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ARTICLE INFO ABSTRACT

Keywords: The vertebrate respiratory protein cytoglobin (Cygb) is thought to exert multiple cellular functions. Here we
Oxygen-binding studied the phenotypic effects of a Cygb knockout (KO) in mouse on the transcriptome level. RNA sequencing
RNA'S.eq (RNA-Seq) was performed for the first time on sites of major endogenous Cygb expression, i.e. quiescent and
gfi;;fa;:;lite cells activated hepatic stellate cells (HSCs) and two brain regions, hippocampus and hypothalamus. The data reca-
Hypothalamus pitulated the up-regulation of Cygb during HSC activation and its expression in the brain. Differential gene

expression analyses suggested a role of Cygb in the response to inflammation in HSCs and its involvement in
retinoid metabolism, retinoid X receptor (RXR) activation-induced xenobiotics metabolism, and RXR activation-
induced lipid metabolism and signaling in activated cells. Unexpectedly, only minor effects of the Cygb KO were
detected in the transcriptional profiles in hippocampus and hypothalamus, precluding any enrichment analyses.
Furthermore, the transcriptome data pointed at a previously undescribed potential of the Cygb™ knockout allele to

produce cis-acting effects, necessitating future verification studies.

1. Introduction

Globins are small respiratory proteins present in all kingdoms of life
that, via their haem prosthetic group, can bind O, and other diatomic
gases, such as nitric oxide (NO) and carbon oxide, thereby allowing
globins to provide Os supply and storage to the organism, but also to
participate in oxidative energy production, NO metabolism, reactive
oxygen species (ROS) detoxification, and intracellular signaling [1].
Cytoglobin (Cygb), a phylogenetically conserved member of the verte-
brate globin family, is expressed in virtually all tissues of most organisms
[2-4], mainly in fibroblast and fibroblast-like cells [3,5,6], but also in
few other cell types such as distinct neurons [6,7], melanocytes [8],
vascular smooth muscle cells [9-11], and podocytes [12]. The
mammalian Cygb protein is composed of 190 amino acids (aa) arranged
as a typical globin domain (eight a-helices connected by loops and
organized in a 3-over-3 a-helical sandwich structure) with distinctive N-
and C-terminal extensions. Cygb is a hexacoordinated globin, meaning
that the binding of ligands to this globin requires the displacement of the
distal histidine residue that, in the deoxy state, binds the heme iron

[4,13]. Multiple hypoxia responsive elements are present in the pro-
moter sequence of Cygb and control the expression induction of this
globin under hypoxic conditions in multiple tissues like brain, heart, and
liver [6,14,15]. However, because of presumably rather low cellular
protein levels, roles in Oy-dependent signaling or in Og-supply for
distinct enzymatic reactions, rather than a classical respiratory function,
have been suggested for Cygb [6,16]. In vitro studies have shown that
Cygb has enzymatic activities acting as nitric oxide dioxygenase (NOD)
[17-23], nitrite reductase (NiR) [11,24,25], superoxide dismutase [26],
and lipid peroxidase [27-29]. Furthermore, Cygb has been proposed to
participate in the protection from ROS damage [8,12,30-37], in
collagen maturation [5,6], and in lipid signaling [27]. Additionally, the
two cysteine residues of the Cygb protein (CysB2 and CysE9) have been
shown to contribute to the modulation of Cygb functions under oxida-
tive conditions by (i) allowing the dimerization of Cygb molecules
through formation of an intermolecular disulfide bridge [38,39], and (ii)
by increasing the binding affinity of Cygb to exogenous ligands
[27-29,40,41] and by enhancing its peroxidase [27-29] and NiR ac-
tivities [25] via formation of an intramolecular disulfide bridge in the
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Cygb monomer.

Fewer details are known so far on the physiological functions of Cygb
in vivo. Studies in a Cygb KO (Cygb”") mouse model by Thuy et al. [42],
showed that Cygb regulates blood pressure and vascular tone through its
NOD activity in vascular smooth muscle cells [11]. Moreover, the
absence of Cygb was shown to promote inflammation, fibrosis, organ
abnormalities, and cancer development in liver, heart, lung, kidney,
ovary, small intestine, and lymphatic organs, possibly by enhancing
oxidative stress [43-45]. Cygb was also studied in mammalian liver in
the context of its upregulation during the activation of hepatic stellate
cells (HSCs) [3,46,47]. HSCs are specialized pericytes in the Disse space
that account for 5-10% [48,49] of liver cells, are major sources of
extracellular matrix (ECM), and participate in liver fibrosis and its res-
olution. HSCs exist in two major states: a quiescent state (QHSCs) and an
activated state (aHSCs). qHSCs are lowly proliferative cells that repre-
sent the main site of vitamin A storage, as 50-80% of the overall body’s
vitamin A content in mammals is stored as retinyl ester (RE) in lipid
droplets in the cytoplasm of these cells [50]. In response to liver injury
(e.g. by viral infection, alcoholic liver disease, or non-alcoholic steato-
hepatitis), qHSCs undergo activation, thus becoming highly prolifera-
tive, acquiring high motility and contractility [51], and expressing
fibrotic cell markers such as alpha-smooth muscle actin (a-SMA) [52]
and collagen 1al [53]. aHSCs produce high levels of ECM components,
finally resulting in scarring [51]. Furthermore, the activation of HSCs is
accompanied by the loss of the vitamin A-containing lipid droplets
which is possibly a consequence of HSC activation rather than a mech-
anism contributing to liver fibrosis [54]. In aHSCs, Cygb is prominently
upregulated and has been proposed to fulfill anti-fibrotic and ROS
scavenging functions, but also to support collagen maturation [6,44].
Recent studies have proposed that the main role of Cygb in HSCs is to
maintain these cells in a quiescent phenotype, thus contributing to their
deactivation and participating in liver fibrosis resolution [55-58].

