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ARTICLE INFO ABSTRACT
Keywords: Cellular responses induced by surgical procedure or ischemia-reperfusion injury (IRI) may severely alter tran-
Gene expression scriptome profiles and complicate molecular diagnostics. To investigate this effect, we characterized such pre-

Pre-analytical workflows
Microarray
Transplantation medicine
Biomarker

analytical effects in 143 non-malignant liver samples obtained from 30 patients at different time points of
ischemia during surgery from two individual cohorts treated either with the Pringle manoeuvre or total vascular
exclusion. Transcriptomics profiles were analyzed by Affymetrix microarrays and expression of selected mRNAs
was validated by RT-PCR. We found 179 mutually deregulated genes which point to elevated cytokine signaling
with NFkB as a dominant pathway in ischemia responses. In contrast to ischemia, reperfusion induced pro-
apoptotic and pro-inflammatory cascades involving TNF, NFkB and MAPK pathways. FOS and JUN were
down-regulated in steatosis compared to their up-regulation in normal livers. Surprisingly, molecular signatures
of underlying primary and secondary cancers were present in non-tumor tissue. The reported inter-patient
variability might reflect differences in individual stress responses and impact of underlying disease conditions.
Furthermore, we provide a set of 230 pre-analytically highly robust genes identified from histologically normal
livers (<2% covariation across both cohorts) that might serve as reference genes and could be particularly suited
for future diagnostic applications.

1. Introduction source of molecular information for basic and translational research as
well as for molecular diagnostics and improving surgical procedures.
Biospecimens, such as surgical specimens or biopsies are the key Accumulating evidence suggests that pre-analytical variables of
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criteria donor; HCC, hepatocellular carcinoma; PPI, Protein-protein interaction; FFPE, formalin-fixed and paraffin-embedded; HE, hematoxylin-eosin; SPIDIA,
Standardization and Improvement of Generic Pre-analytical Tools and Procedures for In Vitro Diagnostics; RMA, robust multi-chip average; NAT, normal-adjacent to
tumor.
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biospecimen, like effects of surgical procedures, ischemia and further
processing, account for problems in reproducing scientific data and are
responsible for the majority of laboratory diagnostic inaccuracies [1-3].
We have previously reported on protein and phosphoprotein as well as
metabolome alterations to ischemia effects in liver tissue specimens that
demonstrated some key proteins and metabolites, but also major inter
patient variability [4]. However, whether the observed variability
caused either by the patient or pre-analytical factors also influences
transcriptional responses including the stability of RNA targets and may
therefore affect molecular diagnostics, remains elusive. While un-
avoidable pre-analytical variables, such as fluctuations in gene expres-
sion due to individual genetic makeup (genotype), gender, age or
disease, already compromise the reliability of laboratory results,
extrinsic factors such as diverse surgical procedures add another layer of
complexity. In hepatic tumor surgery, vascular occlusion is routinely
performed to minimize operative haemorrhage, however at the expense
of inducing ischemia and reperfusion injury (IRI) [5,6]. Response of
organs to IRI is an almost unavoidable pre-analytical factor that
adversely impacts molecular analyses of liver tissue and has severe im-
plications for surgical procedures and preservation of organs during
liver transplantation. The recent permission of extended criteria donor
organs to minimize the number of patients awaiting liver trans-
plantation clearly illustrates the need to better understand the patho-
genesis of hepatic IRI in humans, in order to improve both patient
management and rates of allograft acceptance [7-10]. The most com-
mon techniques for vascular occlusion are the Pringle manoeuvre
(inflow occlusion) and total vascular exclusion (TVE, inflow and outflow
occlusion) [11,12]. Furthermore, ischemic preconditioning (IPC) proved
an effective strategy to attenuate IRI-associated liver damage and is
clinically well-established [13,14]. How differences in these applied
techniques affect transcriptional responses is still poorly investigated.
Importantly, exuberant stress and inflammatory responses to IRI in liver
specimen might mask transcriptional signatures of target transcripts
ultimately hindering diagnosis of the underlying disease. Therefore, not
only the transcriptional landscape of IRI needs to be investigated, but
also a detailed understanding of analytical targets that are both unaf-
fected by IRI and robust to additional pre-analytical variables is
necessary.

