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Dose and Time Dependencies in
Stress Pathway Responses during
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from Gene Regulatory Networks

Terezinha M. Souza*, Jos C. S. Kleinjans and Danyel G. J. Jennen

Department of Toxicogenomics, GROW School for Oncology and Developmental Biology, Maastricht University, Maastricht,
Netherlands

Perturbation of biological networks is often observed during exposure to xenobiotics,
and the identification of disturbed processes, their dynamic traits, and dose-response
relationships are some of the current challenges for elucidating the mechanisms
determining adverse outcomes. In this scenario, reverse engineering of gene regulatory
networks (GRNs) from expression data may provide a system-level snapshot embedded
within accurate molecular events. Here, we investigate the composition of GRNs
inferred from groups of chemicals with two distinct outcomes, namely carcinogenicity
[azathioprine (AZA) and cyclophosphamide (CYC)] and drug-induced liver injury (DILI;
diclofenac, nitrofurantoin, and propylthiouracil), and a non-carcinogenic/non-DILI group
(aspirin, diazepam, and omeprazole). For this, we analyzed publicly available exposed
in vitro human data, taking into account dose and time dependencies. Dose-Time
Network Identification (DTNI) was applied to gene sets from exposed primary human
hepatocytes using four stress pathways, namely endoplasmic reticulum (ER), NF-kB,
NRF2, and TP53. Inferred GRNs suggested case specificity, varying in interactions,
starting nodes, and target genes across groups. DILI and carcinogenic compounds
were shown to directly affect all pathway-based GRNs, while non-DILI/non-carcinogenic
chemicals only affected NF-kB. NF-kB-based GRNs clearly illustrated group-specific
disturbances, with the cancer-related casein kinase CSNK2A 1 being a target gene only
in the carcinogenic group, and opposite regulation of NF-kB subunits being observed in
DILI and non-DILI/non-carcinogenic groups. Target genes in NRF2-based GRNs shared
by DILI and carcinogenic compounds suggested markers of hepatotoxicity. Finally, we
indicate several of these group-specific interactions as potentially novel. In summary, our
reversed-engineered GRNs are capable of revealing dose dependent, chemical-specific
mechanisms of action in stress-related biological networks.

Keywords: gene regulatory networks, network inference, toxicity pathways, hepatotoxicity, transcription
networks

INTRODUCTION

In the last few years, investigation of biological processes disturbed by chemical exposure and its
potential adverse effects has become the main goal in toxicological assessments targeting hazard
identification and/or drug development. This strategy encompasses two steps: the first being
the identification of such processes/pathways and the second, the estimation of dose-response,
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dynamic relationships that may define the boundaries between
adaptive and adverse responses (Bhattacharya et al, 2011;
Middleton et al., 2017).

Although a substantial amount of mechanistic information
has been gained from applying high-throughput (HT)
technologies  (e.g.,  transcriptomics,  proteomics, and
metabolomics) to exposed in vitro models, the ability of
current methods to address the aforementioned challenges
has proven insufficient. Take, for instance, pathway analysis —
omnipresent in HT studies as means to identify biological
processes affected across different conditions. First, functional
annotation does not reflect the diversity of the human genome,
with the repertoire of pathways across multiple databases
being either comprised of general processes (e.g., metabolism,
signaling) or very specific responses (e.g., drug-related pathways)
(Khatri et al., 2012). The choice of arbitrary thresholds for fold
change and/or statistical significance, as well as stratification of
the input gene list by direction of expression are an additional
source of variation that influence the output qualitatively and
quantitatively.

A more realistic portrayal potentially loaded with novel
mechanistic insights can be achieved by reversely engineering
gene regulatory networks (GRNs) using expression data; in
contrast to pathways, GRNSs are case specific, referencing multiple
types of physical and biochemical interactions among genes
and gene products (Madhamshettiwar et al., 2012), allowing
more detailed investigations by not (or minimally) relying on
prior knowledge. Previous investigations have attempted to
extract novel biological information from GRNs, the majority
focusing on the predictive value of (sub)networks and their
potential use as biomarkers (Schadt, 2009; Emmert-Streib
et al., 2014), which led to the discovery, for instance, of
striking dissimilarities between networks of smokers with
and without lung cancer (Wang et al, 2011). More than
molecular snapshots of a specific phenotype, GRNs are important
instruments to investigate the interface genotype-—environment
(i.e., diet, drugs, and chemical exposure). Early studies with
Saccharomyces cerevisiae have shown that network interactions
undergo critical changes after challenging with a DNA damaging
agent, leading to extensive network rewiring (at least 70%
out of 80,000 tested genetic interactions) (Bandyopadhyay
et al, 2010). Other recent investigations employing low-
throughput gene expression data further indicated that gene-
gene interactions, although compound specific to some extent,
show similar patterns resembling toxic properties across
different chemicals - and incorporating interaction data into
classification algorithms increase prediction accuracy (Yamane
etal., 2016).