Besides in HSCs, Cygb was detected in a broad range of mammalian
organs and cells, among which defined populations of brain neurons,
such as telencephalic neurons of the cerebral cortex, periglomerular
cells of the olfactory bulb, pyramidal cells of the hippocampus forma-
tion, scattered multipolar neurons of the basal ganglia, various nuclei of
the thalamus, hypothalamus, metathalamus, and epithalamus displayed
high expression levels [6,7]. In line with previous reports, a
transcriptomics-based expression study (Porto and Hankeln, unpub-
lished) identified hippocampus [7,59] and hypothalamus [60,61] as
major sites of Cygb expression in the mammalian brain. Little is known
so far about the physiological functions of Cygb in brain, but it is thought
to protect neurons from oxidative stress through its proposed peroxidase
and ROS scavenging activities [32,61-63], in line with the up-regulation
of Cygb expression in hypoxic brain [61,64,65]. Interestingly, few
studies have addressed the intracellular localization of Cygb protein,
which is generally described as cytoplasmic [5,6], but which appears to
reside also in the nucleus of neurons where it might protect from
oxidative DNA damage [6,7].

In summary, studies on Cygb functions in vivo have been rather
scarce and some discordance has been reported among in vitro in-
vestigations. To obtain further insight into Cygb’s physiological role(s),
we investigated for the first time by RNA-Seq the Cygb-dependent
transcriptome of three major sites of endogenous Cygb expression in a
Cygb”” mouse model: HSCs (quiescent and activated), hippocampus, and
hypothalamus. Differential gene expression analyses followed by gene
ontology (GO) term and pathway enrichment analyses should point at
the molecular phenotype of Cygb expression.

2. Materials and methods
2.1. Animals and hypoxia treatment

Eight weeks old male Cygb wildtype (Cygb™ ™) and Cygb”” mice from
a published Cygb KO model [42] were maintained in normoxic (21% Oa,
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n=5 for Cygb™* mice, n=4 for Cygb”" mice) or hypoxic (7% O, n=5 for
both genotypes) conditions for 48 h. Animals were sacrificed via cervical
dislocation, brain areas (hippocampus, hypothalamus, and preoptic
area) were dissected using an Alto acrylic 1mm mouse brain coronal 40-
75 gm matrix (CellPoint Scientific, ref # 68-1175-1), and samples were
snap-frozen. Animals were handled according to the directive 2010/63/
EU EEC for animal experiments.

2.2. HSC activation

Primary HSCs were extracted from livers of 3 Cygb™/ " and 3 Cygh”~
mice and cultured on uncoated plastic dishes for 1 day to obtain qHSCs
or for 4 days to obtain aHSCs, as previously described [58].

2.3. RNA extraction

RNA extraction from HSCs was performed using the RNeasy Mini Kit
(QIAGEN, # 74106), while total RNA from hippocampus, hypothala-
mus, and preoptic area was extracted using the RNeasy Universal Plus
Mini Kit (QIAGEN, #73404) following the manufacturer’s protocol.
Tissues were homogenized in QIAzol (QIAGEN) using the Precellys®
Lysing Kit (Bertin, # KT03961-1-009.2) and the Minilys® homogenizer
(Bertin Corp.). All RNA extractions included a DNase I treatment step to
eliminate genomic DNA (gDNA) contamination. The quality and integ-
rity of the RNA samples were assessed using Agilent 2100 Bioanalyzer
and the RNA 6000 Nano Kit (Agilent, # 5067-1511). RNA integrity
number (RIN) values of the RNA samples from HSCs (6.7-8.2), hippo-
campi (8.3-8.9), hypothalami (7.8-9.1), and preoptic areas (6.8-9.0)
indicated the good quality of the RNA preparations. RNA concentrations
were quantified using the Qubit RNA HS Assay Kit (Invitrogen).

2.4. cDNA synthesis and real-time quantitative RT-PCR (qRT-PCR)

cDNAs were synthesized starting from 500 pg of each total RNA
sample spiked with 50 ng of total adult Drosophila melanogaster RNA
using SuperScript® III Reverse Transcriptase (Invitrogen, # 18080044)
following the manufacturer’s protocol.

