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Co-expression gene network analysis reveals novel
regulatory pathways involved in porto-sinusoidal
vascular disease
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Background & Aims: Porto-sinusoidal vascular disease (PSVD) is
a rare vascular liver disease of unknown etiology that causes
portal hypertension. It usually affects young individuals and
shortens live expectancy. The deregulated pathways involved in
PSVD development are unknown and therefore we lack curative
treatments. The purpose of this study was to integrate tran-
scriptomic and clinical data by comprehensive network-based
modeling in order to uncover altered biological processes in
patients with PSVD.

Methods: We obtained liver tissue samples from 20 consecutive
patients with PSVD and 21 sex- and age-matched patients with
cirrhosis and 13 histologically normal livers (HNL) (initial cohort)
and performed transcriptomic analysis. Microarray data were
analyzed using weighted gene correlation network analysis to
identify clusters of highly correlated genes differently expressed in
patients with PSVD. We next evaluated the molecular pathways
enriched in patients with PSVD and the core-related genes from
the most significantly enriched pathways in patients with PSVD.
Our main findings were validated using RNA sequencing in a
different cohort of PSVD, cirrhosis and HNL (n = 8 for each group).
Results: Patients with PSVD have a distinctive genetic profile
enriched mainly in canonical pathways involving hemostasis and
coagulation but also lipid metabolism and oxidative phosphor-
ylation. Serpin family (SERPINC1), the apolipoproteins (APOA,
APOB, APOC), ATP synthases (ATP5G1, ATP5B), fibrinogen genes
(FGB, FGA) and alpha-2-macroglobulin were identified as highly
connective genes that may have an important role in PSVD
pathogenesis.
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portal hypertension; vascular liver disease; trasncriptomic analysis; system biology.
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Conclusion: PSVD has a unique transcriptomic profile and we
have identified deregulation of pathways involved in vascular
homeostasis as the main pathogenic event of disease
development.

Lay summary: Porto-sinusoidal vascular disease is a rare but life-
shortening disease that affects mainly young people. Knowledge
of the disrupted pathways involved in its development will help
to identify novel therapeutic targets and new treatments. Using a
systems biology approach, we identify that pathways regulating
endothelial function and tone may act as drivers of porto-
sinusoidal vascular disease.

© 2021 The Authors. Published by Elsevier B.V. on behalf of European
Association for the Study of the Liver. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

Porto-sinusoidal vascular disease (PSVD) is a rare vascular liver
disease of unknown etiology that causes portal hypertension.
PSVD usually affects young individuals and progression of the
disease leads to development of portal hypertension, which
causes disability, and poor outcome. Many features of PSVD
remain unknown and treatment is limited to management of
portal hypertension complications. Its diagnosis is often chal-
lenging and relies on the combination of clinical and pathological
criteria as we still lack a positive diagnostic test; it is sometimes
misdiagnosed as early-stage cirrhosis. Moreover, histological
findings may be very subtle and may be missed in the absence of
a high clinical suspicion and a trained pathologist.!

The pathophysiological mechanisms responsible for PSVD
development remain uncovered and hamper the development of
treatments able to modify the natural history of the disease. A
better insight into the biological pathways involved in PSVD
development is essential to reveal disease drivers and identify
new therapeutic targets and curative treatments.

Biological networks represent a valuable tool for uncovering
novel deregulated pathways underlying molecular pathology.
Contrary to high-throughput technology such as gene expression
profiling, which analyzes genes based on differential expression,
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biological networks consider the relationship between changing
genes as a whole. Weighted gene co-expression network analysis
(WGCNA) is a multigene analysis that uses unsupervised hier-
archical clustering (not depending on a priory defined gene set
or pathways) to identify groups of genes commonly deregulated
and group them into modules. WGCNA establishes gene co-
expression modules, which are a cluster of genes that maintain
a consistent expression pattern and possibly share a common
biological regulatory role.? Therefore, WGCNA is an effective
method to uncover the relationship between networks/genes
and phenotypes.

In this unprecedented study, we used biological networks to
better understand the biological pathology of PSVD by inte-
grating transcriptomic and clinical data with the final aim of
uncovering altered biological processes in patients with PSVD.

