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ARTICLE INFO ABSTRACT

We performed a multiple ‘omics study by integrating data on epigenomic, transcriptomic, and proteomic per-
turbations associated with mitochondrial dysfunction in primary human hepatocytes caused by the liver toxicant
valproic acid (VPA), to deeper understand downstream events following epigenetic alterations in the mi-
tochondrial genome. Furthermore, we investigated persistence of cross-omics changes after terminating drug
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gf;i:gi‘;;ics treatment. Upon transient methylation changes of mitochondrial genes during VPA-treatment, increasing
Proteomli)cs complexities of gene-interaction networks across time were demonstrated, which normalized during washout.

Furthermore, co-expression between genes and their corresponding proteins increased across time. Additionally,
in relation to persistently decreased ATP production, we observed decreased expression of mitochondrial
complex I and III-V genes. Persistent transcripts and proteins were related to citric acid cycle and p-oxidation. In
particular, we identified a potential novel mitochondrial-nuclear signaling axis, MT-CO2-FN1-MYC-CPT1. In
summary, this cross-omics study revealed dynamic responses of the mitochondrial epigenome to an impulse
toxicant challenge resulting in persistent mitochondrial dysfunctioning. Moreover, this approach allowed for
discriminating between the toxic effect of VPA and adaptation.

1. Introduction

Unforeseen liver injury is a major cause of drug failure during
clinical trials and upon market introduction. It is therefore widely held
that improved biomarkers for drug safety, derived from deeper me-
chanistic insights in drug-induced molecular perturbations of the
human genome and applicable in the (pre-) clinical phase, are needed
for better predictions of drug safety. Cross-omics analysis of toxic
events in relevant human liver models, in full consideration of the dy-
namic features of biological systems by investigating the myriad of
components of systems at multiple scales of cellular regulation, may
deliver deeper knowledge of complex molecular mechanisms under-
lying drug-induced liver injury, and thus identify better biomarkers for
drug safety. However, how to integrate temporal data from multiple
‘omics analyses, with the purpose of capturing impulse responses of the
methylome, the transcriptome, and the proteome to a particular toxic
entity and in association with downstream functional parameters, still
poses a substantial challenge to systems biology. Within this context we
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have developed a prototypical study on multiple ‘omics integration
across time in primary human hepatocytes (PHHs) treated with an es-
tablished liver toxicant.

Steatosis is a subtype of drug-induced liver injury that refers to the
process of abnormal retention of lipids within hepatocytes (Vinken,
2015). Steatotic compounds span a variety of therapeutic classes and
their ability to cause adverse lipid accumulation is largely due to off-
target effects which induce mitochondrial damage, in particular the
inhibition of fatty acid B-oxidation, oxidative phosphorylation, and
mitochondrial respiration (Schumacher and Guo, 2015).

B-oxidation is one of the primary routes through which lipids are
metabolized, while the inhibition of (3-oxidation leads to lipid retention
in hepatocytes. Lipid metabolism via [(-oxidation creates acetyl-
Coenzyme A (CoA), which is subsequently used in the tricarboxylic acid
(TCA) cycle (Ponchaut et al., 1992; Schumacher and Guo, 2015; Silva
et al., 2001). NADH dehydrogenases (complex I in the electron trans-
port chain (ETC)) convert lipids into CoA while NAD + has been pro-
duced by using NADH (Chan et al., 2005; Hargreaves et al., 2016). This
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ETC ultimately produces ATP via ATP-synthase (complex IV of the ETC,
such as MT-ATP6 and MT-ATP8) (Schumacher and Guo, 2015). Here, an
important enzyme is carnitine palmitoyltransferase I (CPT1) which is
affected by nearly all steatohepatitis-inducing drugs (Schumacher and
Guo, 2015). This enzyme shuttles fatty acid-CoA into the mitochondria
for subsequent B-oxidation and represents the rate limiting step in -
oxidation.

Valproic acid (VPA) is one of the most widely prescribed anti-
epileptic drugs in the world. Despite its pharmacological importance, it
may cause liver toxicity, in particular steatosis (Jafarian et al., 2013;
Silva et al., 2008). VPA is a simple fatty acid that is almost entirely
metabolized by the liver (Silva et al., 2008). It is hypothesized that VPA
exposure induces hepatotoxicity via oxidative stress, presumably by
mitochondrial dysfunction (Chang and Abbott 2006; Jafarian et al.,
2013; Tong et al., 2005). In the cytosol of hepatocytes, VPA is con-
jugated to valproyl-CoA which competitively and non-competitively
inhibits CPT1 (Aires et al., 2010). In addition, cytochrome P450 en-
zymes (CYPs) (such as CYP2C9, CYP2B6, and CYP2A6) play a role in
VPA metabolism (Kiang et al., 2006). This affects the -oxidation ac-
tivity since it is regulated by CPT1 activity (Adachi et al., 2007) as well
as VPA metabolism inside and outside the mitochondria (Chang and
Abbott, 2006; Schumacher and Guo, 2015; Silva et al., 2008).

Conflicting arguments have been raised with regard to the issue
whether the mitochondrial genome can be methylated (Bacalini et al.,
2017; Iacobazzi et al., 2013; Manev and Dzitoyeva, 2013). In general,
Sarkar et al. (Sarkar et al., 2011) has demonstrated that histone dea-
cetylase (HDAC) inhibitors such as VPA, regulate gene methylation to
repress mRNA expression of for example DNA (cytosine-5-)-methyl-
transferase 1 (DNMT1). Interestingly, VPA has been reported to affect
methylation patterns in the mitochondrial DNA (mtDNA) from mouse
fibroblast 3T3-L1 cells (Chen et al., 2012). In addition, Dong et al.
showed that VPA induces DNA hypomethylation in nuclear DNA
(nDNA) extracts of adult mouse brains (Dong et al., 2010). Occurrence
of VPA-induced methylation in mtDNA and nDNA was confirmed by us
in a previous study on PHHs (Wolters et al., 2017). In the present study,
we aimed to investigate how VPA-induced epigenomic modifications in
PHHs match with downstream changes on the transcriptome and pro-
teome level, as well as with functional read outs for mitochondrial
activity. Through this integrative cross-omics approach, we have been
able to evaluate the impact of transient perturbations on the complex
landscape of interacting gene regulatory networks in the human liver
cell.

In view of the dynamics of cross-omics interactions (Bar-Joseph
et al., 2012; Hendrickx et al., 2017) we have investigated the molecular
effects of VPA in PHHs at multiple treatment time-points, as well as
after terminating VPA administration in line with a recently published
study design (van Breda et al., 2017). This washout (WO) mimicking a
patient on transient or intermittent drug treatment (Tiwari et al., 2017)
allows for evaluating persistence or reversibility of drug-induced toxi-
city (Rieswijk et al., 2016; Wolters et al., 2016) and has so far not been
subjected to a cross-omics analysis. In addition, for the purpose of
phenotypically anchoring cross-omics results (Bugiak and Weber, 2010;
Porreca et al., 2014), we have analyzed ATP-production as an apical
endpoint of mitochondrial dysfunction. For integrative analysis of
cross-omics interactions we initially applied pathway mapping ap-
proaches in order to identify network propagation across time, followed
by a supervised analysis applying Ordinary Differential Equation (ODE)
(Huang et al., 2017) on a predefined fatty acid pathway.