Each gRT-PCR reaction was performed using the GoTaq® qPCR
Master Mix (Promega, #A6002), a cDNA volume corresponding to 25 ng
of the starting total RNA, and 0.6 pM of a target-specific primer mix in a
final volume of 10 pL. The following primer pairs were used to amplify the
mRNA of the target genes: Cygb (for: 5’-CCATCCTGGTGAGGTTCTTTGT-
3’, rev: 5’-GATCCTCCATGTGTCTAAACTG-3’), neuroglobin (Ngb, for: 5’-
GCTCAGCTCCTTCTCGACAG-3’, rev: 5’-CAACAGGCAGATCAACAGAC-
3’), ribosomal protein, large, PO (Rplp0, for: 5’-AGGGCGACCTG-
GAAGTCC-3’, rev: 5’-GCATCTGCTTGGAGCCCA-3’), vascular endothelial
growth factor A (Vegfa, for: 5-ATCATGCGGATCAAACCTCACCAA-3’,
rev: 5’-GTTCTGTCTTTCTTTGGTCTGCAT-3"). To verify the efficiency of
the cDNA synthesis across the samples, the Drosophila melanogaster glob1
transcript was amplified in technical duplicates (for primer: 5’-GGAGC-
TAAGTGGAAATGCTCG-3’, rev primer: 5’ -GCGGAATGTGACTAACGGCA-
3’). Amplifications were performed for 40 cycles using a three-step cycle
method (denaturation: 95°C for 15 sec; annealing: 56°C for Cygb, RplpO,
and glob1 or 58°C for Ngb and Vegfa for 30 sec; elongation: 72°C for 30
sec) on an Applied Biosystems™ 7500 Fast Real-Time PCR System ma-
chine. The fluorescence signals were detected during the elongation step
of each amplification cycle. Relative gene expression was calculated with
the 2722 method using the REST 2009 Software Tool v2.0.13 (QIAGEN)
[66] by applying the default number of iterations (2000) and using Rplp0
as reference gene.

2.5. RNA-Seq library preparation
For HSC analysis, a total of 12 RNA-Seq libraries (n=3 each for

gHSCs*/*, aHSCs*/*, qHSCs”", and aHSCs”") were prepared starting
from 150 ng of total RNA using the TruSeq Stranded mRNA LT Sample
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Prep Kit (Illumina, # RS-122-2101) following the manufacturer’s pro-
tocol, including a poly-A selection step, and using 13 cycles of amplifi-
cation. The quality of the generated libraries was assessed using an
Agilent 2100 Bioanalyzer and the High Sensitivity DNA Kit (Agilent, #
5067-4626), while their concentrations were determined using the
Qubit dsDNA HS Assay Kit (Invitrogen, Q32851). RNA-Seq libraries of
normoxic hypothalami and hippocampi from 4 Cygb'/* and 4 Cygb”"
mice, different from the mice used to harvest primary HSCs, were pre-
pared starting from 100, 300, or 500 ng of total RNA using the TruSeq®
Stranded RNA HT kit (Illumina) following the manufacturer’s protocol
and including a polyA selection step. Library preparations for hippo-
campus and hypothalamus samples were performed by StarSEQ GmbH
(Mainz, Germany).

2.6. RNA-Seq library sequencing, pre-processing, and mapping

RNA-Seq libraries generated from HSCs samples were sequenced as 2
x 100 nt paired-end reads using a HiSeq 2500 System (Illumina), while
RNA-Seq libraries generated from hippocampus and hypothalamus
samples were sequenced as 75 nt single-end reads on a NextSeq 500
System (Illumina). The sequencing was performed by StarSEQ GmbH
(Mainz, Germany). The quality of the reads was evaluated using FastQC
tool v0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fast
qc/) and raw reads were pre-processed using the FASTX-Toolkit v0.0.14
(http://hannonlab.cshl.edu/fastx_toolkit/). After pre-processing of the
HSCs datasets, 29 to 44 million reads were retained, and the percentage
of discarded reads ranged from 4.87% to 6.43%. For the hippocampus
and hypothalamus datasets, 88.23% to 87.51% of the starting reads
were retained after pre-processing, yielding a total of 24 to 45 million
reads. The pre-processed reads were mapped against the annotated
mouse genome version GRCm38 (downloaded from NCBI) with the
RNA-Seq analysis tool of CLC Genomics Workbench 8.5.1 allowing
single-read mapping and setting mismatch cost, insertion cost, deletion
cost, length fraction, and similarity fraction to 2, 3, 3, 0.95, and 0.95,
respectively. The percentage of uniquely mapped reads for the HSCs
libraries ranged from 88.28% to 91.47% and from 88.83% to 89.58% for
the hippocampus and hypothalamus libraries, indicating that the trim-
ming and filtering processes were successful. Detailed statistics for the
pre-processing and mapping steps of each RNA-Seq dataset are reported
in Supplementary Tables 1 and 2. RNA-Seq data are available at the
European Nucleotide Archive (ENA) under the project number
PRJEB69225.

