The
pharmacological similarity of such drug pairs also supports this in-
terpretation (Supplementary Table S2). In conclusion, the low-
dimensional representation of drugs acquired by utilizing STCs in
the integrated network can be utilized as a feature vector of drugs
used for ADR prediction.

3.3 ADR prediction model with low-dimensional

representations of drugs show reliable performance

By using the representation of the drug as an input feature vector, lo-
gistic regression classifiers were trained to predict the association be-
tween 1103 drugs and 4085 ADRs. To confirm the successful
training of the ADR classification model, we evaluated the predict-
ive performance for each ADR based on the 10-fold cross-
validation. We used AUROC and AP as evaluation metrics, and
each metric was calculated for each ADR and then averaged. Our
ADR classification model achieves a macro-average AUROC of
0.70 and a macro-average AP of 0.24, exceeding the baseline per-
formance (Fig. 3). In particular, the model showed more stable pre-
diction performance when sufficient data on ADR-related drugs
were provided. These results confirm that the proposed ADR predic-
tion model was properly trained.

Source Drug target based methods (%)?* LAPINE (%)
Kuhn’s dataset No. of relations 218 126 (57) 150 (68)
Kuhn et al. (2013) No. of ADRs 144 92 (63) 111 (77)
No. of proteins 95 59 (62) 68 (71)
Smit’s dataset No. of relations 964 509 (52) 883 (91)
Smit et al. (2021) No. of ADRs 270 163 (60) 236 (87)
No. of proteins 90 65 (72) 90 (100)
ADReCS-Target No. of relations 905 275 (30) 679 (75)
Huang et al. (2018) No. of ADRs 306 132 (43) 245 (80)
No. of proteins 416 139 (33) 342 (82)

*Number of relations (ADRs, proteins) that can be analyzed in the prediction method based on drug target information.

"Number of relations (ADRs, proteins) that can be analyzed in the LAPINE.
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3.4 Previously reported ADR-related proteins are highly
ranked in LAPINE

Using the trained ADR prediction model and the low-dimensional
representation of STC, the relations between the target protein of
STC and ADRs were scored. To evaluate the reliability of the pre-
dicted ADR—protein relation scores from LAPINE, we examined the
ranks for the previously reported ADR-related proteins in bench-
mark datasets. Protein ranks were calculated separately for each
ADR and then converted to a percentage for the number of all pro-
teins. The ADR-related proteins reported in 40% of Kuhn’s dataset,
30% of Smit’s dataset and 18% of the ADReCS-Target database
ranked in the top 5% of all proteins, and more than half of all
reported ADR-related proteins ranked in the top 20% (Fig. 4A-C).
Also, 24% of all reported ADR-related proteins ranked in the top
5% were not targeted by drugs, which cannot be predicted with the
methods dependent on drug-target interaction data.

In addition, we calculated the rank distribution of the scores of
all proteins in the benchmark dataset for all predictable ADRs in
LAPINE (Fig. 4D). The results indicated that the proteins in the
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Fig. 4. Retrieve known ADR-protein relations from benchmark datasets. (A, B, C)
Histogram showing the rank distributions of ADR-related proteins predicted by
LAPINE. Separate figures were created depending on the source of the dataset. In
the histogram, one bar represents 5% of the total rank. (D) Histogram showing the
rank distributions of ADR-related proteins of all proteins in benchmark datasets for
all ADRs

benchmark dataset do not always have high relation scores for all
ADRs. Hence, we can see that the high rank of reported ADR-
related proteins is not the result of biased benchmark datasets which
includes only a small number of proteins.

3.5 Comparison with other methods shows the

improved performance of LAPINE

In this section, we compared the performance of LAPINE with two
state-of-the-art methods (Galletti et al., 2022; Smit et al., 2021).
The first method identified statistically significant ADR-protein
relations based on ADR-drug—protein relations, while the second
one predicted novel ADR-protein relations with an ensemble classi-
fication model learned with known ADR-protein relations. Since
the scope of each previous study is quite different, we used different
test sets for each comparison (see Section 2 for details). As a result,
the test set for comparison with the method suggested by (Galletti
et al., 2022) contains 120 positive samples with 36 ADRs, and the
test set for comparison with the method suggested by (Smit et al.,
2021) contains 1071 positive samples with 238 ADRs. As the result,
there are two outcomes presented for each previous study, because
both studies reported two distinct prediction outcomes depending
on the dataset they used. From the results, we can see that LAPINE
outperformed the two previous methods (Fig. 5). LAPINE achieved
0.657 and 0.675 of average AUROC and average AP respectively in
one test set (Fig. SA and C), and 0.706 and 0.749 for the other
(Fig. 5B and D), which are significantly better than those for both
previous methods (#-test, P < 0.001 for both). These results show
that LAPINE overcame the important limitations of previous stud-
ies, and improved the performance in predicting the ADR-protein
relations.