To complement our previous studies on ischemia effects on the liver
proteome and metabolome, the present study addresses the stability of
transcriptional responses to several hepatic IRI conditions and in
consideration of various pre-analytical variables at several time points
during and after surgery [4,15]. By comparing two independent cohorts
subjected either to the Pringle manoeuvre or TVE at two different
medical centers in Graz (Austria) and Rotterdam (Netherlands),
respectively, both mutually deregulated and stable genes, that might
prove to be novel biomarkers suitable to assess IRI or disease severity in
future studies, were investigated [16].

2. Materials and methods
2.1. Patients and study design

A total of 143 human liver samples representing different ischemia
conditions were collected from 30 patients during and after routine liver
surgery at the Medical University of Graz (MUG) and Erasmus Medical
Centre Rotterdam (EMC) constituting the MUG cohort (MC) and EMC
cohort (EC). The study was approved by the ethical committee of the
MUG (reference number 20-066 and 14-173) and at EMC under refer-
ence number MEC-2008-397. Consent was obtained according to local
procedures. The employed study design allows comparison of two
different surgical techniques for liver resection due to primary and
secondary tumors, thereby providing a real-life example of patient re-
sponses in two independent medical centers. Indication for liver surgery
in patients was metastasis of colorectal cancer to the liver (CRC, n = 20),
hepatocellular carcinoma (HCC, n = 3), cholangiocellular carcinoma
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(CCC, n = 3) or other diseases (other, n = 4, Table 1). The workflow is
shown in Fig. 1A. All samples have been collected distant to the tumor
and were immediately frozen in liquid nitrogen. In addition, biopsies
were fixed in buffered 4% formaldehyde and embedded in paraffin for
histopathological evaluation which was performed by experienced pa-
thologists to assess absence of tumor or acute or chronic liver disease in
H&E-stained slides. Liver steatosis was determined by using the Klein-
er’s scoring system for steatosis grades 1 (5%—33%), 2 (34-66%) and 3
(>66%). Based on the scoring obtained the MC was divided into to the
“steatosis” sub-group (>20% steatosis) for simplified comparison to the
“normal” sub-group (<5% steatosis) [17]. This step was made to create
two clearly distinct sub-groups for analysis on the transcriptional level.
Non-malignant tissue samples in the MUG cohort (MC) were collected
before vessel clamping (t0, reference time point) using the Pringle
manoeuvre as well as 30 min after vessel clamping (t1; warm ischemia),
30 min after reperfusion (t2; warm ischemia (WI) and reperfusion) and
30 min after tissue resection (t3; cold ischemia (CI), time between
resection and fixation). In the EMC cohort (EC), samples were taken
right with the first incision for tumor removal (t0', reference time point),
directly after excision (t0' CI), after 30 min of CI (t30") to validate
findings in t3 of the MC, and at various time points thereafter (t60,
t120’, t180’ and t360") to monitor the stability of RNA profiles during a
potential procedural delay. No vessel clamping was applied in the EC
because cutting was done with direct vessel sealing. CI samples were
maintained in a humidified chamber during the testing period. Intra-
operative WI times depend on the duration of the surgical procedure and
vary between individual patients, potentially leading to increased
variability in transcriptional profiles. In contrast, t1 samples (MC) were
collected after a standardized WI time of 30 min. Specimen were cut to 5
x 5x5 mm and either snap frozen in cooled methyl butane (MC) or
directly in liquid nitrogen (EC), in which it was subsequently stored until
further analysis; or formalin-fixed and paraffin-embedded (FFPE), cut
into 4 pm sections and stained using hematoxylin-eosin (HE) for
morphological examination.