2.7. Differential gene expression analysis

Differentially expressed genes where determined using the EdgeR-
based empirical analysis of DGE [67,68] statistical tool of CLC geno-
mics workbench 8.5.1 using default parameters. In the HSC data, genes
were considered to be differentially expressed if |fold change (FC)| > 2
and false discovery rate (FDR)-corrected p-value < 0.05, while in the
brain data, genes were considered to be differentially expressed if |[FC| >
1.5 and FDR-corrected p-value < 0.05. Both +1.5 and +2 are FC
thresholds commonly used in transcriptomics studies. The higher
threshold applied to HSC data was chosen because of computational
limitations in the downstream pathway analyses. To avoid transcrip-
tional “noise”, genes with RPKM (reads per kilobase per million mapped
reads) value < 0.5 were excluded from further analyses.

2.8. GO term, pathway, and general annotation enrichment analyses

GO term and KEGG pathway enrichment analyses were performed on
the lists of differentially expressed genes (DEGs) using the WebGestalt
online tool (version 2017, http://www.webgestalt.org/) [69] by
applying the overrepresentation enrichment analysis method and
requiring a minimum enrichment for each term and pathway of 4 genes
and a FDR-adjusted p-value < 0.05. Large lists of enriched GO terms
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were summarized by removing redundant terms using the REVIGO [70]
web tool (http://revigo.irb.hr/) and allowing medium semantic simi-
larity (maximum simRel score = 0.7). Ingenuity Pathway Analysis soft-
ware (IPA®, QIAGEN) was used to identify enriched canonical pathways
by performing core analysis on the DEG lists. Canonical pathways were
considered to be enriched if their FDR-corrected p-value < 0.05. Cate-
gory (e.g. chromosome and cytoband) enrichment analyses were per-
formed using online tools from DAVID Bioinformatics Resources
(version 6.8, https://david.ncifcrf.gov/home.jsp) [71,72] and annota-
tions were considered to be significantly enriched if their Bonferroni-
adjusted p-value < 0.05.

2.9. Open reading frame (ORF) prediction

The identification of putative coding regions was performed with the
ORFfinder online tool from NCBI (www.ncbi.nlm.nih.gov/orffinder/) by
setting the minimal ORF length to 75 nt, using the standard genetic code,
and only allowing the detection of ORFs starting with an “ATG” codon.

2.10. Statistical analyses

Differential expression analysis of Prcd exonic and intronic regions
was performed using the DESeq2 [73] Bioconductor package (version
1.16.1) on the number of reads mapping to each of the examined re-
gions. FDR adjustment was applied to the calculated p-values. Graphical
representations of data from qRT-PCR and transcriptome analyses were
generated using R (version 3.3), RStudio (version 1.0.153), and the
ggplot2 [74] R package (version 2.2.1).

3. Results
3.1. HSC activation is recapitulated by the primary cell model

To investigate the biological role of Cygb in HSCs, primary cells were
extracted from livers of Cygb™/* and Cygb”" mice. The obtained HSCs
(HSCs™* and HSCs”") were then cultured on plastic surfaces for one day
to obtain quiescent cells (qHSCs ™" and qHSCs™") or for 4 days to induce
cell activation (aHSCs*/* and aHSCs”"). RNA-Seq experiments were
performed on all four groups of cells in biological triplicates and dif-
ferential gene expression analyses were computed to identify the genes
dysregulated by the depletion of Cygb in qHSCs or aHSCs, as well as to
detect the transcriptional changes induced by the activation process in
HSCs™* and HSCs”"(Supplementary Files 1 and 2). In vitro HSC acti-
vation by cell culture on uncoated plastic surface was shown to mimic
the in vivo HSC activation process by multiple reports [75-77];
furthermore, the activation protocol used in the present study was
previously validated on HSCs of the same origin [58]. Principal
component analysis (PCA) and “sample-to-sample” distance analyses of
the transcriptome datasets showed a clear separation between the qgHSCs
and aHSCs samples. The majority of the variation among the data was
explained by the cell activation status rather than by their genotype
(Supplementary Fig. 1), indicating a substantial difference in the tran-
scriptional profiles of qHSCs and aHSCs. In line with this, differential
gene expression analysis of aHSCs ™+ and qHSCs™ " identified 3658
DEGs, 2215 of which as up-regulated and 1443 as down-regulated in the
activated cells (Fig. 1A, Supplementary Files 1-2). Similarly, 3255 genes
were found dysregulated (1946 up- and 1309 down-regulated) by the
activation of HSCs”" (Fig. 1B, Supplementary Files 1-2). 71% and 79% of
the DEGs in HSCs*/* and HSCs”", respectively, were dysregulated by in
vitro activation in both genotypes. Among these, only 21 were oppositely
regulated in HSCs*/* and HSCs”" (Fig. 1D). To confirm the efficiency of
the activation protocol in our samples, the transcriptome data were
investigated for the expression of known HSC marker genes (Actal
[52,781, Agtrla [53], Collal [53], Colla2 [53], Col3al [52], Fb1 [79],
Igfbp3 [52], Mmp2 [80], Rbp1 [81], Tgfb3 [79], Timp2 [82]) and of genes
involved in the HSC activation process (Fgfr2 [83], Pdgfrb [84], Tgfbl
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Fig. 1. Gene expression during in vitro HSC activation mimicked the in vivo activation process. A-B) Differential gene expression analyses of aHSC™ " vs. qHSC™* (A)
and aHSC”" vs. qHSC”" (B) indicate that the in vitro activation process induced a strong change in the transcriptional profile of HSCs. White-filled dots represent
DEGs, vertical lines indicate FC thresholds (log,(FC)=1 and -1), and the horizontal line indicates the significance threshold for the FDR-corrected p-value (-log;o(p-
value) =1.3). Text boxes report the number of down-regulated (left) and up-regulated (right) DEGs. C) Heatmap of the expression values (as log2(RPKM+0.1)) of HSC
activation marker genes in qHSCs and aHSCs from Cygb™/* (WT) and Cygb”~ (KO) mice as evaluated by transcriptome analysis. Higher RPKM values are found in
aHSCs of both genotypes. Cygb expression is substantially induced in aHSCs"/* compared to qHSCs*/*. D) Venn diagram of the DEGs in the activation of HSCs*/*
and HSCs”". E-F) Top 10 enriched IPA canonical pathways for DEGs in the activation of HSCs*/* (E) and HSCs”" (F) indicate that the in vitro activation protocol