2. Materials and methods
2.1. Cell culture and treatment
Cryopreserved Primary Human Hepatocytes (PHHs, Invitrogen) of 3

individuals (Hu8119, Hul591 and Hul540) were thawed for 1 min at
37 °C in a water bath. Next, these PHHs were pooled in order to bypass
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inter-individual variability in susceptibility to toxicants and cultured in
24-well plates in a collagen sandwich, according to the supplier’s pro-
tocol (Invitrogen). In brief, 3 vials (one per individual) were thawed in
50 mL CHRM medium (CHRM CM7000, Invitrogen) and centrifuged for
10 min at 100g at 4 °C. After removing the supernatant, the cell pellet
was dissolved in CHPM medium (CHPM CM9000, Invitrogen), which
contain FBS, at a concentration of 1.0¥10°6 cells/mL. Pooled PHHs
were cultured in collagen-precoated 24-well plates (Gibco) (density:
0.35*1076 cells/well) and cells were attached to the wells in the in-
cubator for 4h at 37 °C. After the incubation, the debris was removed
by shaking and washing the cells twice with William’s medium E (WME
CM6000, Invitrogen). Subsequently, cells were covered by 150 puL/well
of 1.0mg/mL collagen-mixture (containing 10*DMEM, 1.0 mg/mL
Collagen type 1 (BD), 0.2 M NaOH and, MQ) and incubated at 37 °C for
approximately 30 min until the collagen was fixed. After that, culture
medium (WME + 20mL Hepatocyte Supplement Pack (CM4000,
Invitrogen) substituted with 1% penicillin/streptomycin (Gibco)) was
added.

After 3 days, the PHHs were exposed to 15 mM of VPA (IC, at 24h
of VPA-treatment and ICys at 48h) or 1% EtOH (vehicle control) in
culture medium for 1, 2, and 3 day(s) daily. This concentration was
used in an earlier study and we demonstrated that this incubation
concentration induces observable steatosis in PHHs (Wolters et al.,
2017). Here, we confirm 77% cell viability after 3 days of daily VPA-
treatment (Fig. 1). Culture medium was changed daily thereby ad-
ministering a new dose of VPA or EtOH to the cells. After the exposure
period of 1, 2, and 3 days, the PHHs were captured for DNA, RNA, and
protein isolation (DNA and RNA were from the same wells). Another
well with PHHs was continued to be cultured for 3 consecutive days
without VPA-treatment (from now on called washout period (WO-
period)); the culture medium was again changed every day. All ex-
periments were performed as biological triplicates for DNA and RNA
isolation, while the protein isolation was performed in fourfold.

2.2. DNA and RNA isolation

PHHs were lysed in 250 pL Trizol/well. 6 wells were combined for
each sample (2.1%10°6 cells in 1.5mL Trizol). Phase separation and
RNA isolation was performed according to the Trizol LS Reagent pro-
tocol (Life Technologies). The total amount of RNA obtained was
around 5.0 ug of RNA, the 260/280 ratio varied between 1.7-1.9, and
the 260/230 ratio was higher than 1.5.

The first part of the DNA isolation, DNA precipitation, was per-
formed according to the Trizol LS Reagent protocol (Life Technologies).
After that, DNA wash and resuspension was performed with minor
adjustments. In short, after DNA precipitation the DNA pellet was wa-
shed using 75% EtOH. The tubes with their pellet were incubated for
10 min at room temperature and were occasionally mixed by gentle
inversion. Tubes were centrifuged for 5min at 2000g at 4 °C. Medium
was discarded and pellets were vacuum dried for 5min. Pellet was
dissolved in 200 puL of nuclease free water. Add 5L preheated (for
30 min at 37 °C) proteinase K of 20 mg/mL to the samples and incubate
for 1h on a shaking heating block at 55 °C. After incubation for 1h at
55°C, the proteinase K was inactivated at 80 °C. 200 uL of phenol-
chloroform-isoamylalcohol (PCI; 25:24:1) (Sigma) was added and
shaken manually for 5min. After centrifugation, the upper phase was
again treated with 200 pL PCIL. The upper phase was precipitated using
20 uL of 3M NaAc pH 5.6 and 500 pL of cold 100% ethanol. The DNA
pellet was washed using cold 70% EtOH, dissolved in 50 pL of nuclease
free water and quantified spectrophotometrically using the NanoDrop
1000 (Thermo Scientific, Waltham, MA). The total amount of DNA
obtained was at least 2.5 ug of DNA, the 260/280 ratio varied between
1.61-1.67, and the 260/230 ratio was higher than 1.5. For each re-
plicate, one of the DNA isolations failed and therefore only biological
duplicates were present for MeDIP-seq.
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Fig. 1. MTT assay of PHHs exposed to a range of VPA concentrations (0, 5, 10, 15, 20, 25, and 30 mM) for 1 (A), 2 (B), and 3 (C) day(s) daily. PHHs, primary human hepatocytes; VPA,

Valproic acid.

2.3. Protein isolation

PHHs were collected in 125 puL 1000U/mL collagenase KREBS buffer
per well. 3 wells were combined for each sample (1.05*10°6 cells in
375uL 1000U/mL collagenase KREBS buffer). In short, medium was
discarded and cells were washed twice using PBS at room temperature.
Thereafter, 125 uL pre-heated 1000U/mL collagenase KREBS buffer per
well was added and incubated for 10 min at 37 °C. Add 1 mL of 1*PBS to
each well, and thereafter the solution was resuspended and transferred
into a 15 mL pointed Greiner tube. Repeat the previous step once. Tubes
were centrifuged for 5min at 65¢ at room temperature. Pellets were
washed using 10 mL 1*PBS and centrifuged for 5min at 65g at room
temperature. This last step was repeated for all tubes and pellets were
snap-frozen.

2.4. MeDIP-seq protocol

MeDIP-seq was performed according to the protocol of Taiwo et al.
(Taiwo et al., 2012), with minor adjustments and has recently been
published (Wolters et al., 2017).

The index primers (NEB) which were used as a barcode for each
sample is reported in Supplementary Table S1. Furthermore, an over-
view of the sample location on the four separated channels of a 1.4 mm
flow cell (Illumina) is shown in Supplementary Table S1. MeDIP-seq
raw data are available on arrayExpress (accession number: E-MTAB-
5983).

2.5. mRNA-seq protocol

mRNA quality was checked using the Agilent 2100 Bioanalyzer and
RNA 6000 Nano chips (Agilent Technologies), according to the manu-
facturer’s instructions. All RINs were higher than 9.30.

2.5.1. Library preparation

mRNA-seq library preparation was performed according to the
manufacturer’s instructions of the SENSE mRNA-Seq Library Prep Kit
V2 for Illumina (Lexogen). Libraries were prepared using 500 ng of
isolated RNA according to the manufacturer’s protocol. PCR was used to
amplify the mRNA fragments by using the included Barcode Sets 1-3 of
the SENSE mRNA-Seq Library Prep Kit V2 for Illumina (Lexogen)
(Supplementary Table S2).

DNA size and quality were checked using the Agilent 2100
Bioanalyzer and high-sensitivity DNA chips chips (Agilent
Technologies), according to the manufacturer’s instructions. Libraries
were quantified on a Qubit fluorometer (Invitrogen) by using the Qubit
RNA HS Assay kit (Invitrogen). All kits and chips were used according
to the manufacturer’s protocol.