2.2. RNA extraction and quality control

Cryopreserved samples (n = 143) were shipped on dry ice to the
SPIDIA consortium partner AROS for RNA extraction and microarray
analysis. RNA was extracted using the miRNeasy Mini Kit (QIAGEN
GmbH, Hilden, Germany) according to the manufacturer’s instructions.
Briefly, frozen liver samples (<50 mg) were transferred to 2 mL Safe-
lock tubes on ice each containing 700 pL QIAzol and 2 steel balls, dis-
rupted using a tissue lyser II and mixed with 140 pL chloroform. After
phase separation by centrifugation, the upper aqueous phase was mixed
with 1.5 volumes of 100% ethanol and passed over RNeasy Mini spin
columns before centrifugation, washing steps in buffer RWT and RPE
and elution in RNase free water. The concentration of each sample was
calculated from the absorption at 260 nm and tested for purity using the
260 nm / 280 nm ratio on a Nanodrop XD-100. RNA integrity was
verified using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

2.3. Transcriptomics analysis and processing of raw data

300 ng RNA were used for transcriptomics using the GeneChip 3' IVT
Express Kit on Affymetrix Human Genome U219 array plates (all Affy-
metrix, Santa Clara, CA, USA) according to the manufacturer’s in-
structions. A hybridization cocktail was mixed to the resulting final
fragmented cRNA, hybridized to the array plates, washed and scanned
on the GeneTitan System (ThermoFisher Scientific, Waltham, MA, USA).
Quality control of microarray data was performed using Affymetrix
Expression Console 1.3. RMA normalization (robust multi-chip
average), background correction and quantile normalization across all
arrays as well as median polished summarization based on log trans-
formed expression values was conducted using the Partek Genomic suite
v6.4 (Partek Inc., Chesterfield, MO, USA). A total of 49,387 probes were
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Fig. 1. Transcriptional response to IRI during and after surgery in MC. (A) Sampling scheme and workflows for MC and EMC cohort (EC). (B) PCA of MC samples. (C)
Volcano plots of DEGs at t1, t2 and t3 compared to t0. (D) Venn diagram of DEGs. (E) Heatmap of DEGs normalized within each patient. Significance was considered

at p < 0.05 (Welch t-test). Genes were considered de-regulated if FC was > 1.5 or

< —1.5 with their p-values < 0.05. MC, MUG Cohort; EC, EMC Cohort; WI, warm

ischemia; CI, cold ischemia; PC, principal component; CCC, cholangiocellular carcinoma; CRC, colorectal cancer; HCC, hepatocellular carcinoma; DEGs, differentially

expressed genes.

evaluated and cleared for non-designated IDs resulting in overall 19,988
unique genes for further analysis.

2.4. Protein-protein interaction (PPI) network and functional annotation
analysis

Functional analysis of differentially expressed genes (DEGs, fold
change (FC) > 1.5 or < —1.5 and p-value < 0.05) was conducted using
PANTHER’s gene ontology enrichment analysis platform (www.geneont
ology.org) and run against the Homo sapiens reference list using Fisher’s
exact test [18,19]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG, https://www.genome.jp/kegg/) database was explored to
identify highly affected pathways. Top significant GO terms and KEGG
pathways, selected if FDR < 0.05, were visualized in R using the ggplot2
() package. Protein-protein interaction (PPI) networks of DEGs illus-
trated using the STRING online database (Version 11.5; https://strin
g-db.org/) [20]. Additionally, the integrative annotation analysis tool
Metascape (https://metascape.org/gp/index.html#/main/stepl) was
used for functional analysis of biological processes (GO) and pathways
(KEGG) of DEGs mutually deregulated in both cohorts using a minimum

enrichment score of 1.5, an adjusted p-value of < 0.05 and a minimum
overlap of three genes. Representative terms are presented by circle
nodes, whose size is proportional to the number of genes under that
term. Same colors of multiple terms belong to the same cluster. Terms
with a similarity score of > 0.3 are linked by an edge, where the
thickness of the edge represents the similarity score itself.