mimics the in vivo activation process.
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[85]). Gene expression values (RPKM, Fig. 1C) and differential gene
expression analyses (Supplementary Fig. 2) indicated a significant up-
regulation of the activation marker genes in the in vitro-activated HSCs
of both genotypes. In agreement, IPA canonical pathway enrichment
analyses identified “Hepatic fibrosis/Hepatic stellate cell activation™ as
the most significantly enriched pathway among the genes dysregulated
by in vitro activation in both HSCs*/* and HSCs”" (Fig. 1E-F, Supple-
mentary Fig. 3).

Furthermore, the top 10 most significantly enriched IPA canonical
pathways included processes involved in inflammation and immune
response (“Acute phase response signaling”, “Agranulocyte Adhesion
and Diapedesis”, “GP6 Signaling Pathway”, and “Molecular Mechanisms
of Cancer”) as well as ones characterizing HSC activation (“Axonal
guidance signaling” [86] and “Aryl Hydrocarbon Receptor Signaling”
[87]1) (Fig. 1E-F, Supplementary File 3), thus confirming that the in vitro-
induced activation mimicked the in vivo process of HSC activation.
Similar conclusions could be drawn from GO term and KEGG pathway
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analyses (Supplementary Fig. 4, Supplementary Files 4-5).

3.2. Influence of the Cygb genotype on the mouse HSC transcriptome

To investigate the molecular effects of Cygb depletion in HSCs, dif-
ferential gene expression analyses were performed on qHSCs and aHSCs
datasets from Cygb'/* and Cygb”~ mice. PCA showed a clear distinction
between the aHSCs™/* and aHSCs”“samples, while the separation of the
qHSCs samples from the two genotypes was less evident (Supplementary
Fig. 1). In particular, datasets from gHSCs™* samples clearly clustered
together, whereas one qHSCs”" dataset showed larger variance
compared to the other qHSCs samples (Supplementary Fig. 1C). Differ-
ential gene expression and pathway and GO term enrichment analyses
performed both including and excluding this ‘outlier’ dataset led to
comparable results (data not shown), thus all gHSCs datasets were used
in the downstream analyses.

Differential gene expression analyses of qHSCs”~ vs. qHSCs'/*
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Fig. 2. Cygb depletion altered qHSCs and aHSCs transcriptional profiles. A-B) Volcano plots of DEGs in quiescent (A) and activated (B) HSCs”" vs. HSCs*/* datasets.
White-filled dots represent DEGs, vertical lines indicate FC thresholds (logo(fold change) =1 and -1), and the horizontal line indicates the significance threshold for
the FDR-corrected p-value (-log;o(p-value) =1.3). Text boxes report the numbers of down-regulated (left) and up-regulated (right) DEGs. C) Venn diagram of the
DEGs in qHSCs and aHSCs. D) RPKM values for Cygb in activated and quiescent HSCs*/* and HSCs™". Error bars indicate standard deviation. *: FDR-corrected p-value

< 0.05; ***: FDR-corrected p-value < 0.001.
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samples identified 103 DEGs (Fig. 2, Supplementary Files 1-2). Among
those, 71 were up- and 32 down-regulated in gHSCs™".