Recently, our research group has developed and validated a
tool for inferring GRNs from HT gene expression data during
chemical exposure, taking possible time and dose dependencies
into account (Hendrickx et al, 2016). By using ordinary
differential equations (ODEs), this method establishes a causal
link between external perturbations and gene-gene interactions
within a particular biological process, in addition to identifying
potentially novel interactions. In this study, we aimed to extract
mechanistic information from chemical-induced toxicity by

reversely engineering GRNs using HT gene expression data.
For this, we compare GRNs inferred from groups of chemicals
with distinct adverse effects, namely carcinogenicity and drug-
induced liver injury (DILI), to those generated by exposure
to non-adverse compounds. Through the reconstruction of
gene-gene interactions from four stress-related pathways (TP53,
ER, NRF2, and NF-«kB), we aimed to gather causal evidence
for dose dependent, dynamic, and potentially novel biological
information related to chemical exposure.

MATERIALS AND METHODS

Dose-Time Network Identification (DTNI)

Method

Dose-Time Network Identification (DTNI) is a method
for inferring network interactions among genes through
ODEs that relate changes in gene expression over time
and dose and an external perturbation. DTNI requires
measurements from multiple doses and time points - not
necessarily sampled at equal intervals - and expression
values of a reduced gene set (preferentially less than 100
genes). DTNI can be applied to single chemicals but also
allows the use of group-wise approaches - in which a
consensus network is inferred for multiple compounds.
A detailed description of the method, its validation, and script
availability for MATLAB is described elsewhere (Hendrickx et al.,
2016).

Chemical Selection

In order to link network changes to chemical effects, we targeted
compounds with well-known (adverse) effects in humans.
We opted for three groups, two with different mechanisms
of toxicity - carcinogenicity and DILI - and one with no
weight of evidence for human carcinogenicity or DILIL Since
DTNI requires datasets with a minimum of three doses and
three time points, we used the Japanese database TG-GATEs
(Toxicogenomics Project-Genomics Assisted Toxicity Evaluation
system'). TG-GATEs contains microarray data of hundreds of
compounds, generated in vitro (human and rat) and in vivo
(rat), tested at multiple doses and time points. We therefore
mined TG-GATEs for compounds matching the criteria of
full availability of sets (i.e., both replicates and all doses/time
points) and specific classification regarding carcinogenicity
or DILL. To also avoid methodological biases, we aimed
to create groups with fairly equal number of compounds;
based on these constraints, the carcinogenic group comprised
two chemicals [azathioprine (AZA) and cyclophosphamide
(CYC)], while DILI (diclofenac, propylthiouracil, and
nitrofurantoin) and non-carcinogenic/non-DILI (diazepam,
omeprazole, and aspirin) groups contained three chemicals
each (Table 1). Table 1 contains detailed information on
chemicals and evidence for their inclusion in their respective
groups.

!toxico.nibiohn.go.jp/english/
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TABLE 1 | Description of chemical groups used to infer gene regulatory networks
(GRNS).

Chemical abstracts

service (CAS) Group Evidence for inclusion

Azathioprine (446-86-6)
Cyclophosphamide
(6055-19-2)

Diclofenac (15307-86-5) DILI
Nitrofurantoin (67-20-9)
Propylthiouracil (51-52-5)
Aspirin (560-78-2)
Diazepam (439-14-5
Omeprazole (73590-58-6)

Carcinogenic Classified as carcinogenic to

humans by international agency
for research on cancer (IARC)

Use is associated with
risk of acute liver injury’

Non-DILI/non-
carcinogenic

Clinical cases of acute

liver injury are very rare’

Not classifiable or not classified as
to its carcinogenicity by IARC

1Information obtained from LiverTox database (livertox.nih.gov).

Preprocessing of In Vitro Microarray

Datasets

Raw files from each chemical set were downloaded from
TG-GATEs? and preprocessed (background correction, log2-base
transformation, and normalization) through R scripts provided
on ArrayAnalysis (arrayanalysis.org) (Eijssen et al., 2013). Probes
were annotated using customCDF version 19 with Entrez
identifiers. To obtain differentially expressed genes (DEGs),
we used the R package LIMMA to perform moderated t-test
comparing mean intensities from exposed and time-matched
controls in all three doses tested. Detailed information from
datasets used in this study (accession numbers from microarrays
and respective compounds/dose/time points) is available on
Supplementary Data 1.