2.5. Selection of candidate genes and assay design

The top DEGs were identified at each center and validated on both
cohorts by quantitative real-time polymerase chain reaction (RT-PCR).
In total, five up- and five downregulated genes (from data of CRC
metastasis group with < 5% steatosis) and five stable, potential refer-
ence genes (from whole data set including all patients and time points)
were selected at each medical center (three downregulated at EC).
Ubiquitous gene and protein expression in different tissue types was
additionally checked in databases (www.genecards.org, www.protein
atlas.org). RT-PCR assays for these selected genes were designed to
have good linearity (5 log dynamic range and low error measured as the
mean square error of the data points fit to the regression line), high
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efficiency (>80%), specific amplification of cDNA (no amplification of
gDNA or at least five cycles difference between target and genomic Cq-
value) and negative NTCs (No Template Controls) in 40 cycles of PCR.
Primers were, where applicable, designed into neighbor exons separated
by at least a 500 bp intron to increase specificity and cover a length of
80-150 base pairs (bp). All assays were initially tested for specificity
using SYBR green (Thermo Fisher Scientific). All primer design was
performed with Primer BLAST followed by probe design with Beacon
Designer (PREMIER Biosoft International, Palo Alto, Canada, Suppl.
Table S11).

2.6. Data analysis and statistics

Statistical analysis and data representation was performed in Partek
Genomic suite v6.4, GraphPad Prism (version 9.3.1) and R (version
4.1.2). Statistical differences between two groups were assessed by two-
tailed Student’s t-test between the individual time points (t1-3; t30™
t360") and the reference time point of each cohort (t0). R packages
prcomp, ggvenn and pheatmap were used for principal component
analysis (PCA), Venn diagram and heatmap preparation, respectively.
Significant deregulation was considered at a fold change (FC) of > 1.5 or
< —1.5 and p < 0.05 or false discovery rate (FDR) < 0.05 where
appropriate, as indicated in each graph. FDR was calculated using the
Benjamini-Hochberg method. RT-PCR was performed in technical trip-
licates (MC) or duplicates (EC), and normalized to GAPDH and the
reference time point t0/t0" of each individual patient.

3. Results

3.1. Transcriptomic hallmarks of IRI during and directly after surgery in
MC

Principal component analysis (PCA) of the entire MUG cohort (MC)
data set showed substantial heterogeneity in non-tumor liver samples
between patients, even already at t0, which illustrates the strong influ-
ence of the patient’s genetic background, underlying disease and
particularly the grade of steatosis, as evidenced by the shift in PC1
(Fig. 1B, Suppl. Fig. S1). Expression analysis revealed a total of 423
differentially expressed genes (DEGs) across all tested time points (from
a total of 19,988 unique genes) that occurred primarily after reperfusion
(t2) and largely persisted until cold ischemia (t3; Fig. 1C-D). DEGs of all
time points are summarized in Suppl.Table S1; input genes for Fig. 1D
are given in Suppl. Table S2. The top 30 genes with the greatest fold-
change per time point are summarized in Suppl. Table S3. Next, to
identify commonalities in responses to IRI impartial of the observed
heterogeneity at basal expression, we normalized the data of each pa-
tient to the respective reference time point (t0) and evaluated the as-
sociation between the underlying disease, grade of steatosis and time
points using unsupervised clustering. We identified two subclasses of
genes primarily separating time points t1 and t3 (upper class) from t2
(lower class) suggesting a deviating nature of genes induced by ischemia
compared to reperfusion (Fig. 1E). Interestingly, signatures in t1 and t3
within one patient were more similar than effects induced by IRI leading
to their clustering in most patients. Consequently, since neither disease
or grade of steatosis nor effects of circulatory or oxygen deprivations
induced by the Pringle manoeuvre caused distinct clustering, we
conclude that the patient’s basal transcriptional signature constitutes
the prevalent factor.