Patients and methods

Patients

The diagnosis of PSVD with portal hypertension was based on
previously described criteria. Briefly": i) presence of signs of
portal hypertension (specific signs: gastroesophageal varices,
porto-collateral circulation; non-specific signs: ascites, platelet
count <150,000 per pl, splenomegaly); ii) absence of cirrhosis,
advanced fibrosis or other causes of chronic liver diseases by
appropriate serological and biochemical tests and by liver biopsy
(performed in all patients of the cohort); and iii) a liver biopsy
supporting the diagnosis of PSVD. Findings at liver biopsy sup-
porting the diagnosis of PSVD are: obliterative portal venopathy
(thickening of vessel wall, occlusion of the lumen, and vanishing
of portal veins), nodular regenerative hyperplasia, incomplete
septal fibrosis or cirrhosis, and non-specific signs like portal tract
abnormalities (multiplication, dilation of arteries, periportal
vascular channels, and aberrant vessels) or architectural distur-
bances (irregular distribution of the portal tracts and central
veins, non-zonal sinusoidal dilation, mild perisinusoidal fibrosis),
together with the absence of bridging fibrosis or cirrhosis and
other significant pathologic abnormalities (inflammation, gran-
ulomas, steatosis, etc.).! Only patients with unequivocal diag-
nosis of PSVD' defined by either 1 sign specific for portal
hypertension or 1 histological lesion specific for PSVD, or 1 sign
not specific for portal hypertension and 1 histological lesion not
specific for PSVD, were included in the study.!

Although, the current PSVD diagnostic criteria do not include
the exclusion of portal vein thrombosis, thrombosis of both the
hepatic and portal veins were discarded by imaging studies
performed at diagnosis in all patients included in the current
study.

Liver biopsies were performed by transjugular or percuta-
neous route and were revaluated by an experienced pathologist
(AD) for the purpose of the study. Briefly, the specimens were
formalin fixed, embedded in paraffin and cut into 4 pm sections.
Hematoxylin-eosin, Masson’s trichrome and reticulin staining
were performed. Only specimens containing >6 complete portal
tracts were considered suitable for diagnosis.* Those patients
with liver biopsies including <6 portal tracts were not included
in the study because the diagnosis of PSVD was not definite.

Patients with cirrhosis and portal hypertension and in-
dividuals with histologically normal livers (HNL) were included
as control groups. Patients with cirrhosis and clinically signifi-
cant portal hypertension, defined by hepatic venous pressure
gradient >10 mmHg and/or presence of gastroesophageal varices,
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were retrospectively selected from the hepatic hemodynamic
laboratory patient database and matched by sex, age and the
severity of liver dysfunction with patients with PSVD. Adults
with HNL and no history of receiving any treatment known to
induce liver alterations (i.e. azathioprine, oxaliplatin, etc.) were
retrospectively selected from the pathology database.

Twenty consecutive patients with PSVD - diagnosed from
2001 to 2010 and from whom remnants of the diagnostic liver
biopsies were available - were included as an initial cohort.
Twenty-one patients with cirrhosis and 13 HNL were used as
controls. Another group of 8 patients with PSVD, 8 with cirrhosis
and 8 with HNL were used as a validation cohort.

The protocol was reviewed and approved by the ethical
committee at our institution (HCB/2009/5448). All patients
registered in our database gave specific informed consent to use
their clinical data and the remnants of their liver biopsies for
research studies approved by the Ethical Committee.