Selection of Biological Networks to Be
Assessed by DTNI

Given our goal to identify common features underlying (non-
)toxic mechanisms across chemicals, and DTNI’s requirement
for reduced gene sets, we opted for a group-wise approach for
evaluating how carcinogenic, DILI, and non-carcinogenic/non-
DILI compounds may (differentially) affect networks involved
in toxicological responses. Our selection involves known stress
pathways indicative of DNA damage (TP53), oxidative stress
(NRF2), endoplasmic reticulum (ER) stress, and inflammation
(NF-kB). From KEGG, we retrieved gene components from
pathways ER (166 genes, of which 158 were present in normalized
sets), TP53 (69 genes, of which 68 were present in normalized
sets), and NF-kB (94 genes, of which 89 were present in
normalized sets) — entries hsa04141, hsa04115, and hsa04064,
respectively. NRF2 genes (143, of which 126 were present
in normalized sets) were obtained from WikiPathways (entry
WP2884) (the list of genes for each pathway can be found in
Supplementary Data 1).

To gain insights into the activity of these pathways in the
groups tested, we performed an additional pathway analysis with

2toxico.nibiohn.go.jp/

all DEGs (FDR < 0.05 without fold change thresholds) from
each chemical using the database ConsensusPathDB (CPDB) and
its overrepresentation analysis tool (g-value < 0.05) (Kamburov
etal., 2013).

Network Inference of Selected Networks

through DTNI

For DTNI, we used scripts developed for use on MATLAB
(Hendrickx et al.,, 2016). For this, we used log2-transformed
ratios from all chemicals within each group as input file.
Then, we performed leave-one-out cross validation (LOOCV)
by excluding data from one compound at a time before
performing a new DTNIL In all cases, parameters from
DTNI were left as default, with a threshold for interaction
strength (p-value) set to 0.05. The final network for each
pathway within a chemical group was obtained after
determining the intersection among the DTNIs (ie., all
chemicals and LOOCVs). The consensus network for
NF-kB in the DILI group, for instance, was generated
after overlapping the results from DTNI with all three
compounds plus LOOCVs (with a total of four different
runs). Cytoscape was used to generate and visualize the
networks.

Comparison of GRNs across Groups of

Chemicals: Biological Significance

To assess differences across networks generated by DTNI,
we considered four aspects of the inferred GRNs: direct
perturbations to the pathway being analyzed, number
of interactions, genes involved, and overall direction of
expression (up- or downregulation). Furthermore, while
starting nodes (i.e., nodes with only outgoing interactions)
may be used as basis to investigate potential molecular
initiating events (MIEs), target genes may offer a clue
to potential downstream effects. Therefore, those two
categories of genes were investigated in more detail within
the GRNs.

Furthermore, to validate the interactions found by our
method, we used the “induced network modules” tool available
on the database CPDB. For this, we used gene lists from
each pathway as input. We allowed for intermediary nodes
and limited our search to only high-confidence protein
interactions in addition to genetic, biochemical, and gene
regulatory ones. By comparing our inferred GRNs to those
obtained from CPDB, we were able to detect indirect, direct,
and potentially novel interactions. A predicted interaction
was labeled “direct” when the same edge was present in
CPDB and “indirect” when a third node mediated an
interaction between two nodes. Indirect interactions may
appear due to reactions that happen faster than the timescale
measured (e.g., minutes instead of hours) (Hendrickx et al,
2016). Potentially novel interactions were identified as
direct interactions predicted by DTNI and not present in
CPDB.
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RESULTS

Inferred GRNs Vary across Groups of
Chemicals with Different Toxicities:
Direct Perturbations and Number of

Interactions

GRNs reconstructed from gene expression data showed strong
variation across carcinogenic, DILI, and non-carcinogenic/non-
DILI groups. The number of significant edges (p-value < 0.05)
found for each pathway in each chemical group is summarized in
Table 2. DILI and carcinogenic compounds affected all networks
tested, with the former frequently resulting in the highest
number of gene interactions. In contrast, non-carcinogenic/non-
DILI compounds only affected NF-kB genes. When generating
the networks, we observed that those from DILI are more
connected in comparison with the other groups. TP53 and ER
resulted in sets of unconnected modules in the carcinogenic
group. An overview of such network layouts is represented in
Supplementary Data 1.

The aforementioned results contrast with those from pathway
analysis, which showed that all groups of chemicals affected
biological pathways associated with P53 and NRF2 (Table 3 and
Supplementary Data 1). Protein processing in ER was a hit for
both Carcinogenic and DILI groups, while NF-kB was significant
for non-DILI/non-carcinogenic and DILI groups.

Gene Disturbances in GRNs across
Chemical Groups: Target Genes and
Starting Nodes

Although input gene lists were identical, the resulting
inferred networks showed great variation across chemical
groups. To enable visualization and direct comparison,
pathways were represented as the union of all interactions
predicted in each chemical group, in which edge colors
express different chemical groups (red for carcinogenic,
blue for DILI, and green for non-DILI/non-carcinogenic)
(Figures 1-4).