3.2. Importance of TNF, MAPK and NFxB signaling in hepatic IRI

DEGs identified in t2 and t3 in the MC were further functionally
analyzed to identify biological processes and related pathways involved
in hepatic IRI by using GO and KEGG enrichment analysis. Biological
processes related to programmed cell death and apoptosis clearly
dominated in both t2 and t3 (both three out of top five GO terms),
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confirming previous reports on the molecular pathogenesis of IRI
(Fig. 2A-B).[8,21] Reperfusion additionally enriched several GO terms
related to protein folding that are characteristic for members of the DnaJ
and HSP heat shock protein families, further pointing towards elevated
oxidative stress. KEGG enrichment analysis revealed TNF and MAPK
signaling as the dominant contributing pathways at t2 and corroborated
the importance of NFkB signaling in IRI-induced inflammation. These
findings on transcriptome level are in line with reports in rodents and
were recently confirmed by analysis of three available microarray data
sets of human pre-ischemic and re-perfused liver biopsies [22-24].
Furthermore, this data supports our previous study on the protein and
phosphoprotein levels conducted on samples of a sub-cohort of the
current study demonstrating that with increased duration of ischemia
there was an increase in protein expression of MAPK and NF«B as well as
an increase in phosphorylated NFxB (Fig. 2C).[4,25].

Notably, the TNF and MAPK but not NFkB signaling pathways dis-
appeared in the top 20 KEGG pathways in t3 (Fig. 2D), while terms for
immune regulation and inflammation were enriched. GO terms and
KEGG pathways identified in our analysis are summarized in Tables S4
and S5.

3.3. Tumor-free tissues reveal cancer signatures against the background of
IRI

Interestingly, both t2 and t3 revealed enrichment in pathways
associated with cancer (‘Pathways in cancer’, ‘Transcriptional mis-
regulation in cancer’) despite a lack of morphological evidence of tumor
tissue in the samples analyzed (Fig. 2C-D). Moreover, our data revealed
enrichment of genes involved in CRC (‘Colorectal cancer’), the under-
lying disease of the majority of patients in the MC (Fig. 2C, Table 1),
even in the presence of a strong response to IRI (Suppl. Table S5).

3.4. Steatosis in IRI may affect AP-1 activation

We next explored the basal transcriptional dysregulation between
steatotic and non-steatotic (normal) livers that we had already observed
in the PCA (Fig. 1B, Fig. 3A). We normalized data to tO within each
patient and calculated fold deregulation at t2 and t3, based on which we
assessed Afold change scores between the two sub-groups (Fig. 3B,
Suppl.Table S6). Expression of several genes doubled in both t2 and t3,
including FBLN1, MGP and members of the ADAMTS protease family
that are highly associated with extracellular matrix remodeling and
degradation [26-29]. However, and contrary to previous reports in ro-
dents, we observed affected genes to be almost entirely down-regulated
in steatotic compared to normal livers at both t2 and t3. These included
for example FOS, JUN and DUSP1 suggesting reduced activation of the
AP-1 transcription factor in the pathophysiological changes observed in
steatotic IRI (Fig. 3C-D, Suppl. Table S7) [30-32]. The interconnectivity
of down-regulated genes is illustrated using the STRING database
(Fig. 3E). Associated GO terms involved processes related to signaling by
external stimuli and regulation of cell death (Fig. 3F). Interestingly, the
most significant GO term (‘cellular response to chemical stimulus’)
included genes such as DUSP1 (glucose metabolism), GDF15 (non-al-
coholic steatohepatitis), DDIT4 (MAPK signaling and steatosis) and
FGF21 (lipid metabolism) that highly relate to liver steatosis. Major
KEGG pathways involved Toll-like receptor signaling, MAPK signaling
and cytokine-cytokine receptor interaction (Fig. 3G).