Pathway enrichment analyses showed that Cygb depletion in qHSCs
induced the dysregulation of genes involved in inflammation and im-
mune response (Fig. 3A and B, Supplementary Files 3 and 6). Up-
regulated genes in the KO state included major histocompatibility
complex (MHC) class I and II genes (H2-Aa, H2-Ab1, H2-Eb1, H2-M2,
and Cd74), cytokines (Illa and II133), chemokines (Ccl3 and Ccl4),
prostaglandin synthesis and signaling genes (Pla2g4a, Plbdl, Ptger3,
Ptges, and Ptgs2), and other genes involved in the inflammatory response
(C4b, Il11rn, Serpina3n, Serpinb2, and Spp1) (Fig. 3C and D). Together, this
indicated that qHSCs lacking Cygb had a pro-inflammatory transcrip-
tional profile.

As previously described [3,58], aHSCs showed higher Cygb mRNA
levels than qHSCs (Fig. 2D). In line with this, Cygb depletion induced a
larger change in the transcriptional profile of aHSCs compared to qHSCs.
Differential gene expression analysis of aHHSCs from Cygb”~ and Cygb™’™*
mice detected 442 DEGs, among which 269 were up- and 173 down-
regulated in aHSCs”~ (Fig. 2B, Supplementary Files 1-2). GO term
enrichment analysis identified an overrepresentation of terms related to
many aspects of lipid metabolism (Supplementary File 7). In addition,
multiple terms related to metabolism (secondary, cellular ketone, and
multicellular organism metabolic process), inflammatory response, and
blood vessel morphogenesis were significantly enriched. In line with the
GO term enrichment analysis, KEGG and IPA canonical pathway ana-

lyses in aHSCs”~ showed significant enrichments related to
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inflammation and immune response (“complement and coagulation
cascades”, “LXR/RXR activation”, “acute phase signaling”, “atheroscle-
rosis signaling”, “LPS/IL-1 mediated inhibition of RXR function”, “IL-12
signaling and production in macrophages”, “hepatic fibrosis/hepatic
stellate cell activation”, and “production of nitric oxide and reactive
oxygen species in macrophages”), metabolism (“steroid hormone
biosynthesis”, “metabolism of xenobiotics by cytochrome P450”, “drug
metabolism - cytochrome P4507, ‘“retinol metabolism”, ‘“estrogen
biosynthesis”, “nicotine degradation I and II”, “xenobiotic metabolism
signaling”, “glucocorticoid biosynthesis”, “mineralocorticoid biosyn-
thesis”, “superpathway of melatonin degradation”, and “serotonin
degradation™), lipid metabolism (“retinol metabolism”, “steroid hor-
mone biosynthesis”, “estrogen biosynthesis”, “mineralocorticoid
biosynthesis”, and “glucocorticoid biosynthesis”), and lipid signaling
(“PPAR signaling pathway”, “FXR-, LXR-, PXR-, and VDR/RXR activa-
tion”, and “LPS/IL-1 mediated Inhibition of RXR function”) (Supple-
mentary Tables 3 and 4, Supplementary Fig. 6). Importantly, these
enriched processes included multiple retinoid X receptor (RXR)-depen-
dent pathways, which are activated by the vitamin A derivative retinoic
acid (RA) [88,89].

In light of these enrichment results in aHSCs”" (and because HSCs are
major sites of vitamin A storage), we further focused on the dysregula-
tion of genes involved in the metabolism and signaling of vitamin A and
its derivatives (Fig. 4). Transcription of the RE hydrolase gene Lpl, which
codes for the main enzyme to metabolize REs into retinol (ROL) in
aHSCs [90], and of a second RE hydrolase gene, Ceslc [91], was up-

B
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Antigen processing and presentation 4.01E-03 549
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Inflammatory bowel disease (IBD) 6.68E-03 6.78
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Fig. 3. Cygb KO induced an inflammatory phenotype in qHSCs. A-B) The top 10 IPA canonical pathways (A) and KEGG pathways (B) enriched in genes dysregulated
in qHSCs”" include multiple pathways involved in inflammation and immune response. C-D) Heatmap of the RPKM values in qHSCs"/* and qHSCs”" (C) and his-
togram of the FCs (D) of the DEGs included in the enriched KEGG and IPA canonical pathways. For all FCs FDR-corrected p-value < 0.05. WT: Cygb*/™; KO: Cygh”".
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regulated by the Cygb KO in aHSCs (FC=1.72 and 21.90, respectively).
Expression of genes coding for the acyltransferase Lrat and for the
cellular ROL binding protein Rbpl, crucial for the conversion of ROL
into RE [92,93], as well as mRNA levels of Apoe, which contributes to
homeostasis and transport of cholesterol and RE as chylomicron rem-
nants [94-96], showed a moderate, but significant down-regulation in
aHSCs”" compared to aHSCs*/* (FC=-1.90, -1.85, and -1.83, respec-
tively). Furthermore, a significant up-regulation of genes coding for the
plasma-specific ROL binding protein (Rbp4, FC=31.83) and for trans-
thyretin (Ttr, FC = 55.82) was observed in aHSCs”". Importantly, when
combined, these proteins form a complex with ROL, allowing its delivery
to peripheral tissues and preventing its elimination during blood filtra-
tion [96]. Besides the up-regulation of genes involved in ROL excretion,
low but significant transcriptional induction was detected for the gene
coding for alcohol dehydrogenase (Adhl, FC=188.14), a major enzyme
metabolizing ROL into retinaldehyde (RDH) [97,98].