2.5.2. Sequencing

The 24 amplified libraries (two times 12 samples), each sample
having its own index primer, were pooled at an equimolar concentra-
tion of 2nM, based on Qubit measurements. 20 pM of the 2nM stock
solution were then loaded onto four separated channels of a 1.4 mm
flow cell (Illumina) (Supplementary Table S2) and cluster amplification
was performed on a cBot (Illumina). Clustering, sequencing, base
calling, de-multiplexing, and alignment was performed as described in
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Wolters et al. (Wolters et al., 2017). mRNA-seq raw data are available
on arrayExpress (accession number: E-MTAB-5984).

2.6. Protein protocol

2.6.1. Sample preparation

Extracted proteins were diluted 1:10 in SDS buffer (4% SDS,
100 mM Tris/HCL pH 8.2, 0.1 M DTT — dithiothreitol) boiled at 95 °C
for 5 min and processed with High Intensity Focused Ultrasound (HIFU)
for 10 mins setting the ultrasonic amplitude to 65%. Protein con-
centration was then estimated using the Qubit” Protein Assay Kit (Life
Technologies, Zurich, Switzerland). For each sample, 30 ug of proteins
were taken and used for on-filter digestion using an adaptation of the
filter-aided sample preparation (FASP) protocol (Wisniewski et al.,
2009). Briefly, proteins were diluted in 200 pL of UT buffer (Urea 8 M in
100 mM Tris/HCL pH 8.2), loaded on Ultracel 30000 MWCO cen-
trifugal unit (Amicon Ultra, Merck, Darmstadt, Germany) and cen-
trifuged at 14000g. SDS buffer was exchanged by one centrifugation
round of 200 pL UT buffer. Alkylation of reduced proteins was carried
by 5min incubation with 100 pL iodoacetamide 0.05M in UT buffer,
followed by three 100 uL washing steps with UT and three 100 puL
washing steps with NaCl 0.5 M. Finally, proteins were on-filter digested
using 120 uL of 0.05 Triethylammonium bicarbonate buffer (pH 8)
containing trypsin (Promega, Madison, WI, USA) in ratio 1:50 (w/w).
Digestion was performed overnight in a wet chamber at room tem-
perature. After elution, the solution containing peptides was acidified to
a final 0.1% TFA, 3% acetonitirile concentration. Peptides were de-
salted using Finisterre SPE C18 columns (Teknokroma, Barcelona,
Spain), dried and re-solubilized in 15 pL of 3% acetonitrile, 0.1% formic
acid for MS analysis.

2.6.2. Liquid chromatography-mass spectrometry analysis

Mass spectrometry analysis was performed on a QExactive mass
spectrometer coupled to a nano EasyLC 1000 (Thermo Fisher
Scientific). Solvent composition at the two channels was 0.1% formic
acid for channel A and 0.1% formic acid, 99.9% acetonitrile for channel
B. For each sample 4 puL of peptides were loaded on a self-made column
(75 um X 150 mm) packed with reverse-phase C18 material (ReproSil-
Pur 120 C18-AQ, 1.9 um, Dr. Maisch GmbH) and eluted at a flow rate of
300 nL/min by a gradient from 2 to 35% B in 80 min, 47% B in 4 min
and 98% B in 4 min. Samples were acquired in a randomized order. The
mass spectrometer was operated in data-dependent mode (DDA), ac-
quiring a full-scan MS spectra (300-1700 m/z) at a resolution of 70000
at 200 m/z after accumulation to a target value of 3000000, followed by
HCD (higher-energy collision dissociation) fragmentation on the twelve
most intense signals per cycle. HCD spectra were acquired at a resolu-
tion of 35000 using normalized collision energy of 25 and a maximum
injection time of 120 ms. The automatic gain control (AGC) was set to
50000 ions. Charge state screening was enabled and singly and unas-
signed charge states were rejected. Only precursors with intensity
above 8300 were selected for MS/MS (2% underfill ratio). Precursor
masses previously selected for MS/MS measurement were excluded
from further selection for 30s, and the exclusion window was set at
10 ppm. The samples were acquired using internal lock mass calibration
on m/z 371.1010 and 445.1200. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the
PRIDE (Vizcaino et al., 2016) partner repository with the dataset
identifier PXD007538.

2.7. MeDIP-Seq analysis

MeDIP-seq analysis was performed according to the protocol of
Wolters et al. (Wolters et al., 2017). The dataset was divided into eight
different groups of duplicates: (1, 3, 5) Co_MeDIP_1d, Co_MeDIP_2d,
and Co_MeDIP_3d, includes the sequencing data of PHHs daily exposed
during 1, 2, and 3 day(s), respectively, to the control vehicle; (2, 4, 6)
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VPA_MeDIP_1d, VPA_MeDIP_2d, and VPA_MeDIP_3d, includes the se-
quencing data of PHHs exposed for 1, 2, and 3 day(s) daily, respec-
tively, to VPA; (7) Co_MeDIP_6dWO contains the sample exposed for
3 days daily with the vehicle control followed by a WO-period of 3 days;
and (8) VPA_MeDIP_6dWO includes the sequencing data of PHHs ex-
posed for 3 days daily to VPA followed by a WO-period of 3 days.

2.8. MRNA-seq analysis

mRNA-seq analysis were performed as early described by Caiment
et al. (2015) with minor adjustments (Caiment et al., 2015). In short,
mRNA-seq reads were first trimmed to the first 88 bp with Trimmo-
matic v0.33 and then aligned to the Ensembl human genome (hg38)
using Bowtie v1.1.1 (Langmead et al., 2009) using the default para-
meters. The mapping was then sorted by RSEM v1.2.28 (Li and Dewey,
2011) which provided a read count for all the main gene and known
isoforms annotated in the Ensembl genome using expectation-max-
imization algorithm. Genes and/or isoforms were considered sig-
nificantly changed if the Benjamini-Hochberg adjusted p-value (treated
versus time-matched controls) was below 0.05 by using DESeq2.

2.9. Protein identification and label free protein quantification (Protein
analysis)

The acquired raw MS data were processed by MaxQuant (version
1.4.1.2), followed by protein identification using the integrated
Andromeda search engine. Each file is kept separate in the experimental
design to obtain individual quantitative values. Spectra were searched
against a forward Swiss Prot-human database, concatenated to a re-
versed decoyed fasta database and common protein contaminants
(NCBI taxonomy 1D9606, release date 2015-09-15).
Carbamidomethylation of cysteine was set as fixed modification, while
methionine oxidation and N-terminal protein acetylation were set as
variable. Enzyme specificity was set to trypsin/P allowing a minimal
peptide length of 7 amino acids and a maximum of two missed-clea-
vages. Precursor and fragment tolerance was set to 10 ppm and 20 ppm,
respectively for the initial search. The maximum FDR was set to 0.01
for peptides and 0.05 for proteins. Label free quantification was enabled
and a 2min window for match between runs was applied. The re-
quantify option was selected. For protein abundance the intensity
(Intensity) as expressed in the protein groups file was used, corre-
sponding to the sum of the precursor intensities of all identified pep-
tides for the respective protein group. Only quantifiable proteins (de-
fined as protein groups showing two or more razor peptides) were
considered for subsequent analyses. Protein expression data were
transformed (hyperbolic arcsine transformation) and missing values
(zeros) were imputed using the missForest R-package (missForest:
Nonparametric Missing Value Imputation using Random Forest, R
package version 1.4) (Stekhoven, 2013). The protein intensities were
normalized by scaling the median protein intensity in each sample to
the same values.