3.5. Common deregulated genes in IRI in two different cohorts foster cell
death-initiating programs

To identify molecular responses to hepatic IRI independent of the
surgical technique and local workflows, we validated the DEGs identi-
fied in the MC using the EMC cohort (EC) as an independent cohort, in
which TVE was applied instead of the Pringle manoeuvre and IPC.
Conformable with the MC, PCA of the EC revealed substantial inter-
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patient heterogeneity in IRI responses at all tested time points (Fig. 4A).
To justifiably compare these two cohorts, mRNA analysis was performed
in the same laboratory using the same platform with identical criteria for
DEG assessment (FC > 1.5 or < —1.5 and p-value < 0.05). We found a
total of 1145 genes to be up- (673 genes) or down-regulated (472 genes)
in the EC after 30 min of CI (t30"), as opposed to 277 DEGs at the same
time point (t3) in the MC (Fig. 4B, Fig. 1C). Notably, the vast majority of
DEGs remained dysregulated throughout the entire 6 h (t360") CI period
(Suppl. Table S8, Suppl. Fig. S2). Overall, 146 and 33 genes were
mutually up- or down-regulated in both cohorts, respectively (Fig. 4C,
Suppl. Table S9). The top 30 genes with the greatest fold changes in
tO'WI and t30’ are summarized in Suppl. Table S10.

Commonly deregulated genes were further tested for biological
functions and processes using the gene annotation and analysis platform
Metascape (Fig. 4D). ‘Cytokine signaling in immune system’ was the
dominant process (nodes represent enriched terms; edges represent
similarity scores), fostering reperfusion-induced pro-inflammatory
signaling as the main driver for hepatic IRI. Expanded analysis on
enriched pathways confirmed NFxB, TNF, Toll-like and MAPK signaling
as key regulating cell damage and death-initiating cascades (Fig. 4E),
while most enriched biological processes related to stress and apoptosis
(n = 8 out of top 20 terms; Fig. 4F). Other processes were vascular
wound healing and permeability as well as endothelial cell differentia-
tion, implying transcriptional responses directed at restoring the integ-
rity of damaged vasculature.[33] Intriguingly, fold enrichment scores
for ‘Colorectal cancer’ signatures and ‘Pathways in cancer’ almost
doubled in conjoint analysis of the tumor free liver samples, probably
due to the increased ratio of CRC patients upon inclusion of the EC in the
analysis (n = 9; 100% CRC patients in EC, Table 1).

3.6. Inter-patient heterogeneity complicates molecular analyses in
hepatology

Finally, we tested whether robustly up- and down-regulated, as well
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as stable genes selected from each cohort (n = 3-5 each) might prove
suitable as potential biomarkers for IRI. Up-regulated genes were
generally more elevated in the EC than in the MC at t3/t30', probably
due to IPC in the MC (Fig. 5A). Down-regulated genes selected from the
MC were conjointly reduced in both cohorts, which was not the case for
genes selected by the EC (Fig. 5B). Even stable genes showed marked
heterogeneity across both MC and EC (Suppl. Fig. S3). Covariation
analysis (CV) revealed substantial differences in the expression magni-
tude between patients as well as between the two cohorts, com-
plementing our initial findings on inter-patient heterogeneity (Fig. 5C).
Nonetheless, selected candidate genes were validated by RT-PCR (Suppl.
Table S11). We observed marked differences in target expression levels
across the patients primarily during ischemia and reperfusion (MC) that
seemed to level out during CI (EC). Fig. 5D illustrates the extent of inter-
patient variability of four representative target genes over the entire
study period.

Importantly, we additionally identified 230 stable genes with less
than 2% CV across both cohorts that were not deregulated by IRI or CI,
and might therefore be explored as potential reference genes or
biomarker candidates that are essentially robust to pre-analytical vari-
ables, and therefore useful for possible clinical application (Suppl.
Table S12). Raw data of selected stable genes is given in Suppl.
Table S13.