Transcriptomic analysis in the initial cohort
RNA samples: we used formalin-fixed, paraffin embedded (FFPE)
liver tissue from patients with PSVD, cirrhosis and HNL. RNA was
extracted from 10 pm sections using the RNeasy FFPE KIT (QIA-
GEN GmgH, Hilden, Germany) according to manufacturer’s in-
structions. Briefly, punch biopsies, 0.6 mm in diameter, were
obtained from each tissue block and were placed in a tube
containing 1 ml xylene. Immediately after the 100% ethanol
extraction step, an additional 70% ethanol extraction was per-
formed. Proteinase K digestions were at 55 °C for 15 min fol-
lowed by 15 min at 80 °C. Genomic DNA was removed by DNasel
treatment and RNA purified using RNeasy MinElute Spin col-
umns and eluted in a volume of 14-30 pl. For the validation
cohort, RNA was extracted from frozen liver biopsy remnants
with Trizol (Promega) according to manufacturer’s extraction.
Microarray experiments were performed employing Whole-
Genome DASL HT Assay covering 29,377 probes derived from
the NCBI RefSeq database. RNA was extracted and analyzed from
the following liver tissue samples: 20 PSVD, 21 cirrhosis and 13
HNL. RNA samples were processed, hybridized onto Beadchip
arrays and analyzed using a BeadArray Reader (Illumina).
Microarray expression data was computed using BeadStudio data
analysis software (Illumina) and subsequently processed
employing quantiles normalization using the Lumi bioconductor
package. We selected those probes with a detection p value
lower than 0.01 in at least 10% of samples, which resulted in a list
of 24,578 evaluable probes, corresponding to 18,303 genes. For
the detection of differentially expressed genes, a linear model
was fitted to the data and empirical Bayes moderated statistics
were calculated using the limma R package. p values were
adjusted by determining false discovery rates using Benjamini-
Hochberg procedure to identify genes differentially expressed
between liver tissue samples from PSVD and the control group
(those with cirrhosis and HNL).?

RNA sequencing studies

In the validation cohort we used RNA extracted from frozen liver
biopsy remnants from 8 patients with PSVD, 8 with cirrhosis and
8 with HNL. Libraries were synthetized with the TruSeq stranded
mRNA Library Prep (Illumina) and sequenced 2 * 125 bp on
[llumina’s HiSeq2500, obtaining a minimum of 35 million reads
per sample. STAR program® against Homo Sapiens genome
(hg38) was used for mapping the reads followed by the
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quantification of genes with the RSEM” program using GENCODE
v26 reference annotation.® Afterwards, to eliminate genes with
at least an expected value greater than 5, we used TMM method
and limma-voom transformation’ to normalize the non-
biological variability. Differential expression between different
groups was assessed using moderated t-statistics.” Canonical
pathway enrichment analysis was performed through GSEA
function in clusterProfiler package using previously computed t-
statistics.

All liver tissue microarray and RNA sequencing data discussed
in this publication have been deposited in NCBI's Gene Expres-
sion Omnibus (GEO; accession numbers GSE77627 and
GSE171248, respectively).

Bioinformatics and statistical analysis

To explore the correlation patterns among genes across the data
derived from the 57 protocol biopsies included in the initial
cohort we employed the WGCNA R package as described by
Langfelder and Horvath.!° The PickSoftThreshold function was
used to select the soft threshold power used to construct a
network based on the criterion of approximate scale-free
topology.

The power value selected was the lowest power for which the
scale-free topology fit index curve flattened out upon reaching a
value of 0.80. For network construction and module detection,
the blockwise Module function was used with the following
parameters: corType="pearson”, networkType="signed”, merge-
CutHeight = 0.25, minModuleSize = 20). We computed the
eigengene for each module, defined as the first principal
component of the module representing the overall expression
level of the module, as well as module membership (MM). We
quantified associations of individual genes with our clinical
variables by defining gene significance (GS) as (the absolute
value of) the correlation between the gene and the trait. For each
module, we also defined a quantitative measure of MM as the
correlation of the module eigengene and the gene expression
profile. This allowed us to quantify the similarity of all genes on
the array to every module.

We assessed the association of a module to a PSVD phenotype
as the number of genes statistically upregulated by means of a

Table 1. Baseline characteristics.

Innovative Diagnostics, Modelling and Digital Hepatology

linear model comparing PSVD vs. the rest using limma R package.
Values were transformed to GS parameter using the -log
(moderated p value). To identify canonical pathways enriched in
modules of co-expressed genes we employed the enricher
function from ClusterProfiler R package.!" The genesets
employed to find enrichment in our clusters were obtained from
MsigDB.”