For the two-group analysis the statistical testing was performed
using t-test (treated versus time-matched controls) on transformed
protein intensities (hyperbolic arcsine transformation). Proteins were
called significantly differentially expressed if linear fold-change ex-
ceeded 1.5-fold and the p-value from the t-test was below 0.05.

2.10. Selection of co-expressed genes and proteins

For the differentially expressed genes (DEGs) at day 1 we selected
the genes if the corresponding protein appeared to have changed in the
same direction at any of the time-points.

2.11. Selection of persistent genes, proteins, and methylated regions

Genes were selected as persistently upregulated if they were
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Fig. 2. ATP levels in pM after 1, 2, and 3 days of daily exposure of PHHs to 15 mM VPA, as well as after a 3 day WO-period.

significantly upregulated after 6 days (after the WO-period) and 1) after
3 days of VPA-treatment, or 2) after 2 and 3 days of VPA-treatment, or
3) after 1, 2, and 3 days of VPA-treatment. The same was done for the
downregulated genes.

The persistent proteins were defined in the same way as the per-
sistent genes. Methylated regions were selected in the same way but
those were divided into hypo- and hypermethylation.

2.12. Pathway analysis

Significantly methylated regions per day, unique differentially ex-
pressed genes per day and significantly modified proteins per day were
uploaded onto VENNY (Oliveros, 2007). ConsensusPathDB (Kamburov
et al., 2011) was used to identify and visualize the involvement of the
unique and overlapping genes in biological processes that may be af-
fected on the level of pathways, by selecting significantly perturbed
pathways with a p-value < 0.01 from a gene enrichment analysis.

2.13. Network visualization of genes after VPA-treatment

Related genes from the selected significant proteins after VPA-
treatment and the WO-period were exported and unique genes were
uploaded onto the induced network module of ConsensusPathDB
(Kamburov et al., 2011). After that, the protein interactions, with the
high-confidence filter, and the gene regulatory interactions (do not
allow for intermediate nodes) were exported. This data was then up-
loaded onto Cytoscape. The circular layout was selected and the net-
work was analyzed as undirected. Fold Change (FC) data were added
and nodes were colored (green = gene expression upregulation (posi-
tive FC) and red = gene expression downregulation (negative FC)). A
selection of hub-genes which show a high number of interactions with
other genes (neighbors) was visualized in subnetworks in more detail.

The genes with 5 or more neighbors (connections with other genes
in the network) were selected as hub genes. This was done for all the 4
time-points. Then, the hub genes per day were uploaded onto VENNY
(Oliveros, 2007) to observe the overlap between the networks.

In addition, interaction network between the genes of different lists
was generated by using ToppCluster (Kaimal et al., 2010).

2.14. TSNI ODE protein—protein and gene—gene interaction networks

Protein expressions and VOOM-transformed gene expressions (since
ODE TSNI analysis will not work with read counts (RNA-seq data) it
needs to be VOOM-transformed to log-counts per million with asso-
ciated precision weight (Law et al., 2014)) of the genes and proteins of
the predefined ‘regulation of lipid metabolism’ pathway, induced
during VPA-treatment and after the washout period, were used for the
TSNI ODE analysis. Thereafter, interaction networks were formed by
using a p-value < 0.1 as threshold.

2.15. Intracellular ATP measurement in PHHs

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was
performed according to the manufacturer’s instructions. In short, PHHs
were cultured in a double collagen layer in 96-well plates at a con-
centration of 0.7*1076 cells/mL. Background luminescence was taken
into account by using wells without cells. Luminescence was measured
by using the GloMAx 96 Microplate Luminometer (Promega) and ana-
lysed by using the GloMax 96 Software (Promega).

3. Results
3.1. Cytotoxicity and ATP-production

Firstly we showed 77% cell viability (IC,o) after 3 days of daily
treatment with 15 mM VPA, while this drops to 50% with 20 mM VPA
(Fig. 1C). Afterwards, three days of daily VPA-treatment with 15 mM
resulted in a decreased ATP-production compared to the control sam-
ples thus indicating VPA-induced mitochondrial impairment (Fig. 2).
Three days after terminating VPA-treatment this decreased ATP-pro-
duction appeared still present (Fig. 2).

3.2. DMRs, DEGs and DEPs

3.2.1. Nuclear genomic effects during VPA-treatment and after the washout
period

VPA-treatment of PHHs resulted in significant DNA-methylation
changes, mRNA gene expression changes, and protein expression
changes as determined after 1, 2, and 3 days of exposure. Part of these
changes remained persistent after a washout of 3days. Fig. 3 and
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Fig. 3. Numbers of DMRs, DEGs, and DEPs after exposure of PHHs to VPA after 1, 2, and 3 days, as well as after a 3 day WO-period.
A. Number of hypermethylated DMRs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

B. Number of hypomethylated DMRs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

C. Number of upregulated DEGs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

D. Number of downregulated DEGs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

E. Number of upregulated DEPs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

F. Number of downregulated DEPs after 1 (D1), 2 (D2), and 3 (D3) days, as well as after a 3 day WO-period (D6WO).

+: DNA hypermethylation, gene expression upregulation, protein expression upregulation;

—: DNA hypomethylation, gene expression downregulation, protein expression downregulation.

Table 1 provide an overview of the numbers of differentially methy-
lated regions (DMRs), differentially expressed genes (DEGs), and dif-
ferentially expressed proteins (DEPs) at all time points. Numbers of
DMRs, DEGs, and DEPs persistently changed into the same direction as
apparent after the washout period, are presented in Table 1 (DMRs,
DEGs and DEPs) as well as in Figs. 4-6 (19 persistently hypomethylated
DMRs (Fig. 4), 206 persistent DEGs (Fig. 5), and 80 persistent DEPs

Table 1

(Fig. 6). In view of the fact that a total of 10579 DMRs was induced
after the WO-period, the number of 19 persistently methylated DMRs
seems negligibly low and this indicates that VPA-induced nuclear me-
thylome changes are highly reversible.

In particular, in correspondence with the known action of VPA as a
HDAC inhibitor, we found multiple effects on the expression levels of
genes from the HDAC family which then again normalized after the WO

Total number of DMRs, DEGs and DEPs after the daily exposure of PHHs to VPA after 1 ™, 2 ® and 3 days ‘“), and after 3 days daily exposure of PHHs with VPA followed by a 3 day WO-
period ®. The persistent number of DMRs, DEGs and DEPs after 3 days daily exposure of PHHs with VPA followed by a 3 day WO-period ®.

1-day daily VPA exposure 2-days daily VPA exposure

3-days daily VPA exposure

3-days washout period after 3-days daily VPA exposure

Total ¥ Total ® Total © Total Persistent ™

DMRs DEGs DEPs DMRs DEGs DEPs DMRs DEGs DEPs DMRs DEGs DEPS DMRs DEGs DEPs
+ 18183 4060 148 12152 4632 236 5716 4391 334 766 154 173 0 68 40
- 7930 3746 70 2182 3651 134 8633 3427 311 9813 291 275 19 138 40
Total 26113 7806 218 14334 8283 370 14349 7818 645 10579 445 448 19 206 80

*direction of effect.