3.6 Drugs targeting high-ranked proteins were more
likely to be associated with ADR

In order to quantitatively evaluate how reliable and useful the pre-
dicted ADR-protein relations are, we analyzed how often an ADR
occurs in drugs targeting specific proteins. Obviously, drugs
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Fig. 5. Evaluation of prediction performance of LAPINE by comparing with previ-
ously suggested ADR-protein relation prediction models. Box plots showing the dis-
tribution of AUROC and AP values across 1000 test sets constructed by random
sampling. (A, C) (Smit et al., 2021) reported two prediction results using two dis-
tinct databases: FAERs database(Smit(F)) and SIDER database(Smit(S)). The two
box plots shown in the figure represent the performance for each result. (B, D)
(Galletti et al., 2022) reported two prediction results using two distinct datasets:
The community dataset(Galletti(C)) and the controlled dataset(Galletti(T)). The
two box plots shown in the figure represent the performance for each result

targeting ADR-related proteins should cause the related ADR more
frequently than other drugs do. Such tendency can be measured with
VAPPV and LR which are widely used metrics in clinical diagnosis
(Grimes and Schulz, 2005; Kuhn and Johnson, 2013). To confirm
the effectiveness of these metrics for evaluating the predicted ADR-
protein relations, we calculated them on benchmark datasets and
found that the average of VAPPV and LR were higher than the base-
line (0 for VAPPV; 1 for LR) (Fig. 6A and B).

After confirming that both metrics characterize known ADR-
protein relations, we calculated the representative VAPPV and LR
by averaging the top 50 predictive proteins for each ADR. Then, we
compared the prediction result with that from INPADR suggested
by (Chen et al., 2016b). To the best of our knowledge, INPADR
is the only previously proposed large-scale ADR-related protein
prediction method that can prioritize around 1000 proteins for
more than 4000 ADRs. For a fair comparison, ADRs used in
both LAPINE and INPADR were selectively considered for analysis.
As a result, we could see that the top 50 predictive proteins pre-
dicted by LAPINE showed significantly higher VAPPV and LR
(VAPPV =0.12, LR =8.20) compared to those predicted INPADR
(¢-test, P < 0.001) (Fig. 6C and D). Interestingly, the performance of
the prediction model for calculating ADR—protein relation scores
affected VAPPV and LR of the top 50 predictive proteins of the cor-
responding ADR. Specifically, VAPPV and LR of ADRs with high
predictive performance (AUROC>0.7) were significantly higher
than those of ADRs that did not (¢-test, P < 0.001) (Supplementary
Fig. S5). The verification with the known ADR~drug—protein rela-
tionships thus illustrates that the prediction results of LAPINE are
more reliable than those of the previous study.

3.7 Literature evidence supports high ranked proteins

and their enriched KEGG pathways

To further evaluate potential ADR-related proteins predicted by
LAPINE, including those that are not known targets, literature-
based investigations were performed on the ten highest-ranked pro-
teins. We selected two ADRs that seriously affect patient health for
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Fig. 6. Evaluation of predicted ADR-related proteins using drug—target information.
(A, B) Bar plots showing the average of VAPPV and LR of ADR—protein relations in
each dataset. (C, D) Bar plots showing the average of VAPPV and LR of the top 50
predictive proteins for common ADRs. The error bar indicates the 95% confidence
interval of the average

Table 2. Top 10 predictive proteins for Bradycardia

Rank Symbol VAPPV LR Evidence
1 LYNX1 N/A N/A Kessler et al. (2017)
2 HTR3E N/A N/A
3 HTR3A 0.307 3.65 Jeggo et al. (2005)
5 HTR3B 0.433 6.39
4 ADRB1 0.274 3.19 Kelley ez al., (2018) and
Gao et al. (2019)
CHRNE 0.385 S5.11
8 CHRNAS 0.318 3.83 Riese et al. (2014) and
Picciotto and Kenny
(2013)
10 CHRNA3 0.218 2.55
7 REN 0.175 2.15 Poirier and Tobe (2014)
9 CYP2D6 0.273 3.18 Meloche et al. (2020) and