Results

At the time of sampling, all patients included in the initial cohort
with PSVD had clinical signs of portal hypertension. The most
frequent sign of portal hypertension in patients with PSVD was
splenomegaly followed by presence of gastroesophageal varices.
Splenomegaly was present in 16 (80%) patients with a mean size
of 15 + 2.4 cm. Mean hepatic venous pressure gradient (HVPG)
was 8 + 4 mmHg. Patients with cirrhosis had similar liver func-
tion as those with PSVD (76% Child-Pugh A and 24% Child-Pugh
B) with a mean HVPG of 12 + 5 mmHg. Splenomegaly was pre-
sent in 10 (47%) patients and median spleen size was 11 + 24 cm
(Table 1). Table S1 shows clinical and histological data for each of
the patients with PSVD, drug exposure and associated diseases.

Identification of gene expression modules differentially
expressed in PSVD

In the initial cohort, we used WGCNA to investigate correlation
patterns among genes across microarray liver tissue samples
from patients with PSVD, cirrhosis and HNL that might jointly
contribute to PSVD development. WGCNA identified 12 clusters
(modules), corresponding to a total of 3,637 highly correlated
genes (from a total of 18,303 genes) in livers from patients with
PSVD, cirrhosis and HNL (Fig. 1A). The number of genes for each
module is summarized in Table 2, including the number of genes
with fold change >1.5 or <-15 in PSVD compared with the
combination of cirrhosis and HNL and with a p value <0.05. In-
formation about the membership of these 3,637 genes is
included in Table S2.

Because we were interested in the modules whose expression
is coordinated in a similar manner in liver tissue samples from
patients with PSVD, but which differs from expression in the
control group (cirrhosis plus HNL), we compared the expression

PSVD (n = 20) Cirrhosis (n = 21) HNL group (n = 13)
Age (years) 42 +17 52+9 50 + 17
Sex (male) 13 (65%) 13 (62%) 6 (46%)
Presence GEV 13 (65%) 11 (52%) n.a.
HVPG (mmHg) 7+3 14+4 n.a.
Splenomegaly 16 (80%) 10 (47%) n.a.
Spleen size (cm) 15+24 124 n.a.
Child-Pugh score (A/B/C) (15/5/0) (16/5/0) n.a.
Laboratory data
Platelet count (x10°/L) 150 + 131 151 +185 273 + 109
Bilirubin (mg/dl) 14+£12 1.5+£12 0.8+04
Hemoglobin (g/L) 125+£23 13.0+£25 13319
Creatinine (mg/dl) 1.08 £ 0.8 0.9+ 0.15 0.9 +0.13
AST (U/L) 47 £32 104 + 69 29+ 10
ALT (U/L) 41 £22 108 + 74 36 + 31
Albumin (g/L) 393 +46 371+9 42 +39
PT (%) 78 £ 13 77 £10 95 +10
Liver stiffness (kPa) 10.5 £ 7.1 20.9 £9.9 n.a.
*Mean +SD.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; GEV, gastroesophageal varices; HNL, histologically normal liver; HVPG, hepatic venous pressure gradient;

PSVD, porto-sinusoidal vascular disease; PT, prothrombin time.
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Fig. 1. Weighted gene co-expression network analysis of PSVD, cirrhosis and HNL samples. (A) Heatmap displaying the eigengene expression levels of each
sample for each of the 12 modules identified by WGCNA. (B) Box and Whisker plots representing the Eigengene expression median in each module of PSVD, CH
and HNL samples. Differences between groups were assessed by Student’s t test. *p value <0.05. (C-D) Bar plots showing the number of significantly upregulated
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Table 2. Number of genes with significant fold change (overexpressed or underexpressed) in patients with PSVD vs. controls (cirrhosis plus HNL).

Module Genes in the module with Fc 21.5 or <-1.5 & p <0.05 Total genes in the module
Pink 0 40
Brown 596 749
Yellow 26 610
Turquoise 132 898
Green 58 331
Blue 206 806
Magenta 8 38
Red 0 51
Green-yellow 0 23
Black 27 41
Purple 26 28
Tan 0 22

Significance is calculated by Student’s t test.