Instead, no transcription of the gene coding for the ROL dehydro-
genase/reductase SDR family member 9, which catalyzes the conversion
of Rbpl-bound ROL into RDH [99], was detected in aHSCs from both
genotypes (Dhrs9, RPKM<0.5). Cygb depletion in aHSCs did not dys-
regulate the transcription of genes catalyzing the conversion of RDH into
RA (Aldhlal, Aldhla2, and Aldhla3) [100] and contributing to the
release of ROL from the lipid droplets (Pnla2 and Lipe) [101], but up-
regulated members of the cytochrome P450 (CYP450) gene family
(Cypla2, Cyp2c29, Cyp2c70 and Cyp2el) and UDP-
glucuronosyltransferase (UGT) enzymes (Ugt2b5, Ugt2b34, Ugt2b35,
and Ugt2b36), which are involved in oxidation/hydroxylation
[102-104] and beta-glucuronidation of RA [105], respectively. More-
over, transcription of the cellular RA binding protein Crabpl was
significantly induced in aHSCs”~ (FC=2.93). The dysregulation of mul-
tiple genes involved in the metabolism of retinoids could result in the
alteration and possibly the increase of the ROL, RA, and RA metabolite
levels in aHSCs”". This would be in line with our pathway analyses
showing enrichment in RA-dependent RXR transcription and signaling
pathways. The majority of DEGs enriched in these pathways, indeed, are
directly or indirectly transcriptionally regulated by RXR and involved in
lipid metabolism, binding, and transport. These also include some
CYP450 genes (Cypla2, Cyp2c29, Cyp2c70, Cyp2d9, Cyp2d10, and
Cyp2el) that we observed as up-regulated in aHSCs”"
(7.96<FC<134.89) and that can contribute to various metabolic path-
ways other than lipid metabolism [106]. Moreover, our transcriptome
data indicate that multiple members of the apolipoprotein gene family
(Apoal, Apoa2, Apoa5, Apob, Apoc2, Apoc3, Apoc4, Apoh, and Apom),
which code for lipid binders and transporters whose transcription is
modulated by RXR [107-112], were up-regulated as consequence of a
Cygb depletion in aHSCs (9.31<FC<22.08), with the exception of the
Apoe gene that was observed to be down-regulated.

Next, we examined the impact of Cygb depletion on the HSC acti-
vation process. To do so, biological pathway and GO term enrichment
analyses were performed on the 690 genes that were specifically dys-
regulated by Cygb KO during the HSC activation process (669 genes
dysregulated only in HSGs”" and 21 genes oppositely dysregulated in
HSCs'/* and HSCs”") (Fig. 1D, Supplementary File 1). Similar to what
was observed for aHSCs™", the DEG list was enriched in GO terms related
to lipid metabolism, homeostasis, binding, and transport as well as in
terms involved in inflammation and immune response (Supplementary
Fig. 7A-C, Supplementary File 8). In line with the GO term analyses,
KEGG and IPA canonical pathway analyses showed enrichment in
pathways related to inflammation, immune response, and lipid meta-
bolism and signaling (Supplementary Tables 5 and 6, Supplementary
Files 3 and 8). In agreement with the previously described activation-
induced loss of cytoplasmic vitamin A-storing lipid droplets in HSCs,
our transcriptome data showed that in vitro activation caused an increase
in the mRNA levels of the ROL dehydrogenase gene Aldhla and of the
cellular RA binding protein gene Crabpl in both HSC™* and HSC”".
Moreover, the activation process significantly increased the mRNA
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levels of the ROL acyltransferase gene Lrat, of the cellular RA binding
protein gene Rbp1, and of the RE transporter gene Apoe in HSCs*/T and,
to a lower extent, in HSCs”". Interestingly, the RE hydrolase CesIc, the
ROL binding protein Rbp4, the RA-metabolizing CYP450s (Cypla2,
Cyp2c29, and Cyp2c70) and the UGT (Ugt2b5, Ugt2b34, Ugt2b35, and
Ugt2b36) genes, which all were found dysregulated by the Cygb KO in
aHSCs, were detected to be significantly up-regulated by the in vitro
activation of HSCs”", but not of HSCs"/*. Ttr gene expression, instead,
was reduced in HSCs™/* (FC=-5.50) and increased in HSCs”
(FC=13.20) as a consequence of the activation process. Furthermore,
Cygb depletion in HSCs resulted in the alteration of the expression of
various genes for lipid binding and transporting proteins during the
activation process. In particular, mRNA levels of multiple members of
the apolipoprotein gene family (Apoal, Apoa2, Apoa5, Apob, Apoc2,
Apoc3, Apoc4, Apoh, and Apom) were observed to be up-regulated
(Supplementary Fig. 7D). Thus, our transcriptome data showed that
Cygb depletion in HSCs activation and aHSCs dysregulated genes
involved in the inflammatory response and in the metabolism and
transport of vitamin A and its derivatives.