Sharp et al. (2009)

Note: Proteins in bold have direct causal evidence for ADR.

the case study: bradycardia and epilepsy (Chen et al., 2016a;
Ovsyshcher and Barold, 2004). In the investigation, all of the top
ten predictive proteins for bradycardia and epilepsy were supported
by literature evidence. Among them, five predictive proteins for
bradycardia and six predictive proteins for epilepsy were confirmed
to have a direct causal relation with each ADR (Table 2,
Supplementary Table S3). For example, HTR3A, HTR3B and
HTR3E are genes that encode proteins for monoamine serotonin
(5-HT) receptor subunits. It has been reported that 5-HT receptor
stimulation could potentially cause bradycardia. As another ex-
ample, the overexpression of the Major Vault Protein (MVP) gene
was reported in the brain tissues of patients with refractory partial
epilepsy, subsequent focal epilepsies after ganglioglioma, and frontal
lobe epilepsy.

Similarly, the literature evidence for the top ten KEGG pathways
enriched by the top 50 predictive proteins revealed that 5 of the
pathways for bradycardia and 6 of the pathways for epilepsy had
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Table 3. Top 10 KEGG pathways enriched by the top 50 predictive proteins for Bradycardia

Rank Name P-value Evidence

1 Neuroactive ligand-receptor interaction 1.1e-05 Silvani et al. (2016) and Herring et al. (2008)
2 Serotonergic synapse 1.3e-05 Ramage (2001) and N’Diaye et al. (2001)
3 Cholinergic synapse 2.3e-05 Meyer and Sommers (1988)

4 Nicotine addiction 2.5e-05 Persico (1992)

5 cAMP signaling pathway 2.8e-05 Milanesi et al. (2006)

6 Taste transduction 3.4e-05 Horio (2000)

7 Gastric acid secretion 4.6e-05 Cuomo et al. (2006) and Rogers and Hermann (1985)
8 Calcium signaling pathway 8.1e-05 Graudins et al. (2016)

9 Renin secretion 9.1e-05 Adachi et al. (2015)

10 Adrenergic signaling in cardiomyocytes 1.2e-04 Lymperopoulos et al. (2013)

Note: KEGG pathways in bold have direct causal evidence for ADR.

evidence that their perturbation can lead directly to each ADR
(Table 3, Supplementary Table S4). For example, infusion of acetyl-
choline is known to cause sinus bradycardia, and variations in genes
such as GNBS can cause bradycardia by affecting the cholinergic
responses. As another example, apoptosis-associated molecular
mechanisms control neuronal death, a common pathologic hallmark
of mesial temporal lobe epilepsy. Therefore, we could see that the
predicted proteins and their enriched KEGG pathways for bradycar-
dia and epilepsy are well-supported by previous knowledge or
studies.

3.8 ADR-related proteins are similar among ADRs with

the same MeSH term

In order to confirm the reliability and usefulness of predicted scores
of ADR-related proteins from another perspective, we investigated
the correlation between the physiological similarity and the similar-
ity of protein relation scores of ADR pairs. To obtain physiological
similarity, we investigated whether the two ADRs share a certain
MeSH term that describes a disease category. For 14 out of 17
MeSH terms for a disease category, ADR pairs that shared MeSH
terms showed significantly higher cosine similarity between protein
relation scores than ADR pairs that did not share MeSH terms
(¢-test, P-value < 0.05) (Fig. 7). The remaining three MeSH terms
were not higher than baseline, but not significantly different.
Therefore, this result not only showed the reliability of the predicted
ADR-related proteins but also showed the possibility that the pre-
dicted ADR~-protein relation scores can be used as a feature vector
representing ADR in other ADR studies.

4 Discussion

ADRs are a serious problem in the biomedical sciences, and the
identification of target proteins that mediate ADRs may be the key
to understanding and preventing ADRs. In this study, we proposed
LAPINE to prioritize ADR-related proteins which introduced a net-
work embedding model to the integrated biological network which
includes STCs. LAPINE can significantly increase the number of
proteins of which relations with ADRs can be predicted. The limited
scope of analyzable proteins has been pointed out as one of the im-
portant limitations in target-based prediction methods. There was
another study that also attempt to extend the scope of considered
proteins. But, their approach relies on the small number of known
ADR-protein relation data, leading to low predictive reliability.
However, LAPINE overcome the limitation of the previous ap-
proach by utilizing the drug-ADR relations with the network
embedding model and obtained significantly higher reliability com-
pared to the previous approach.