Fc, fold change; HNL, histologically normal liver; PSVD, porto-sinusoidal vascular disease.

of eigengenes (genes representing the average expression of
each module) from PSVD samples to the expression of cirrhosis
and HNL in every module (Fig. 1B); only the Purple and Brown
modules showed significance in both comparisons, both showing
an upregulation of the eigengenes in the PSVD samples when
compared to cirrhosis and HNL. However, since the Purple
module consisted of only 28 genes, we focused on the Brown
module, which consisted of 749 genes and showed the greater
number of statistically differentially expressed genes, with 596 of
the 749 genes being upregulated (fold change >1.5; p value
<0.05) and none significantly downregulated (Fig. 1C-D).
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We then explored the relationship of the transcriptomic
modules with clinical variables that may have a differential
profile in patients with PSVD compared to patients with cirrhosis
and HNL, such as HVPG values, presence of esophageal varices,
platelet count, bilirubin levels, spleen size and liver elastography
values. The relationship between all the modules and the clinical
features are shown in a correlation heatmap, in which the Y-axis
corresponds to groups of genes (modules) and the x-axis in-
cludes the clinical variables of interest (Fig. 2A).

We next plotted the scatterplot of gene significance (GS) vs.
MM in the co-expression Brown module. GS represents the

1 Module membership vs. gene significance r = 0.56 p = 3.31e-63
— 0.5
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Fig. 2. Correlation of clinical variables with each of the WGCNA modules. (A) Heat map showing the Pearson correlation of clinical variables (x-axis) with each
of the 12 modules (y-axis) identified by WGCNA. Associated p values were calculated by the cor.test R function. The color scale in the heat map corresponds to the
magnitude of the Pearson correlation coefficients. Numbers in each field represent correlation and p value (in brackets). (B) Scatterplot of gene significance vs.
module membership of genes of the Brown module. Genes from the brown module showed a significant correlation with gene significance (correlation 0.56; p
<0.002). HVPG, hepatic venous pressure gradient; WGCNA, weighted gene correlation network analysis.
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correlation between individual genes and the clinical traits
associated with PSVD. MM is calculated by the WGCNA and
quantifies how close a specific gene is to a given module. Fig. 2B
shows that GS and MM are highly associated, implying that hub
genes of the Brown module are significantly correlated with
PSVD clinical characteristics and may be involved in PSVD
physiopathology. Considering all these results, we chose the co-
expression Brown module for further analysis.

Characterization of Brown module content and hub genes

In order to understand the physiological processes captured by
each module, we firstly evaluated the molecular pathways
significantly enriched in all the different modules (Table S3).
Table 3 shows the 12 most enriched pathways in the Brown
module. Importantly, the majority of them belong to canonical
pathways involved mainly in hemostasis and coagulation, The
fact that they are enriched in PSVD samples when compared to
cirrhosis and HNL suggest that alteration in their regulation may
be a pathogenic driving event occurring specifically or with
higher intensity in PSVD.

To confirm the importance of the identified pathways in
PSVD, we validated our results in a different cohort of patients
(validation cohort). We analyzed 8 patients with PSVD diagnosed
between years 2016-2019 (individual patient data in Table S1),
together with 8 age-matched individuals with HNL and 8 pa-
tients with cirrhosis matched by age and liver function (baseline
characteristics in Table S4), and performed RNA sequencing of
stored frozen liver biopsy remnants from these patients (gene
expression data in Table S5). We then performed gene set
enrichment analysis in this new cohort comparing PSVD samples
vs. the combination of both cirrhosis and HNL and analyzed the
status of the 12 most significantly upregulated pathways from
the Brown module (Table S6). As observed in Fig. 3, 9 of these 12
pathways were also statistically enriched in patients with PSVD
from this new cohort, hence, validating our initial discoveries.
This data highlights the involvement of hemostasis and coagu-
lation but also lipid metabolism and oxidative phosphorylation
in the development of PSVD.

We next analyzed the core-related genes (hub genes) from
the 9 corroborated enriched pathways originally identified in the
Brown module, and integrated the information on interactions
between them by creating a network map. Graphically, genes are
represented as nodes and their interactions are modeled as links
between nodes. Color intensity is proportional to their
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corresponding level of connectivity (Fig. 4). Interestingly, 2
clusters of interconnected pathways were identified. The most
enriched cluster integrated pathways related to ‘Complement
and coagulation cascades’, ‘Extrinsic pathway’, ‘Integrin pathway’
and ‘Formation of fibrin clot cascade’, clearly suggesting that
altered control of hemostasis and coagulation might be an
essential trigger of, or contributor to, PSVD development.
‘Oxidative phosphorylation’, ‘Tricarboxylic acid cycle and respi-
ratory electron transport’ and ‘Mitochondrial protein import’
grouped together in a smaller cluster, suggesting that mito-
chondrial oxidative phosphorylation may also play a role in
PSVD.