+ = DNA hypermethylation; gene expression upregulation; protein expression upregulated.

— = DNA hypomethylation; gene expression downregulation; protein expression downregulated.
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19 persistent DMRs (0 Hyper and 19 Hypo)
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DMRs_Day 2_Hyper DMRs_Day 3_Hyper
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Hypomethylated

DMRs_Day 2_Hypo DMRs_Day 3_Hypo

DMRs_Day 1_Hypo

Fig. 4. Venn diagrams of persistently hyper- and hypomethylated DMRs after 1, 2, and 3 days of exposure of PHHs to VPA, as well as after a 3 day WO-period.

206 persistent DEGs (68 Up and 138 Down)

Upregulated

Day 2_Up Day 3_Up

Downregulated

Day 2_Down Day 3_Down

Fig. 5. Venn diagrams of persistently upregulated and downregulated DEGs after 1, 2, and 3 days of exposure of PHHs to VPA, and after a 3 day WO-period.

period.

3.2.2. Mitochondrial genomic effects during VPA-treatment and after the
washout

We detected significantly changed methylation patterns for 24 mi-
tochondrial genes which appeared reversible after the WO-period
(Supplementary Table S3A). Nine DMRs demonstrated relatively tran-
sient increases in methylation levels culminating after 2 days of VPA-
treatment (Supplementary Table S3A). For these genes, we noted con-
cordance between DNA hypermethylation and downregulated gene
expression.

We found 13 significantly expressed mitochondrial protein-coding
genes (as confirmed by MitoCarta2.0 (Calvo et al., 2016)) comprising 2
ATP synthases (MT-ATP6 and MT-ATP8; complex V enzyme of the ETC),
3 cytochrome C oxidases (MT-CO1, MT-CO2, and MT-CO3; complex IV
of the ETC), 1 cytochrome b (MT-CYB; complex III of the ETC), and 7
NADH dehydrogenase subunits (MT-ND1, MT-ND2, MT-ND3, MT-ND4,

MT-ND4L, MT-ND5, and MT-ND6; complex I of the ETC). Gene func-
tions refer to maintaining mitochondrial metabolism. All 13 genes
showed a decreased expression after 1, 2, and 3 days of daily VPA-
treatment (Supplementary Table S3A), which is in line with the ob-
served decreased ATP-production during VPA-treatment (Fig. 2). After
the WO-period, these 13 genes were neither up- nor downregulated.
Also 2 ribosomal RNAs (MT-RNR1 (small subunit) and MT-RNR2 (large
subunit)) were significantly expressed during VPA-treatment while the
MT-RNR2 gene was persistently downregulated after washout.

In addition, the proteins of MT-ATP6, MT-CO2, MT-ND1, and MT-
ND4 were detected, showing a trend towards downregulation upon
VPA-treatment and after the WO albeit not significantly
(Supplementary Table S3A).

3.2.3. ATP-synthases
From the 25 known ATP-synthases (23 nuclear ATP-synthases and 2
mitochondrial ATP-synthases (MT-ATP6 and MT-ATPS8)), 17 proteins
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Fig. 6. Venn diagrams of persistently upregulated and downregulated DEPs after 1, 2, and 3 days of exposure of PHHs to VPA, and after 3 days daily exposure of PHHs with VPA followed

by a 3day WO-period.

were detected during VPA exposure; only ATP5S appeared significantly
downregulated after 1 day of VPA-treatment (Supplementary Table 1B).
In addition, ATP5I and ATP5L were downregulated after the WO-period
(Supplementary Table S3B). Interestingly, the expressions of 7 genes
coding for ATP-synthases (5 nuclear ATP-synthases: ATP5B, ATP5G2,
ATP5J, ATP5J2, and ATP6; and 2 mitochondrial ATP-synthases: MT-
ATP-6, and MT-ATP8) were significantly downregulated during VPA-
treatment and returned to control levels after the WO (Supplementary
Table S3B). In addition, DNA methylation patterns were in concordance
with gene expression changes for the genes ATP5 B (at day 2), ATP5G2
(at day 1), and ATP6AP2 (at day 3) during VPA-treatment but appeared
reversible after the WO (Supplementary Table S3B). These results
match with the observed decrease in ATP-production (Fig. 2).

3.3. Increasing complexity in gene-gene interaction networks during VPA-
treatment

Fig. 7A-C demonstrates the increasing complexity of gene-gene
interactions for differentially expressed protein-coding genes with the
duration of VPA-treatment. This faded out to some degree after washout
(Fig. 7D). Pathway analysis of those DEGs connected to 5 or more
neighbors showed that predominantly TCA-cycle-related pathways
were affected after 3 days of VPA-treatment while mainly pathways
involved in ETC, TCA-cycle, fatty acid, and f-oxidation appeared in-
duced after washout (Supplementary Table S4A). The intersection be-
tween these networks is shown in Fig. 7E and Supplementary Table
S4B. In detail, we found 1 DEG (ENSG00000115414, fibronectin 1
(FN1)) initially connected to 10 neighbors which developed 71 con-
nections after 3 days of VPA-treatment while maintaining 50 interac-
tions with neighbor genes after the washout. Similar patterns of de-
veloping increasing numbers of gene-gene interactions during VPA
treatment, be it lesser than for FN1, were observed for IQ motif con-
taining GTPase activating protein 1 (IQGAPI1), GNAS complex locus
(GNAS), filamin A (FLNA), sequestosome 1 (SQSTM1), and caveolin 1
(CAVI). Five of the 6 genes (except of GNAS), which showed an in-
creased complexity in their gene-gene interaction networks during
VPA-treatment, are known to play a role in mitochondria formation and
functioning (see Discussion). The neighbor-genes of these 6 genes after
1 and 3 days of VPA-treatment are listed in Supplementary Table S4B-
H.

In summary, 2 of the 5 nuclear genes which showed an increased

complexity in their gene—gene interactions over time during VPA-
treatment and which were all involved in mitochondrial function
(namely, FN1 and IQGAP1), were identified as important hub genes
which remained persistently changed during washout. This seemed not
related to any modification in the temporal methylation patterns of
these genes. In addition, we have found the neighbor-genes nudix hy-
drolase 21 (NUDT21 (neighbor of FN1)), insulin like growth factor 2
receptor (IGF2R (neighbor of FN1)), SMAD family member 3 (SMAD3
(neighbor of FLNA and SQSTM1)), inhibitor of nuclear factor kappa B
kinase subunit gamma (IKBKG (neighbor of FLNA and SQSTM1)), and
PYD and CARD domain containing (PYCARD (neighbor of SQSTM1)) in
the list of 137 unique DEGs which demonstrated an increasing con-
cordance with protein expression over time (see the next paragraph).

3.4. Concordance in time between transcriptome and proteome expression
during VPA-treatment and after the washout

Co-expression between DEGs and their corresponding DEPs in-
creased over time (Supplementary Fig. S1A). The percentage of DEGs
upregulated in concordance with their DEPs increased from 2.0% to
5.2% after the WO-period (Supplementary Fig. S1A). Concordance be-
tween downregulated DEGs and their corresponding DEPs appeared
much more substantial, namely from 8.6% at day 1 to an astonishing
26% after the WO-period (Supplementary Fig. S1A). The same trend
was shown for DEGs at day 2 and day 3.