First, we evaluated similarities in interactions from inferred
networks, and observed that only NF-kB and NRF2 showed an
overlap of two-node interactions in different groups. A negative
interaction between CARDI4 and BCLI0 was detected in NF-kB
for both DILI and non-DILI/non-carcinogenic groups. For

TABLE 2 | Number of edges obtained after applying DTNI to gene expression
data from primary human hepatocytes exposed to chemicals with distinct toxicity.

Pathway Carcinogenic DILI Non-carcinogenic/non-DILI
ER 22 57 0
NF-«xB 20 39 39
NRF2 59 29 0
TP53 8 94 0

Carcinogenic: azathioprine and cyclophosphamide,
DILI: diclofenac, propylthiouracil, and nitrofurantoin,
Non-carcinogenic/non-DILI: diazepam, omeprazole, and aspirin.

TABLE 3 | Number of distinct biological processes affected by groups of
chemicals related to investigated pathways — results from overrepresentation
analysis using differentially expressed genes.

Pathway Carcinogenic DILI Non-carcinogenic/non-DILI
ER 1 1 0
NF-«xB 0 2 2
NRF2 3 3 3
TP53 4 4 S

Carcinogenic: azathioprine and cyclophosphamide,
DILI: diclofenac, propylthiouracil, and nitrofurantoin,
Non-carcinogenic/non-DILI: diazepam, omeprazole, and aspirin.

NRF2, we found the negative interactions GCLM-CYP4A11 and
ABCC5-SLC2A1 shared by DILI and carcinogenic groups.

Since only a few interactions were shared among all groups,
we decided to investigate whether this low overlap was due to
distinct starting nodes and/or target genes. These are indicated as
different sections in the networks, with the upper part containing
starting nodes and the lower part the target genes; the latter is
further divided into clusters to highlight genes that are specific
or shared by more than one chemical group. This arrangement
allowed us to detect striking differences among groups. First,
we observed that the only pathway that resulted in shared
target genes among all three groups was NF-kB - TRAFS6, a
gene from the TNF receptor associated factor family. Also for
NF-kB, some genes were also shared by DILI and non-DILI/non-
carcinogenic group (GADD45B and BCLI10), as well as DILI
and carcinogenic (CXCL12 and CARDI0), and carcinogenic and
non-DILI/non-carcinogenic (TNFSF11, RIPK1 and CD14). NRF2
showed the highest overlap, with 12 genes shared between DILI
and carcinogenic compounds: BLVRB, SLC39A4, HGF, SLC39A3,
CBR3, CYP4A11, GSTA1, HSPAIA, SLC2A1, MGST2, SLC5AS,
and RXRA. GTSEI was the only gene shared between DILI and
carcinogenic chemicals for the TP53 pathway, while EDEM?2,
DNJBI, and DNJA1I, from the ER pathway, were found shared by
the aforementioned groups.

Overall, we also detected distinct starting nodes, frequently
targeting specific clusters of chemical groups, suggesting that
these potential MIEs may result in different responses within the
same pathway.

Gene Disturbances in GRNs across
Chemical Groups: Validation of Predicted

Interactions and Direction of Expression
To validate the edges predicted by DTNI, we compared our
results to databases sourcing protein, genetic, and gene regulatory
interactions as well as biochemical reactions. The detailed list of
edges analyzed is provided in Supplementary Data 1. At least 40
and 30% of all edges predicted for TP53 and NF-kB, respectively,
were present in CPDB as direct or indirect interactions. The
majority of edges in NRF2 and ER sets, on the other hand, were
labeled as potentially novel.

Since direction of expression is also an important feature to
understand activation/repression of downstream biological
effects, we added expression values to network nodes
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Starting nodes Carcinogenic .DILI
Log2FC

P 0.28
Ll -0.28

Carcinogenic Carcinogenic and DILI DILI

FIGURE 1 | Gene regulatory network (GRN) inferred for members from the endoplasmic reticulum (ER) pathway. Red-colored edges: interactions predicted for
carcinogenic group; Blue-colored edges: interactions predicted for drug-induced liver injury (DILI) group. Cluster in the upper section indicate starting nodes, while
clusters in the lower section are comprised of target genes specific to each chemical group.