Next, we focused on the hub genes linking at least 2 disrupted
pathways and identified the Serpin family (SERPINCT), the apo-
lipoproteins (APOA, APOB, APOC), ATP synthases (ATP5G1, ATP5B),
fibrinogen genes (FGB, FGA) and alpha-2-macroglobulin (A2M) as
highly connective genes that may have an important role in
PSVD pathogenesis.

SERPIN genes are potent protease inhibitors able to modulate
both thrombotic and thrombolytic pathway activation, which are
essential for blood clotting. These fibrinolytic regulators are
considered to play an important role in the maintenance of
vascular homeostasis and regulation of vascular remodeling.
Deregulation in serpin family genes has been linked to cardio-
vascular disease, endothelial dysfunction and vascular
remodeling.'>~ "

Apolipoproteins are mostly synthesized in the liver and are
components of chylomicrons, VLDL, IDL, and LDL. Similar to
Serpins, increased levels have been linked to endothelial dam-
age, cellular inflammation,'® platelet activation and increased
atherosclerosis risk.'”'®

A2M encodes for a protease inhibitor protein essential in
maintaining hemostatic balance. A2M deregulation has been
associated with endothelial dysfunction, arteriosclerosis and
cardiovascular risk.'92!

Genes encoding fibrinogen (FGA & FGB) play a critical role
following vascular injury and their dysfunction has been strongly
associated with cardiovascular risk, coronary heart disease and
cardiovascular events.?>?>

ATP5 genes encode the ATP synthase enzyme located mainly
in the mitochondria where it catalyzes ATP during oxidative
phosphorylation. However, ATP synthase can also be located in
endothelial cells and regulates endothelial cell function and
proliferation. Altered expression of ATP synthase provokes both

Table 3. Twelve top significant molecular pathways enriched in the Brown module.

Geneset DB* N** Adjusted p value
Complement and coagulation cascades KEGG 16 1,46E-08
Response to elevated platelet cytosolic Ca%* Reactome 15 3,29E-06
Formation of fibrin clot clotting cascade Reactome 8 3,61E-05
Oxidative phosphorylation KEGG 17 4,11E-05
Extrinsic Prothrombin Activation Pathway Biocarta 5 1,18E-04
Mitochondrial protein import Reactome 10 1,19E-04
HDL-mediated lipid transport Reactome 5 2,56E-04
Intrinsic Prothrombin Activation Pathway Biocarta 6 2,73E-04
TCA cycle and respiratory electron trasnport Reactome 15 7,39E-04
Lipoprotein metabolism Reactome 6 8,56E-04
Hemostasis Reactome 34 9,28E-04
Beta2 integrin cell surface interactions PID 6 1,04E-03

TCA, tricarboxylic acid.

*DB = Pathway database.

N = Number of genes present in the module.
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mitochondrial dysfunction and vascular inflammation and
alteration of the vascular tone leading to cardiovascular
disease.”*"%°

In conclusion, these results suggest that patients with PSVD
have a genetic profile distinct from those with cirrhosis. This
profile is mostly enriched in genes involved in maintaining
vascular homeostasis, pointing to a potential central role of the
liver endothelium in the pathogenesis of PSVD.

Discussion

The pathogenesis of PSVD is unknown and we lack curative
treatments able to modify the natural history and prevent the
development of portal hypertension. Disorders of immunity,
prothrombotic conditions, infections, drug exposure and familiar
aggregation have been documented in patients with PSVD,
although a causal relation has only been established in the
latter.?’~2° Studies aimed at further clarifying the underlying
disease mechanisms are needed in order to identify new thera-
peutic targets.