Pathway analysis of the 137 unique DEGs, which demonstrated
concordance with protein expression over time, returned 106 sig-
nificantly enriched pathways (Supplementary Table S5). 109 DEGs
appeared present in at least one pathway. Interestingly, 32 out of these
106 pathways refer to 1) VPA metabolism (such as Valproic acid
pathway), 2) Pyruvate deficiency (such as Pyruvate Metabolism), 3)
fatty acid metabolism-associated pathways (such as Fatty Acid Omega
Oxidation; Regulation of lipid metabolism by Peroxisome proliferator-
activated receptor alpha (PPARalpha); Mitochondrial LC-Fatty Acid
Beta-Oxidation; Fatty Acid Beta Oxidation; Metabolism of lipids and
lipoproteins; Fatty acid degradation; Nuclear Receptors in Lipid
Metabolism and Toxicity), and 4) ATP-associated pathway (such as
Glycolysis Gluconeogenesis). Methylation changes of some genes (no-
tably MAOB, PYCARD, GSDMD, PPIF, SMAP1, TTPA, ASGR1, PKLR,
AK4, FBP1, ARF6, SUGCT, ACSM2A, and TBC1D9B) were in con-
cordance with their expression and protein changes (Supplementary
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Fig. 7. Cytoscape generated dynamic molecular interaction networks after exposure of PHHs to VPA after 1, 2, and 3 days, as well as after a 3 day WO-period.

A. Dynamic network of 218 genes concordantly expressed in relation of their significantly differentially expressed proteins (DEPs) in PHHs after 1 day of VPA-treatment.

B. Dynamic network of 370 genes concordantly expressed in relation of their significantly differentially expressed proteins (DEPs) in PHHs after 2 days of VPA-treatment.

C. Dynamic network of 645 genes concordantly expressed in relation of their significantly differentially expressed proteins (DEPs) in PHHs after 3 days of VPA-treatment.

D. Dynamic network of 448 genes concordantly expressed in relation of their significantly differentially expressed proteins (DEPs) in PHHs after WO-period.

E. Venn diagram showing the overlap of genes with 5 or more interactions in the networks of Day 1 (A), Day 2 (B), Day 3 (C), and Day 6 WO (D), with some DEGs emphasized in Table

next to the venn diagram.

Legend (A-D): green = gene expression upregulation; red = gene expression downregulation.

Table S6A).

Interestingly, 38 genes expressed in concordance with their proteins
and identified in the overlap of these 32 pathways, overall showed a
downregulation in mRNA expression during VPA-treatment followed by
a downregulation of the corresponding protein during the WO-period
(Supplementary Table S6B). These 38 genes predominantly refer to
acyl-CoA synthetase medium-chain family members (ACSM; ACSM5,
ACSM2A, and ACSM2B) which are catalyzers of the oxidation of VPA to
VPA-CoA in the mitochondria, cytochrome P450 enzymes (CYPs;
CYP4A11, CYP2E1, CYP2C8, CYP4F3, CYP2D6, CYP8B1, and CYP2C9)
which are involved in VPA-metabolism, alcohol dehydrogenases (ADH;
ADHI1C and ADH4) which play a role in the Glycolysis Gluconeogenesis
(ATP-associated pathway), carnitine palmitoyltransferases (CPT;
CPTIA and CPT2), 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2), and acyl-CoA oxidases (ACOX; ACOX1 and ACOX2).
Consequently, the observed co-expression of these genes with their
proteins points towards a downregulation of VPA-metabolism, as well
as a downregulation of ATP synthesis, also after the washout period.
Finally, the methylation patterns of these 38 genes demonstrated con-
cordance with the expression of ACSM2A, monoamine oxidase B
(MAOB), ATP binding cassette subfamily C member 2 (ABCC2), solute

carrier family 25 member 20 (SLC25A20), and fructose-bisphosphatase
1 (FBP1). Furthermore, 11 of the 38 genes selected from the 32 path-
ways described before, have previously been identified as genes that
encode for mitochondrial proteins (such as CPT1A, CPT2, and ACSM5)
by using MitoCarta2.0 (Calvo et al., 2016). In addition, from the in total
137 concordant DEGs with their DEPs we have found 38 genes which
encode for mitochondrial proteins as identified by MitoCarta2.0 (Calvo
et al., 2016) (Supplementary Table S6C).

3.5. TSNI ODE protein—protein and gene-gene interaction networks

TSNI disclosed a small protein-protein interaction network induced
during VPA treatment, within the ‘regulation of lipid metabolism’
pathway, which appeared composed from 7 proteins targeting the
downregulated perilipin2 (PLIN2) (Supplementary Fig. S2). TSNI did
not reveal any significant gene—gene interaction networks during VPA-
treatment within the ‘regulation of lipid metabolism’ pathway.
Furthermore, the addition of the washout period to the protein or gene
TSNI analysis did not reveal any further significant protein—protein or
gene-gene interaction network.
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3.6. Pathway analysis of persistent DEGs and DEPs

As mentioned before we deem the presence of 19 persistently me-
thylated DMRs negligible. Consequently, for further analyses of per-
sistence of VPA-induced molecular events we focused on DEGs and
DEPs which remained expressed into the same direction after WO.
Pathway analysis of the 206 persistent DEGs (of which 68 were upre-
gulated and 138 downregulated) returned 104 significantly enriched
pathways (Supplementary Table S7A). Among these, some refer to VPA
metabolism (such as Valproic Acid Metabolism Pathway), Pyruvate
deficiency (such as Pyruvate Dehydrogenase Complex Deficiency;
Pyruvate kinase deficiency; Pyruvate Metabolism; Pyruvate
Decarboxylase E1 Component Deficiency (PDHE1 Deficiency)), and
fatty acid metabolism-associated pathways (such as Fatty Acid Omega
Oxidation; Fatty acid biosynthesis — Homo sapiens (human);
Regulation of lipid metabolism by Peroxisome proliferator-activated
receptor alpha (PPARalpha); Lipid digestion, mobilization, and trans-
port; Metabolism of lipids and lipoproteins; Nuclear Receptors in Lipid
Metabolism and Toxicity).

The 80 persistent DEPs (of which 40 were upregulated and 40
downregulated) were classified into 100 significantly enriched path-
ways (Supplementary Table S7B). These 100 pathways predominantly
refer to the endogenous metabolism but to some extent also to VPA
metabolism (such as Valproic Acid Pathway Pharmacodynamics and
Valproic Acid Pathway Pharmacokinetics (Supplementary Table
S8A-C)), and fatty acid metabolism-associated pathways (such as
Saturated fatty acids beta-oxidation (Supplementary Table S8D and E)).

4. Discussion

In the present study, we performed whole genome analysis of DNA-
methylation, gene expression, and protein expression in PHHs induced
by VPA, thereby focusing on the concordance between results from
these three platforms and on the persistence of induced changes, in
particular with respect to VPA-induced mitochondrial toxicity. Reduced
ATP-production also after WO (Fig. 2), confirms VPA-induced persistent
mitochondrial dysfunction in PHHs. In addition, thousands of DMRs
were found after 1, 2, and 3 days of VPA-treatment. After the WO-
period not more than 19 DMRs appeared persistently hypomethylated
thus indicating strong reversibility of VPA-induced epigenomic altera-
tions (Figs. 3 and 4). While considerable reversibility of VPA-induced
gene and protein expression was also demonstrated after washout,
pathway analysis of significantly and persistently expressed genes and
proteins returned processes which refer to VPA metabolism, pyruvate
deficiency, fatty acid metabolism-associated pathways, and ATP-asso-
ciated pathways, in correspondence to the observed reductions in ATP
production.