Starting nodes Carcinogenic e DILI

Non-carcinogenic/non-DILI
Log2FC

028

il 0.28

Carcinogenic Saremogenic gnd il DILI Non-DILI/non-carcinogenic
DILI/non-carcinogenic

FIGURE 2 | Gene regulatory network (GRN) inferred for members from the NF-kB pathway. Red-colored edges: interactions predicted for carcinogenic group;
Blue-colored edges: interactions predicted for drug-induced liver injury (DILI) group; Green-colored edges: interactions predicted for non-DILI/non-carcinogenic
group. Cluster in the upper section indicate starting nodes, while clusters in the lower section are comprised of target genes specific to each chemical group.

representing the average log2-transformed ratio of each expression calculated for the highest dose and latest time point —
gene. For cross-group comparisons, we partitioned every representing the maximum response across all measurements
node into two or three segments, each containing the average (Figures 1-4). With that, we aimed to understand the regulation
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FIGURE 3 | Gene regulatory network (GRN) inferred for members from the NRF2 pathway. Red-colored edges: interactions predicted for carcinogenic group;
Blue-colored edges: interactions predicted for drug-induced liver injury (DILI) group. Cluster in the upper section indicate starting nodes, while clusters in the lower

section are comprised of target genes specific to each chemical group.
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Carcinogenic and DILI

of such processes during exposure. Also, by generating individual
chemical group/network graphics interchange format files,
we confirmed these biological interactions as time- and dose
dependent, showing clear oscillatory and/or progressive gene
expression profiles (Supplementary Data 2).

In general, we observed great differences in gene regulation
across chemical groups, especially in group-specific clusters.
Shared genes, on the other hand, usually showed the same
direction of expression with variable intensities. Considering
global expression, we observed that most genes from TP53
pathway were downregulated after exposure to DILI compounds;
the same was observed for NF-«B inferred for non-DILI/non-
carcinogenic group. Both therefore suggest repression of these
processes. On the other hand, widespread activation of NRF2
was indicated by upregulation of most genes in both carcinogenic
and DILI groups, although solute carrier genes SLC2A2, SLC2A6,
SLC2A9, SLC39A10, found to be target genes only in DILI group,
were repressed.

DISCUSSION

The main vision for modern toxicity testing proposes a shift from
apical measurements (i.e., pathological modifications related
to a disease state) in non-human in vivo models toward HT
approaches in vitro. In the present study, we try to address this
challenge with a systematic approach using DTNI, an in silico tool
that models gene expression changes taking into account dose
and time dependencies during chemical exposure.

To investigate the behavior of pathway activation in exposed
models, we investigated the effects of chemicals with different
adverse outcomes (acute organ injury and carcinogenicity)
compared to drugs not implicated in these pathologies. We
aimed to reconstruct pathways based on gene expression data;
for this, we selected four pathways (NRF2, ER, TP53, and NF-kB)
due to their established involvement in mechanisms of toxicity
(Jennings, 2013; Jennings et al., 2013). Our first observation
was that pathway hits did not relate to direct perturbations
to these networks. For instance, even though TP53 and NRF2
were significant in all groups of chemicals, only DILI and
carcinogenic compounds showed direct effect (i.e., activation)
on these networks. On the other hand, direct perturbation
to the NF-kB pathway was only observed for non-DILI/non-
carcinogenic compounds. Interestingly, the inhibition of NF-kB,
in line of our observation of overall repression of these genes,
was confirmed to two components of this group, aspirin and
diazepam. Therefore, it seems that in contrast to pathway hits,
which may reflect indirect effects or common causes, establishing
a causal, direct link between exposure and network perturbations
may offer more accurate evidence for the mechanisms of action
(Woo et al., 2015).

In addition to different levels of perturbation, we also
noticed the distinguishing aspects of GRN composition among
groups. This confirms previous findings on the dynamic traits
of biological networks, where noticeable rewiring was observed
between different disease phenotypes (Mani et al,, 2008) and
following chemical exposure (Bandyopadhyay et al, 2010),
with both studies concluding that genetic interactions may be
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FIGURE 4 | Gene regulatory network (GRN) inferred for members from the TP53 pathway. Red-colored edges: interactions predicted for carcinogenic group;
Blue-colored edges: interactions predicted for drug-induced liver injury (DILI) group. Cluster in the upper section indicate starting nodes, while clusters in the lower

section are comprised of target genes specific to each chemical group.

Carcinogenic and DILI

condition dependent. This was evident in our inferred GRN,
and we suggest that such dissimilarities may be due to distinct
initial perturbations, which in turn lead to alternative routes
within the same pathway. Our results show that edge paths traced
from starting nodes, as well as clusters of target genes, are mostly
group specific (Figures 1-4). This can be illustrated by the GRNs
inferred for genes from the NF-kB pathway (Figure 2). Although
all groups directly affected this process, GRNs indicate that while
non-DILI/non-carcinogenic compounds targeted the inhibition
of NF-KB1 and NF-KBIA, those from the DILI group resulted
in activation of NF-KB2 and RELA. In addition to differences
in direction of expression of these targets, studies have also
shown that some NF-kB units may act independently from each
other, controlling proliferation and immune responses (Ishikawa
et al., 1997, 1998). Therefore, investigation of these branches of
biological events may be crucial to differentiate adverse from
non-adverse outcomes.