Furthermore, two case studies showed that our predictions are
supported by literature evidence. In particular, case studies with the
results of KEGG pathway enrichment analysis showed the potential
of predicted ADR-related proteins to interpret the mechanism of
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Fig. 7. The similarity of related protein score vectors between ADR pairs sharing the
same MeSH terms. Bar plots show the cosine similarity of all ADR pairs which
share a certain MeSH term. The average cosine similarity of ADR pairs that do not
share any mesh terms is indicated by a vertical red line as a baseline. The MeSH
terms with a significant difference in the average similarity between the baseline are
plotted in the blue bar and others are plotted in the gray bar. The error bar indicates
the 95% confidence interval of the average

ADR. Moreover, the similarity of scores between the predicted pro-
teins of pathologically similar ADR pairs suggested the possibility
that predicted scores of ADR—protein relations can be utilized in
other studies as feature vectors of ADR.

In conclusion, our study provides important information for
understanding the mechanism of ADRs and suggests a novel strategy
for ADR-related studies based on network embedding. Considering
the incompleteness of the available ADR-related data, our achieve-
ments are quite meaningful. We expected the increase in quantity
and quality of data in the future could sufficiently contribute to
improving the accuracy of the prediction. Also, considering the re-
cent powerful performance of deep learning in artificial neural net-
works, the development of an end-to-end algorithm that integrates
the embedding process and predictive model in the field of ADR can
be expected.

Funding

This research was supported by the Bio & Medical Technology Development
Program of the National Research Foundation (NRF) funded by the Ministry
of Science & ICT [2022M3A9B6017511].

Conflict of Interest: none declared.

Data availability

The codes of LAPINE and codes for downloading all public data
used in LAPINE are freely available at Github (https://github.com/


https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btac843#supplementary-data
https://github.com/rupinas/LAPINE

J.Park et al.

rupinas/LAPINE) and Figshare (https:/figshare.com/articles/soft
ware/LAPINE/21750245).

References

Adachi,H. et al. (2015) Plasma renin activity and resting heart rate in a popula-
tion of community-dwelling Japanese: the Tanushimaru Study. Am. J.
Hypertens., 28, 894-899.

Bowes,]. et al. (2012) Reducing safety-related drug attrition: the use of in vitro
pharmacological profiling. Nat. Rev. Drug Discov., 11, 909-922.

Brown,E.G. et al. (2012) The medical dictionary for regulatory activities
(MEDDRA). Drug Safety, 20,109-117.

Cao,S. et al. (2015) GraRep: Learning graph representations with global struc-
tural information. In: International Conference on Information and
Knowledge Management, Proceedings, Melbourne, Australia, ACM.
pp- 891-900.

Chen,H.Y. et al. (2016a) Treatment of drug-induced seizures. Br. J. Clin.
Pharmacol., 81,412-419.

Chen,X. et al. (2016b) Large-scale identification of adverse drug
reaction-related proteins through a random walk model. Sci. Rep., 6,
36325.

Coleman,].]. and Pontefract,S.K. (2016) Adverse drug reactions. Clin. Med.
(Lond.), 16, 481-485.

Coulthard,M.G. (2007) Quantifying how tests reduce diagnostic uncertainty.
Arch. Dis. Child., 92, 404-408.

Cuomo,R. et al. (2006) Oesophageal acid exposure and altered neurocardiac
function in patients with gerd and idiopathic cardiac dysrhythmias.
Aliment. Pharmacol. Ther., 24, 361-370.

Ernst,F.R. and Grizzle,A.]. (2001) Drug-related morbidity and mortality:
updating the cost-of-illness model. J. Am. Pharm. Assoc. (1996), 41,
192-199.

Galletti,C. et al. (2021) Mining drug—target and drug-adverse drug reaction
databases to identify target—adverse drug reaction relationships. Database,
2021, 1-9.

Galletti,C. et al. (2022) Prediction of adverse drug reaction linked to protein
targets using network-based information and machine learning. Fromnt.
Bioinform., 2, 70.

Gao,]. et al. (2019) Clinical evidence-guided network pharmacology analysis
reveals a critical contribution of betal-adrenoreceptor upregulation to
Bradycardia alleviation by Shenxian-Shengmai. BMC Complement. Altern.
Med., 19, 357.

Garon,S.L. et al. (2017) Pharmacogenomics of off-target adverse drug reac-
tions. Br. J. Clin. Pharmacol., 83,1896-1911.