For cross-omics analysis, we initially considered an unsupervised
data integration (such as ICluster+ (Mo et al., 2013) and Bayesian
tensor factorization (Khan et al., 2016)), which however did not work
out in our datasets, because of a) skewness of the data distribution in
view of the limited sample numbers, and b) known resolution differ-
ences between the ‘omics platforms. Therefore, we continued with time-
resolved supervised data integration, by using a network-based ap-
proach based on ODE (Hendrickx et al., 2017), thereby exploiting the
predefined “regulation of lipid metabolism” pathway as a priori
knowledge. In particular, for capturing temporally induced network
motifs, we used Time Series Network Identification (TSNI) (Bansal
et al., 2006) based on ODE, describing the time evolution of the ex-
pression of each gene which is dependent on the expression of other
genes. TSNI on samples during VPA treatment disclosed a small pro-
tein—protein interaction network, targeting PLIN2, within the ‘regula-
tion of lipid metabolism’ pathway. PLIN2 is associated with in-
tracellular lipid accumulation but appeared increasingly downregulated
across time. By contrast, TSNI did not reveal any significant gene-gene
interaction networks during VPA-treatment. We suggest that this is due
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to the extreme dynamics of the transcriptome response to VPA (Fig. 7).

This discordance may to some extent reflect protein-level buffering
of coexpressed genes, spatially closed neighboring genes described
earlier, thereby putting limitations to the functional analysis of cross-
omics responses (Kustatscher et al., 2017). Consequently, we deemed
this ODE-based approach not quite satisfactory in this particular case.

As a next step, we used a data-based approach thereby inferring the
topology of inter-linked gene networks from known interactions (Le
Novere, 2015).

VPA is known as a HDAC-inhibitor e.g. via proteosomal degradation
of HDAC2 (Kramer et al., 2003). We found downregulation of HDAC6
(day 1) and HDAC7 (day 1, day 2, and day3), as well as upregulation of
HDAC1, HDAC3 and HDAC9. Inhibition of HDAC7 by VPA was found in
previous studies (Gurvich et al., 2004; Kwiecinska et al., 2014). Where
HDAC inhibition has been reported to be associated with specific DNA
hypomethylation (Sarkar et al., 2011) as well as with global hy-
permethylation (Gu et al.,, 2012), we have previously demonstrated
hypo- as well as hypermethylation induced in PHH after 5 days of VPA
treatment (Wolters et al., 2017). Here, we observed a gradual de-
methylation across time (Fig. 3A) but also a transient decrease in hy-
pomethylation culminating on day 2 of VPA administration. Corre-
spondingly, we found downregulation of DNMT1 after 1 and 2 days of
VPA administration but specifically found DNMT2 expression to be
upregulated after 2 and 3 days VPA-treatment, which may explain the
transient increases of DNA methylation levels on day 2 in either nDNA
and/or mtDNA. In line with this, 9 of the 13 mitochondrial genes
coding for proteins (MT-ATP6, MT-CO1, MT-CO2, MT-CO3, MT-CYB,
MT-ND1, MT-ND2, MT-ND4, and MT-ND5) showed increased methyla-
tion after 2 days of VPA-treatment compared with day 1, which matches
with the downregulation of the expression levels of these mitochondrial
genes during VPA-treatment. All 9 concordantly methylated and ex-
pressed mitochondrial genes refer to a decreased activity in complex I,
IIL, IV, or V of the ETC and this relates to the decreased ATP-production
after 3 days of VPA-treatment. Although we do not have a direct ex-
planation for the subsequent decrease in methylation levels of these
mitochondrial genes observed on day 3, we observed a slight increase of
Tet methylcytosine dioxygenase 1 (TET1) expression (log2 FC of —2.1
(day 1) to —1.6 (day 3)) known to actively cause DNA demethylation.
All in all, interactions of VPA with the HDAC and DNMT gene families
regulating epigenomic status, seem more complicated than anticipated
from literature, and require further in depth investigations.

The persistently decreased ATP-production is a sign of VPA-induced
mitochondrial dysfunction most probably reflecting adverse con-
sequences of oxidative stress. This has been suggested to activate a
mitochondria-nucleus signaling pathway potentially modulated by 40
identified transcription factors (TFs) which has been hypothesized to
counteract the toxicant-induced mitochondrial dysfunction (Jazwinski,
2013; Kotiadis et al., 2014; Ryan and Hoogenraad, 2007). Sixteen out of
these 40 TFs were (slightly) increased or decreased at day 2 or day 3 of
VPA-treatment (Supplementary Table S9). We thus asked whether these
deregulated TF expressions may inform about the observed increasing
complexity of gene—gene interactions with the duration of VPA treat-
ment, in particular with regard to the observed mitochondrial toxicity.

Five of the 6 genes (except of GNAS), which developed an increasing
number of neighbors during VPA-treatment which dropped again after
washout (Fig. 7E), play a role in mitochondria formation and func-
tioning (Lehwald et al., 2012; Mukherjee et al., 2014; Schmidt et al.,
2008; Seibenhener et al., 2013; Volonte et al., 2016; Wu et al., 2005; Yu
et al., 2017). FN1 knock-down has been shown to induce mitochon-
drial-dependent apoptosis by decreasing CA** (Wu et al., 2005). Fur-
thermore, IQGAPI is known to play a role in B-catenin expression
(Schmidt et al., 2008), which has an important role in mitochondrial
homeostasis (Lehwald et al., 2012). In addition, FLNA and CAV1 are
required for the transport of ribonucleoprotein to the mitochondria
(Mukherjee et al., 2014). CAV1 has also been shown to reduce the ATP-
production via mitochondrial dysfunction (Volonte et al., 2016; Yu
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Fig. 8. Interaction network between the genes of 4 different lists by using ToppCluster (Kaimal et al., 2010).

Cluster 1 (red): 7 genes of the mtDNA coding for mitochondrial proteins which have shown concordance between methylation patterns and gene expression; Cluster 2 (blue): 5 genes
which have shown increased numbers of neighbors in the networks; Cluster 3 (purple): 38 genes that showed concordance with protein expression and are known to encode for
mitochondrial proteins by using MitoCarta2.0 (Calvo et al., 2016); and Cluster 4 (green): 16 transcription factors of the mitochondria-nucleus signaling pathway which have shown
modified mRNA expression values after 2 and/or 3 days of VPA-treatment. The concordant gene/protein CPT1A has been marked yellow, since it is the direct target of VPA.

et al.,, 2017). SQSTM1 deficiency causes defects in mitochondrial
membrane potential which can lead to mitochondrial dysfunction
(Seibenhener et al., 2013). Interestingly, the mitochondria-nucleus
signaling TF MYC proto-oncogene bHLH transcription factor (MYC)
interconnected the network building genes FN1, SQSTM1, CAV1, and
FLNA (Fig. 8). Hereby, the downregulated expressions of FN1, CAV1,
and FLNA during VPA-treatment correspond with the downregulation
of MYC on day 1 and day 2. MYC expression had normalized after the
WO period, possibly through hypermethylation (Supplementary Table
S9).