Besides these widespread differences, we also detected some
similarities. GRNs inferred for genes from the NRF2 pathway
resulted in the highest overlap of target genes with consistent
direction of expression between carcinogenic and DILI groups
(Figure 3). Among these genes, we identified hepatocyte growth
factor (HGF), known to play a role in tumorigenesis and tissue
regeneration (Huh et al., 2004). Recent studies have shown HGF
to play a role in acute liver injury, by protecting against isoniazid-
and rifampicin-oxidative liver damage (Enriquez-Cortina et al,,
2013). Another interesting target shared by both groups was
enzyme biliverdin reductase B (BLVRB), the gene coding, which
converts biliverdin to bilirubin. Bilirubin, which has long been

regarded as a cytotoxic waste product of heme metabolism, was
recently discovered to possess strong antioxidant activity (Stocker
et al., 1987). CBR3, a gene coding for an enzyme involved in
the biotransformation of carbonyl compounds, was shown to
be involved in predisposition of toxic responses in doxorubicin-
treated patients (Fan et al., 2008). Taken together, these findings
may also suggest that, in an attempt to avoid extreme injury,
cells try to compensate by eliciting potent responders; because
these mechanisms also have deleterious effects, shifts in their
equilibrium may be the tipping point between adaptive and
adverse responses.

Interestingly, NRF2 seemed to be the only GRN denoting
similar toxic effects in DILI and carcinogenic groups.
Perturbations in ER and TP53 pathways by chemicals in the
carcinogenic group were very limited (Figures 1, 4), comprised
mostly by fragmented subnetworks. Since carcinogens AZA and
CYC also share DNA-damaging properties, we expected a large
amount of disturbances in GRNs from both pathways. In view
of this, we hypothesize that due to the different mechanisms
underlying their effects (CYC is an alkylating agent while AZA
is an antimetabolite), common significant interactions could not
be inferred from the available data. The fact that these chemicals
have stronger effects on dividing cells may yet be another cause,
since human hepatocytes show limited proliferative capacity
when cultured (Ramboer et al., 2014).

More importantly, many of the interactions found in our study
were labeled as potentially novel ones. During our validation step,
we noticed that interactions annotated for the NRF2 pathway in
particular were very limited in comparison with the other three
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(only 672 against 1518, 1609, and 1539 in ER, NF-kB, and
TP53, respectively). The fact that TP53 and NF-kB have
been extensively studied over the years due to their clinical
relevance may explain why they showed the highest number
of direct or indirect positive hits (more than 40 and 30% of
all inferred interactions, respectively). Therefore, our results
indicate the need for further studies targeting the validation of
such interactions as means to expand the repertoire of biological
interactions and assess their relevance as potential markers of
toxicity.

It should be pointed out some of the limitations of GRN
methods, in particular ODE-based methods such as DTNI.
Although ODE-based methodology describes time-series data
well, its deterministic nature does not account for statistical
fluctuations in concentrations and kinetic parameters that greatly
influence biological systems (Palmer and Shearwin, 2009). The
generation of a consensus network using multiple compounds
implemented in DTNI partly solves the problem of data
availability, but also constrains chemical selection to substances
with somewhat similar effects whose interactions survive after
steps of LOOCV. It may also result in increased computational
times if a large number of chemicals and input genes are being
assessed.

Nonetheless, our  approach  demonstrated  some
unprecedented mechanistic aspects of GRNs upon exposure

REFERENCES

Bandyopadhyay, S., Mehta, M., Kuo, D., Sung, M.-K., Chuang, R., Jachnig, E. ],
etal. (2010). Rewiring of genetic networks in response to DNA damage. Science
330, 1385-1389. doi: 10.1126/science.1195618

Bhattacharya, S., Zhang, Q., Carmichael, P. L., Boekelheide, K., and Andersen,
M. E. (2011). Toxicity testing in the 21st century: defining new risk assessment
approaches based on perturbation of intracellular toxicity pathways. PLOS ONE
6:€20887. doi: 10.1371/journal.pone.0020887

Eijssen, L. M. T., Jaillard, M., Adriaens, M. E, Gaj, S., de Groot, P. ],
Miiller, M., et al. (2013). User-friendly solutions for microarray quality control
and pre-processing on ArrayAnalysis.org. Nucleic Acids Res. 41, W71-W76.
doi: 10.1093/nar/gkt293

Emmert-Streib, F., Dehmer, M., and Haibe-Kains, B. (2014). Gene regulatory
networks and their applications: understanding biological and medical
problems in terms of networks. Front. Cell Dev. Biol. 2:38. doi: 10.3389/fcell.
2014.00038