Graudins,A. et al. (2016) Calcium channel antagonist and beta-blocker over-
dose: antidotes and adjunct therapies. Br. J. Clin. Pharmacol., 81,
453-461.

Grimes,D.A. and Schulz,K.F. (2005) Refining clinical diagnosis with likeli-
hood ratios. Lancet, 365, 1500-1505.

Grover,A. and Leskovec,]. (2016 node2vec: Scalable feature learning for net-
works. In: Proceedings of the 22nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining, San Francisco, CA,
ACM. pp. 855-864.

Hamilton,W.L. et al. (2017) Representation learning on graphs: methods and
applications. IEEE Data Engineering Bulletin, 40, 52-74.

Herring,N. et al. (2008) Neuropeptide y reduces acetylcholine release and
vagal Bradycardia via a Y2 receptor-mediated, protein kinase C-dependent
pathway. J. Mol. Cell. Cardiol., 44, 477-485.

Horio,T. (2000) Effects of various taste stimuli on heart rate in humans.
Chem. Senses, 25, 149-153.

Huang,L.H. et al. (2018) ADReCS-target: target profiles for aiding drug safety
research and application. Nucleic Acids Res., 46, D911-D917.

Jeggo,R.D. et al. (2005) The role of Central 5-HT3 receptors in vagal reflex
inputs to neurones in the nucleus tractus solitarius of anaesthetized rats.
J. Physiol., 566, 939-953.

Kelley,E.F. et al. (2018) Influence of beta-1 adrenergic receptor genotype on
cardiovascular response to exercise in healthy subjects. Cardiol. Res., 9,
343-349.

Kessler,P. et al. (2017) The three-finger toxin fold: a multifunctional structural
scaffold able to modulate cholinergic functions. J. Neurochem., 142, 7-18.
Kipf,T.N. and Welling,M. (2016) Variational graph auto-encoders. In:

Bayesian Deep Learning Workshop, Barcelona, Spain.

Kuhn,M. and Johnson,K. (2013) Applied predictive modeling. Springer, New

York. pp. 1-600.

Kuhn,M. et al. (2013) Systematic identification of proteins that elicit drug side
effects. Mol. Syst. Biol., 9, 663.

Kuhn,M. et al. (2016) The sider database of drugs and side effects. Nucleic
Acids Res., 44,D1075-D1079.

Kuleshov,M.V. er al. (2016) Enrichr: a comprehensive gene set enrichment
analysis web server 2016 update. Nucleic Acids Res., 44, W90-W97.

Li,Y. et al. (2021) Evaluating disease similarity based on gene network recon-
struction and representation. Bioinformatics, 37,3579-3587.

Lymperopoulos,A. et al. (2013) Adrenergic nervous system in heart failure:
pathophysiology and therapy. Circ. Res., 113, 739-753.

Meloche,M. et al. (2020) Cyp2d6 polymorphism and its impact on the clinical
response to metoprolol: a systematic review and meta-analysis. Br. J. Clin.
Pharmacol., 86,1015-1033.

Meyer,E.C. and Sommers,K.D. (1988) Possible
anti-cholinergic drug-induced Bradycardia. Eur. J. Clin. Pharmacol., 35,
503-506.

Milanesi,R. et al. (2006) Familial sinus Bradycardia associated with a muta-
tion in the cardiac pacemaker channel. N Engl. J. Med., 354, 151-157.

Mohamed,S.K. et al. (2019) Drug target discovery using knowledge graph
embeddings. In: Proceedings of the ACM Symposium on Applied
Computing, Limassol, Cyprus, Part F1477, ACM. pp. 11-18.

N’Diaye,A. et al. (2001) Stimulation of 5-HT2 receptors in the nucleus tractus
solitarius enhances NMDA receptor-mediated reflex-evoked Bradycardiac
responses in the rat. Autonomic Neurosci., 92,45-55.

Ou,M. et al. (2016) Asymmetric transitivity preserving graph embedding. In:
Proceedings of the ACM SIGKDD International Conference on Knowledge
Discovery and Data Mining, San Francisco, CA, 13-17 August, ACM.
pp. 1105-1114.

Ovsyshcher,L.E. and Barold,S.S. (2004) Drug induced Bradycardia: to pace or
not to pace? Pacing Clin. Electrophysiol., 27,1144-1147.

Pedregosa,F. et al. (2011) Scikit-learn: machine learning in python. J. Mach.
Learn. Res., 12,2825-2830.