4. Discussion

This study aimed at investigating alterations of transcriptional pro-
files of human livers during warm ischemia, IRI and CI in two inde-
pendent cohorts (MC, Graz and EC, Rotterdam) subject to different
surgical procedures (IPC and Pringle manoeuvre in MC, TVE in EC),
which complements our previous studies on the protein / phosphopro-
tein and metabolome profiles of a sub-cohort of the present study on
liver specimens that have been processed following the same study
protocol [4,15]. To justifiably assess transcriptional alterations caused
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by pre-analytical effects such as surgical procedures, ischemia periods,
or disease condition, RNA analysis was performed in the same labora-
tory using identical protocols. Initial analysis generally indicated lower
transcriptional deregulation in the MC compared to the EC, most likely
mitigated by IPC that was not applied in the latter. Expression analysis of
the MC revealed that a majority of genes remained unaffected by both
ischemia or reperfusion, narrowing down the otherwise extensive
complexity of IRI to a few but highly influential pathways. In fact,
ischemia alone did not elicit major changes in gene expression in our
study, supporting previous findings [34]. Reperfusion on the other hand,
triggered TNF and MAPK signaling pathways that are considered
responsible for pro-inflammatory and pro-apoptotic or -necroptotic
processes in hepatic IRI [8,21,25]. Activation of these pathways based
on analysis of mRNA expression levels in MC data followed an expected
time-course because inflammation-related GO terms were only detect-
able in CI samples collected at least 1-3 h after reperfusion (t3). Inter-
estingly, the disappearance of the TNF and MAPK signaling pathways at

25

t3 (CI) along with the emergence of the Toll-like receptor signaling
pathway and up-regulation of GADD45 family members (GADD45B,
GADD45G) supports previous findings that propose the suppression of
TNF-dependent pro-inflammatory processes by NFkB signaling [35].
NF«B activation balances apoptosis and necroptosis in cancer and plays
a crucial role in necroptosis in hepatic IRI [36-38]. TNF and NFxB
pathway enrichment in hepatic IRI was recently also shown using three
independent microarray data sets of human pre-ischemic and reperfused
biopsies from liver transplant patients by evaluating the intersecting
DEGs [22]. Additionally, this is in line with our previous protein analysis
demonstrating increased MAPK and NFxB protein expression and
phosphorylation levels [4]. Hence, NFkB may constitute an important
target for further studies in particular as it mitigates exacerbated nec-
roptosis in steatotic livers in IRI, which comprise an ever-increasing
proportion of donor grafts [34,35]. However, although induction of
MAPK and NF«B signaling in hepatic IRI has also been observed on
protein level in our previous study supporting the transcriptome data at
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hand, both our studies highlight the pronounced interpatient variability
in signal intensities both on the range and time of their induction clearly
demonstrating the complex situation posed to diagnostics using bio-
specimen, which this study aims to emphasize. Their widespread use
calls for further in-depth analysis to help standardize molecular di-
agnostics and support endeavors directed at personalized medicine [4].

We further analyzed steatotic livers as these comprise an increasing
proportion of donor grafts [39]. Our data derived from such liver
specimen indicates genes to be markedly down-regulated (for example
FOS, JUN, DUSPI1) compared to normal samples at both t2 and t3
(Fig. C-D). Indeed, downregulation of FOS, JUN and DUSP1 may con-
dition failure of steatotic allografts, as their transcriptional regulation
affects activation of the cell-death regulating transcription factor acti-
vator protein 1 (AP-1). Furthermore, co-expression of FOS/JUN is
required for adequate tissue repair following hepatic IRI, while DUSP1
(MKP-1) maintains glucose and energy homeostasis [30,40-43].
Collectively, the reduced activity of AP-1 along with distorted energy
levels might prime steatotic livers for necroptosis without the means for
sufficient tissue repair following transplantation, overall initiating
degenerative processes in steatosis that normal livers might be able to
compensate.