Enriquez-Cortina, C., Almonte-Becerril, M., Clavijo-Cornejo, D., Palestino-
Dominguez, M., Bello-Monroy, O., Nuno, N., et al. (2013). Hepatocyte growth
factor protects against isoniazid/rifampicin-induced oxidative liver damage.
Toxicol. Sci. 135, 26-36. doi: 10.1093/toxsci/kft134

Fan, L., Goh, B.-C., Wong, C.-I, Sukri, N, Lim, S.-E., Tan, S.-H., et al. (2008).
Genotype of human carbonyl reductase CBR3 correlates with doxorubicin
disposition and toxicity. Pharmacogenet. Genomics 18, 623-631. doi: 10.1097/
FPC.0b013e328301a869

Hendrickx, D. M., Souza, T., Jennen, D. G. J., and Kleinjans, J. C. S. (2016).
DTNI: a novel toxicogenomics data analysis tool for identifying the molecular
mechanisms underlying the adverse effects of toxic compounds. Arch. Toxicol.
91, 2343-2352. doi: 10.1007/500204-016-1922-5

Huh, C.-G,, Factor, V. M., Sanchez, A., Uchida, K., Conner, E. A., and Thorgeirsson,
S. S. (2004). Hepatocyte growth factor/c-met signaling pathway is required
for efficient liver regeneration and repair. Proc. Natl. Acad. Sci. U.S.A. 101,
4477-4482. doi: 10.1073/pnas.0306068101

Ishikawa, H., Carrasco, D., Claudio, E., Ryseck, R. P., and Bravo, R. (1997).
Gastric hyperplasia and increased proliferative responses of lymphocytes in

to chemicals with different toxic potential. First, GRNs are
usually condition dependent, indicating distinct molecular
events depending on the type of exposure. To some extent,
however, there are similar gene targets shared by GRNs inferred
for toxic groups - but not present in compounds considered
non-DILI/non-carcinogenic — that may point toward relevant
molecular events indicative of toxicity. Finally, the fact that
disturbances in these molecular targets evolve with increases in
dose reinforces the value of DTNI as an asset in network-based,
HT investigations. Anchoring these dose-dependent events to
apical measurements may therefore reveal molecular signatures
and clarify the tipping points leading to adverse outcomes.

AUTHOR CONTRIBUTIONS

TS analyzed the data and wrote the manuscript. JK and DJ wrote
the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2017.00142/full#supplementary-material

mice lacking the COOH-terminal ankyrin domain of NF-kappaB2. J. Exp. Med.
186, 999-1014. doi: 10.1084/jem.186.7.999

Ishikawa, H., Claudio, E., Dambach, D., Raventds-Suarez, C., Ryan, C., and
Bravo, R. (1998). Chronic inflammation and susceptibility to bacterial
infections in mice lacking the polypeptide (p)105 precursor (NF-kappaB1) but
expressing p50. J. Exp. Med. 187, 985-996. doi: 10.1084/jem.187.7.985

Jennings, P. (2013). Stress response pathways, toxicity pathways and adverse
outcome pathways. Arch. Toxicol. 87, 13-14. doi: 10.1007/s00204-012-0974- 4

Jennings, P., Limonciel, A., Felice, L., and Leonard, M. O. (2013). An overview of
transcriptional regulation in response to toxicological insult. Arch. Toxicol. 87,
49-72. doi: 10.1007/500204-012-0919-y

Kamburov, A., Stelzl, U., Lehrach, H., and Herwig, R. (2013). The
ConsensusPathDB interaction database: 2013 Update. Nucleic Acids Res.
41, D793-D800. doi: 10.1093/nar/gks1055

Khatri, P., Sirota, M., Butte, A. J., Kim, S., and Woo, H. (2012). Ten years
of pathway analysis: current approaches and outstanding challenges. PLOS
Comput. Biol. 8:21002375. doi: 10.1371/journal.pcbi.1002375

Madhamshettiwar, P. B., Maetschke, S. R., Davis, M. J., Reverter, A., Ragan, M. A,,
Hanahan, D., et al. (2012). Gene regulatory network inference: evaluation and
application to ovarian cancer allows the prioritization of drug targets. Genome
Med. 4, 41. doi: 10.1186/gm340

Mani, K. M., Lefebvre, C., Wang, K., Lim, W. K., Basso, K., Dalla-Favera, R.,
et al. (2008). A systems biology approach to prediction of oncogenes and
molecular perturbation targets in B-cell lymphomas. Mol. Syst. Biol. 4, 169.
doi: 10.1038/msb.2008.2

Middleton, A., Cooper, S., Cull, T., Stark, R., Adeleye, Y., Boekelheide, K.,
et al. (2017). Workshop report on case studies in cellular stress: defining
adversity/adaptation tipping points. Appl. Vitro Toxicol 3, 199-210.
doi: 10.1089/aivt.2017.0003