The aim of our study was to identify the signaling pathways
specifically deregulated in patients with PSVD compared with
cirrhosis and HNL. To the best of our knowledge, this is the first
study using a systems biology strategy to identify, in an unsu-
pervised manner, the transcriptomic profile of patients with
PSVD. We decided not to use traditional differential expression
analysis based on predefined gene sets of pathways but a
modular analysis that explored the correlation between groups
of co-expressed genes using an unsupervised hierarchical clus-
tering approach. WGCNA analyzes the expression pattern of
multiple sample genes adopting a weighted expression strategy
and not a scale distribution. WGCNA allows for the identification
of interactions between genes and can reflect how well a given
gene is connected to other genes with the main advantage of
identifying pathways jointly involved in a biological process. For
this purpose, WGCNA divides gene co-expression networks of
complex biological processes into modules. Analysis of the mod-
ules together with the clinical traits of the disease can identify key
regulatory pathways involved in the pathogenesis of the dis-
ease.’® We identified 12 different modules by WGCNA, from
which the Brown module exhibited the greatest positive corre-
lation with PSVD and contained the highest number of differen-
tially deregulated genes. This initial analysis reinforced the
hypothesis that PSVD has a unique genetic signature, supporting
the pre-existing idea that the mechanisms implicated in the dis-
ease development are different from those implicated in cirrhosis.

Enrichment analysis identified that genes in the Brown
module were primarily associated with pathways related with
vascular homeostasis. We then analyzed gene interactions and
quantified network relationships between the altered biological
processes in patients with PSVD. The top hub genes overex-
pressed in PSVD samples and linking altered pathways belonged
to the Serpin family (SERPINC1), the apolipoproteins (APOA,
APOB, APOC3), ATP synthases (ATP5G1, ATP5B), fibrinogen genes
(FGB, FGA) and A2M.

Although not previously linked to PSVD, all have been pre-
viously related to vascular injury and endothelial cell dysfunc-
tion. Available evidence coming from different fields correlates
deregulation in these genes individually with vascular processes
such as vascular remodeling, atherosclerosis and endothelial
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dysfunction. Of interest, vascular damage is a common finding in
the liver of patients with PSVD. Indeed, obliteration of the small
and medium intrahepatic vascular branches is a major diagnostic
histologic criterion. Deregulation of pathways involved in
vascular homeostasis may alter vascular remodeling of the
intrahepatic vascular branches causing the common histological
findings of PSVD (obliterative portal venopathy, sclerosis of small
and medium branches of the portal vein, venopenia, narrowing
of vessel lumen). Whether these changes are initial drivers of the
disease remains an open question as we decided to include only
patients with an unequivocal diagnosis of PSVD and portal hy-
pertension, i.e. those with advanced disease. Why these path-
ways are de-regulated in PSVD and whether there is a common
upstream regulator to all of them cannot be answered with this
exploratory study and deserves further research.

We only included patients with a certain diagnosis of PSVD
(biopsy proven) and portal hypertension. Although the relatively
low number of patients with PSVD enrolled could be considered
a limitation of the study, since PSVD is a rare condition, a sample
of 20 patients could be considered adequate. Indeed, with this
number of patients, we were able to find a module of genes
differentiating patients with PSVD. In addition, we were able to
validate 9 of the 12 most enriched pathways of the Brown
module in a new cohort of patients despite important differences
between the 2 cohorts in terms of the quality of the starting
material (FFPE vs. frozen tissue), the platform chosen for the
analysis (microarray vs. RNA sequencing) and the reduced
number of samples of the validation cohort, with only 8 samples
per group and lower statistical power. Therefore, although this
study was initially conceived as a proof-of-concept, the addition
of this small validation cohort conferred more robustness to our
findings and is indicative of the significance of the study.

In conclusion, our results reveal that PSVD has a unique
transcriptomic profile and that deregulation of pathways
involved in vascular homeostasis and oxidative phosphorylation
are drivers of the disease. This study highlights the need to better
understand liver vascular biology and mechanisms of vascular
remodeling as a means to better understand the pathogenesis of
PSVD. Meanwhile, although molecular biology studies aimed at
improving our understanding of intrahepatic vascular damage
are needed, maintaining a healthy liver endothelium could be a
promising therapeutic strategy.
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