Interestingly, several DEGs identified in our study (FOS, JUN, EGR1,
DUSP1) were also deregulated in renal IRI [44]. These hub genes might
therefore represent general responses to IRI in multiple organs and
advocate for further studies on the role of AP-1 and its association to
necroptosis in steatotic conditions [45]. Notably, pathway analysis in
the MC also revealed cancer signatures to be highly enriched despite the
use of tumor-free tissue in our analysis. These findings together with our
previous work on cancer-related signatures in livers with steatohepati-
tis, as well as comprehensive analysis of the unique ‘normal adjacent to
tumor’ (NAT) transcriptome, highlight on the one hand some caveats for
use of NAT biospecimen for basic research (e.g., data referring to so
called “normal” liver), and on the other hand open new diagnostic
purposes concerning systemic disease effects [46,47].

Moreover, validation of the results from the MC using the EC to
identify responses independent of the applied surgical technique
revealed a substantial number of genes to be similarly deregulated,
indicating the common denominators of the general stress and pro-
inflammatory response to IRI. These reiterated the fundamental role of
NFxB and TNF signaling in hepatic IRI including cytokine signaling in
the immune system and multiple stress- and apoptosis-related processes.
Although the vast majority of DEGs elicited profound stability
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Fig. 5. Individual variability of selected deregulated genes validated by RT-PCR. (A, B) Examples of (A) up- and (B) down-regulated genes at t3/t30" per cohort
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(HSPA1A in MC and IL8 in EC) and down-regulated (GLG1 in MC and MYCL1 in EC) genes across all time points.

throughout the entire 6 h of CI (t360), rendering the targets suitable for
analytical purposes in transplantation medicine, the marked inter-
patient heterogeneity also highlighted the limitations for identifying
generic biomarkers for hepatic IRI (Suppl. Fig. S3B) [48]. Precisely, the
substantial transcriptional heterogeneity observed in both cohorts
already at tO strongly suggests the patient’s genetic background and
disease condition to be the main factors determining individual tran-
scriptome profiles, rather than pre-analytical effects caused by
intra-operative time or surgical technique (Fig. 1E). In this context it is
interesting to note that the previous NMR-based metabolomics study
performed on a sub-cohort demonstrated a similar time-course of the
overall metabolomics signatures indicating similar exposure to ischemia
injury of the study group. Therefore, the inter-patient variability
observed in this study on the transcriptome level, and the previous study
on the phosphoproteome suggest that these variabilities are not a result
of different exposures but rather reflect different individual responses to
a similar injury [4,15]. Collectively, up-regulated genes showed more
CV than down-regulated genes, indicating that IRI- and CI-induced gene
expression dominates over gene repression or RNA degradation. Addi-
tionally, we identified 230 genes unaffected by hepatic IRI or CI that
were robust to key pre-analytical effects. Due to the strong interpatient
variability in IRI observed in our cohorts, it is of particular interest to
further analyze these stable genes and identify potential reference genes
or novel molecular markers for certain disease conditions that still lack
biomarkers in clinical settings.
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5. Conclusion

Overall, on one hand this study provides a comprehensive tran-
scriptome data set of the human in vivo liver transcriptome with mini-
mal pre-analytical effects (i.e., t0 samples). On the other hand, results
obtained during the course of surgery denominate fundamental molec-
ular mechanisms of hepatic IRI in humans. While these findings are still
preliminary and require further validation, understanding the demon-
strated interpatient variability and major systemic effects of for example
local lesions, such as primary and secondary liver tumors in histopath-
ological normal tissue is paramount and calls for additional validation
on both transcriptome and proteome levels. Finally, the strong inter-
patient variability in particular emphasizes the role of the individual
patient’s medical and genetic history, which this study advocates to be
more considered in molecular analyses and requires proper documen-
tation underlining requirements of ISO standards for the pre-
examination process (pre-analytics) for molecular diagnostics, and the
European in vitro diagnostic regulation [49].
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