Palmer, A. C., and Shearwin, K. E. (2009). Guidance for data collection and
computational modelling of regulatory networks. Methods Mol. Biol. 541,
337-354. doi: 10.1007/978-1-59745-243-4_15

Ramboer, E., De Craene, B., De Kock, J., Vanhaecke, T., Berx, G., Rogiers, V., et al.
(2014). Strategies for immortalization of primary hepatocytes. J. Hepatol. 61,
925-943. doi: 10.1016/j.jhep.2014.05.046

Frontiers in Genetics | www.frontiersin.org

October 2017 | Volume 8 | Article 142


https://www.frontiersin.org/articles/10.3389/fgene.2017.00142/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2017.00142/full#supplementary-material
https://doi.org/10.1126/science.1195618
https://doi.org/10.1371/journal.pone.0020887
https://doi.org/10.1093/nar/gkt293
https://doi.org/10.3389/fcell.2014.00038
https://doi.org/10.3389/fcell.2014.00038
https://doi.org/10.1093/toxsci/kft134
https://doi.org/10.1097/FPC.0b013e328301a869
https://doi.org/10.1097/FPC.0b013e328301a869
https://doi.org/10.1007/s00204-016-1922-5
https://doi.org/10.1073/pnas.0306068101
https://doi.org/10.1084/jem.186.7.999
https://doi.org/10.1084/jem.187.7.985
https://doi.org/10.1007/s00204-012-0974-4
https://doi.org/10.1007/s00204-012-0919-y
https://doi.org/10.1093/nar/gks1055
https://doi.org/10.1371/journal.pcbi.1002375
https://doi.org/10.1186/gm340
https://doi.org/10.1038/msb.2008.2
https://doi.org/10.1089/aivt.2017.0003
https://doi.org/10.1007/978-1-59745-243-4_15
https://doi.org/10.1016/j.jhep.2014.05.046
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Network Inference in Chemical Exposure

Souza et al.

Schadt, E. E. (2009). Molecular networks as sensors and drivers of
common human diseases. Nature 461, 218-223. doi: 10.1038/nature
08454

Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N., and Ames, B. N. (1987).
Bilirubin is an antioxidant of possible physiological importance. Science 235,
1043-1046. doi: 10.1126/science.3029864

Wang, Y.-C., Chen, B.-S., Parkin, D., Bray, F., Ferlay, J., Pisani, P., et al.
(2011). A network-based biomarker approach for molecular investigation
and diagnosis of lung cancer. BMC Med. Genomics 4:2. doi: 10.1186/1755-
8794-4-2

Woo, J. H., Shimoni, Y., Yang, W. S., Subramaniam, P., Iyer, A., Nicoletti, P., et al.
(2015). Elucidating compound mechanism of action by network perturbation
analysis. Cell 162, 441-451. doi: 10.1016/j.cell.2015.05.056

Yamane, J., Aburatani, S., Imanishi, S., Akanuma, H., Nagano, R., Kato, T., et al.
(2016). Prediction of developmental chemical toxicity based on gene networks

of human embryonic stem cells. Nucleic Acids Res. 44, 5515-5528. doi: 10.1093/
nar/gkw450

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer KG and handling Editor declared their shared affiliation.

Copyright © 2017 Souza, Kleinjans and Jennen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

9 October 2017 | Volume 8 | Article 142


https://doi.org/10.1038/nature08454
https://doi.org/10.1038/nature08454
https://doi.org/10.1126/science.3029864
https://doi.org/10.1186/1755-8794-4-2
https://doi.org/10.1186/1755-8794-4-2
https://doi.org/10.1016/j.cell.2015.05.056
https://doi.org/10.1093/nar/gkw450
https://doi.org/10.1093/nar/gkw450
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Dose and Time Dependencies in Stress Pathway Responses during Chemical Exposure: Novel Insights from Gene Regulatory Networks
	Introduction
	Materials And Methods
	Dose–Time Network Identification (DTNI) Method
	Chemical Selection
	Preprocessing of In Vitro Microarray Datasets
	Selection of Biological Networks to Be Assessed by DTNI
	Network Inference of Selected Networks through DTNI
	Comparison of GRNs across Groups of Chemicals: Biological Significance

	Results
	Inferred GRNs Vary across Groups of Chemicals with Different Toxicities: Direct Perturbations and Number of Interactions
	Gene Disturbances in GRNs across Chemical Groups: Target Genes and Starting Nodes
	Gene Disturbances in GRNs across Chemical Groups: Validation of Predicted Interactions and Direction of Expression

	Discussion
	Author Contributions
	Supplementary Material
	References