Persico,A.M. (1992) Persistent decrease in heart rate after smoking cessa-
tion: a 1-year follow-up study. Psychopharmacology (Berlin), 106,
397-400.

Picciotto,M.R. and Kenny,P.J. (2013) Molecular mechanisms underlying
behaviors related to nicotine addiction. Cold Spring Harb. Perspect. Med.,
3,a012112.

Pirmohamed,M. et al. (1998) Adverse drug reactions. BMJ, 316, 1295-1298.

Poirier,L. and Tobe,S.W. (2014) Contemporary use of beta-blockers: clinical
relevance of subclassification. Can. J. Cardiol., 30, S9-S15.

Qureshi,Z.P. et al. (2011) Market withdrawal of new molecular entities
approved in the United States from 1980 to 2009. Pharmacoepidemiol.
Drug Saf., 20,772-777.

Ramage,A.G. (2001) Central cardiovascular regulation and $-hydroxytrypt-
amine receptors. Brain Res. Bull., 56,425-439.

Riese,H. et al. (2014) Identifying genetic variants for heart rate variability in
the acetylcholine pathway. PLoS ONE, 9, e112476.

Rogers,R.C. and Hermann,G.E. (1985) Dorsal medullary oxytocin, vasopres-
sin, oxytocin antagonist, and TRH effects on gastric acid secretion and heart
rate. Peptides, 6,1143-1148.

Sharp,C.F. et al. (2009) Cyp2d6 genotype and its relationship with metoprolol
dose, concentrations and effect in patients with systolic heart failure.
Pharmacogenomics J., 9, 175-184.

Silvani,A. et al. (2016) Brainheart interactions: physiology and clinical
implications. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci., 374,
20150181.

Smit,I.A. et al. (2021) Systematic analysis of protein targets associated with
adverse events of drugs from clinical trials and postmarketing reports.
Chem. Res. Toxicol., 34, 365-384.

Szklarczyk,D. et al. (2016) Stitch 5: augmenting protein—chemical
interaction networks with tissue and affinity data. Nucleic Acids Res., 44,
D380-D384.

Szklarczyk,D. et al. (2021) The string database in 2021: customizable pro-
tein—protein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res., 49, D605-D612.

Tang,]. et al. (2015) Line: large-scale information network embedding. In:
WWW 2015 — Proceedings of the 24th International Conference on World
Wide Web, Florence, Italy, ACM. pp. 1067-1077.

Tsoumakas,G. et al. (2006) A review of multi-label classification methods. In:
2nd ADBIS Workshop on Data Mining and Knowledge Discovery,
Thessaloniki, Greece.

Wallach,l. et al. (2010) A structure-based approach for mapping adverse drug
reactions to the perturbation of underlying biological pathways. PLoS
ONE, 5, ¢12063.

mechanisms ~ of


https://github.com/rupinas/LAPINE
https://figshare.com/articles/software/LAPINE/21750245
https://figshare.com/articles/software/LAPINE/21750245

LAPINE(ADR-related protein prediction)

Wang,Y.B. et al. (2017) Predicting protein—protein interactions from protein
sequences by a stacked sparse autoencoder deep neural network. Mol.
Biosyst., 13, 1336-1344.

Waring,M.]. et al. (2015) An analysis of the attrition of drug candidates from
four major pharmaceutical companies. Nat. Rev. Drug Discov., 14, 475-486.

Whitebread,S. et al. (2005) Keynote review: in vitro safety pharmacology
profiling: an essential tool for successful drug development. Drug Discov.
Today, 10, 1421-1433.

Yang,L. et al. (2009) Harvesting candidate genes responsible for serious ad-
verse drug reactions from a chemical-protein interactome. PLoS Comput.
Biol., 5, ¢1000441.

Yang,L. et al. (2011) Exploring off-targets and off-systems for adverse drug
reactions via chemical-protein interactome—clozapine-induced agranulo-
cytosis as a case study. PLoS Comput. Biol., 7,e1002016.

Yue,X. et al. (2020) Graph embedding on biomedical networks: methods,
applications and evaluations. Bioinformatics, 36, 1241-1251.

Zhang,W. et al. (2018) Manifold regularized matrix factorization for
drug-drug interaction prediction. J. Biomed. Inform., 88, 90-97.

Zhou,R. et al. (2020) NEDD: a network embedding based method for predict-
ing drug—disease associations. BMC Bioinformatics, 21, 1-12.



	tblfn1
	tblfn2
	tblfn3
	tblfn4