Most interestingly, in contrast to the earlier hypothesis that it is
toxicant-related oxidative stress which activates the mitochondria-nu-
cleus signaling pathway (Jazwinski, 2013; Kotiadis et al., 2014; Ryan
and Hoogenraad, 2007) we now propose that mitochondria-nucleus
communications result from direct gene—gene interactions induced by
VPA (Fig. 8). In more detail, the mitochondrial gene MT-CO2 interacts
with 1 of the 5 network genes, namely FN1 (directly, as well as in-
directly via prohibitin (PHB)). This FN1 seems to play a pivotal role in
this interaction network, since it showed also connections with 2 other
network genes (namely CAVI and FLNA) and with 2 TFs involved in the
mitochondria-nucleus signaling (namely PRKCB and MYC). Notably,
the importance of FN1 in the mitochondrial nuclear crosstalk has been
noted in a previous study where FN1 was upregulated in a breast epi-
thelial cell line devoid of mtDNA (p° cells) compared to a breast car-
cinoma cell line (Kulawiec et al., 2008). Furthermore, MYC interacts
with 3 other TFs relevant for toxicant-induced mitochondria-nucleus
signaling, with 4 of the 5 network genes, and most importantly, with 4
genes concordantly regulating mitochondrial proteins.

Lastly, the neighbor-genes SMAD3 and IKBKG (neighbors of FLNA
and SQSTM1), IGF2R (neighbor of FN1), and PYCARD (neighbor of
SQSTM1) demonstrated increasing concordance with protein expres-
sion over time. SMAD3 is involved in mitochondria functioning (Yu
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et al., 2014) and PYCARD is known to induce mitochondrial apoptosis
(Liu et al., 2012). In addition, the methylation level of SMAD3 during 1
and 3 days of VPA-treatment corresponds with the mRNA and protein
expression. Interestingly, the mitochondria-nucleus signaling TF mi-
togen-activated protein kinase 14 (MAPK14) is present as a neighbor in
the complex networks of IQGAP1, FLNA, and SQSTM1 after 2 and
3 days of VPA-treatment.

Another important MYC target within this mitochondria-nucleus
signaling pathway is carbamoyl-phosphate synthase 1 (CPS1), which is
a phosphorylating enzyme using ATP in the mitochondria. MYC and
CPS1 were both downregulated after 1 and 2 days of VPA-treatment.
CPS1 interacts with the downregulated CPT1A (which is known to be
competitively and non-competitively inhibited by VPA) and induces a
network of 6 downregulated concordant genes/proteins (nipsnap
homolog 1 (NIPSNAP1), transforming growth factor beta regulator 4
(TBRG4), acylglycerol kinase (AGK), dephospho-CoA kinase domain
containing (DCAKD), sideroflexin 4 (SFXN4), and CPT2) via the
downregulation of coenzyme Q9 (COQ9) at day 1. In addition, the
concordant genes AGK, COQ9, and CPT2 known to encode for mi-
tochondrial proteins according to MitoCarta2.0 (Calvo et al., 2016)
(these proteins were involved in lipid and glycerolipid metabolism
(AGK), mitochondrial ubiquinone biosynthesis (COQ9), and oxidizing
long-chain fatty acids in the mitochondria (CPT2)) appeared down-
regulated after the washout.

In addition, 38 genes/proteins were selected from the metabolic
pathways that show an increasing concordance between gene and
protein expression over time thus indicating an improved regulation of
protein expression (a.o. referring to CYPs, CPTs, ACSMs, and uridine
5’diphosphate (UDP)-glucuronosyltransferases (UGTs)). The possible
direct inhibitory effect of VPA on CPT1 expression suggests that the
normal fatty acid transport into the cell is repressed which may result in
a decreased B-oxidation, TCA-cycle, and ETC and finally into a
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repressed ATP-production and thus to mitochondrial toxicity. CPT1
mRNA gene expression was downregulated during VPA-treatment while
the protein was only downregulated after washout. This also implies
that VPA, being a simple fatty acid itself, may inhibit through CPT1
downregulation its own transport into the mitochondria and therefore,
its own oxidative metabolism. In addition, co-expression between genes
and proteins was predominantly found for metabolic enzymes such as
ACSMs, UGTs, and CYPs. The controlled downregulation of transporters
and enzymes involved in VPA metabolism indicate end-product in-
hibition, suggesting an adaptation of PHHs to the VPA challenge re-
sulting in a decrease of oxidative VPA metabolite formation.

In summary, our cross-omics analysis of dynamic perturbations
caused by the prototypical liver toxicant VPA in human hepatocytes has
revealed new insights in the mitochondrial-nuclear crosstalk endorsing
VPA-induced mitochondrial toxicity as apparent from reduced ATP
production which was maintained even after terminating VPA treat-
ment, as well as reducing oxidative VPA metabolism as an adaptive
response to the continuing VPA challenge. We propose that in the early
phase of treatment VPA-generated oxidative stress downregulates the
electron transport chain and the expression of a range of ATP-synthases
which leads to an initial decrease in ATP production as a first mani-
festation of mitochondrial toxicity. Subsequently, through interference
with the HDAC/DNMT gene families, VPA induces a transient hy-
permethylation which further downregulates mitochondrial genes thus
increasingly impairing mitochondrial function and ATP production.
One of these mitochondrial genes, MT-CO2, thereupon activates the
mitochondria-nucleus signaling pathway mediated by FNI which over
time establishes an interaction with the downregulated nuclear TF
MYC. Thereafter, MYC decreases CPS1 expression which then down-
regulates CPT1A, proteins of CPS1 and CPT1A being downregulated
even after washout. This leads to the downregulation of a small reg-
ulatory network consisting of six concordant mitochondrial genes
(Fig. 8). This gene-gene interaction network is confirmed by the fact
that proteins of CPS1, CPT1A, COQ9, AGK, and CPT2 were down-
regulated even after terminating VPA treatment which matches with
the observed repressed ATP-production after washout (Fig. 2). This
impairment of the mitochondrial function has been considered as one of
the reasons for steatosis/hepatotoxicity (Begriche et al., 2006; Pessayre
et al., 1999; Silva et al., 2008).

5. Conclusions

Through our integrated ‘omics approach, we found relevant con-
cordance between observed VPA-induced transient methylation
changes in mtDNA and dynamic downstream responses in relation with
decreased ATP-production. This provided us with a deeper insight in
the exact cross-omics mechanisms across time upon VPA-treatment and
after the washout. We have identified a potential novel mitochondria-
nucleus signaling axis, MT-CO2-FN1-MYC — CPT1, which underlies,
firstly, VPA-induced mitochondrial dysfunction and, secondly, indicates
repressed VPA-metabolism as an adaptation mechanism. Overall, this
cross-omics study has for the first time depicted a drug-induced tran-
sient effect on the methylation of mtDNA, which through a dedicated
mitochondrial-nuclear communication pattern activates an increasingly
complex cascade of gene-gene interactions (in mtDNA and nDNA)
whereby MYC and FN1 seems to play an extremely important role, fi-
nally resulting in a persistent mitochondrial dysfunction. The results
from this genome-wide survey of drug-induced responses in human
liver cells disclosing novel mechanisms-of action of toxic substances
demonstrates the strength of the temporal study design in analyzing
effects of impulse perturbations in biological systems. However, an
even higher resolution in time is required to unravel the exact sequence
of events to greater depth; this is now applied in follow-up studies.
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