Published reports proposed that Cygb contributes to the mainte-
nance of a quiescent HSC phenotype [47,57,113]. A Cygb KO might
therefore be expected to trigger HSC activation. Our RNA-Seq data,
however, did not unveil a broad transcriptional up-regulation of HSC
activation marker genes in qHSCs”~ compared to qHSCs™* (Supple-
mentary Fig. 8A and B). Furthermore, in aHSCs multiple activation
marker genes were downregulated in the Cygb knockout (Supplemen-
tary Fig. 9A, B). Some discordance with literature [58] could be
explained by variance among the gHSC samples (Supplementary File 2),
but our transcriptome data indicate that Cygb depletion did not aggra-
vate activation in aHSCs.

Because HSCs are major sites of collagen synthesis, especially during
liver fibrosis, we investigated the RNA-Seq data for an effect of the Cygb
KO on the expression of collagen genes. This showed that Cygb depletion
in qHSCs had no significant effect on the transcription of the majority of
the collagen genes, but induced down-regulation of Col12al (FC=-2.82)
and a moderate reduction of Col6a3 mRNA (FC=-1.88) (Supplementary
Fig. 8C). Differently, the Cygb depletion in aHSCs induced a strong
down-regulation of Col8al (FC=-3.84) and a moderate, but significant
down-regulation of Colla2 (FC=-1.81), Col24al (FC=-1.51), and Col6a3
(FC=-1.58) (Supplementary Fig. 9C). This appears to be in contrast to
the previously described hepatic collagen accumulation in Cygb”~ mice
[42]. However, the accomulation could result not only from the regu-
lation of the collagen genes, but also from the contribution of Cygb to
collagen metabolism [6]. Moreover, our transcriptome data may depend
on a compensatory effect of other antioxidative enzymes.

3.3. Effects of the Cygb KO on the transcriptional profile of mouse brain
regions

To investigate whether Cygb could have different physiological roles
depending on the site of its expression, we further studied the effect of
the Cygb KO on distinct Cygb-expressing regions of the mouse brain via
RNA-Seq. Public RNA-Seq data (Porto and Hankeln, unpublished) and
immuno-staining [7] have shown that specific mouse brain regions, such
as hippocampus and hypothalamus, highly express Cygb. Hippocampus
and hypothalamus are responsive to oxidative stress [114,115] and Cygb
expression was previously reported to be up-regulated under hypoxia in
these brain areas [61]. To investigate whether Cygb could have an in vivo
respiratory function in brain, Cygh™* and Cygb”~ mice were subjected to
hypoxic stress (7% O3) or normoxia (21% O») for 48 h and the expres-
sion of Cygb (Fig. 5A-C) as well as of the central nervous system (CNS)-
specific globin neuroglobin (Ngb) (Fig. 5D-G), which is suggested to be
moderately induced by hypoxia [116], were evaluated by qRT-PCR in
hippocampi (Fig. 5A, D, and G), hypothalami (Fig. 5B, E, and H), and
preoptic areas (a sub-region of the hypothalamus) (Fig. 5C, F, and I)
from hypoxic and normoxic mice of both genotypes. Analyses of the
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Fig. 5. Cygb and Ngb are not induced by hypoxia in hippocampi, hypothalami, and preoptic areas of Cygb™* and Cygb”" mice. A-I) qQRT-PCR analyses of the relative
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normoxic Cygb™ " samples n=5, for normoxic Cygb”~ samples n=4. *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001.

mRNA levels of the hypoxia marker Vegfa [117] confirmed efficiency of
the treatment by displaying a statistically significant hypoxic upregu-
lation (FC=1.8-3.0) (Fig. 5G-I). Unexpectedly, Cygb expression was not
upregulated by hypoxia in any of the analysed tissues from Cygb™’*
mice. On the contrary, a slight down-regulation of Cygb mRNA levels
was observed (FC=0.6-0.4). Similar to Cygb, Ngb mRNA levels were not
upregulated by the hypoxic insult, showing no change in hippocampi
and a small, significant downregulation in hypoxic hypothalami
(FC=0.7) and preoptic areas (FC=0.6). All brain regions from Cygb’/ .
mice showed comparable Ngb mRNA levels to their respective Cygb™*
controls both at normoxic and hypoxic conditions, thus arguing against

a compensatory role of Ngb following a Cygb KO.

To further investigate the in vivo function of Cygb in brain, RNA-Seq
experiments were performed in hippocampi and hypothalami from
Cygb™* and Cygb”" mice. Since hypoxic treatment did not induce
transcription of Cygb in the analysed tissues (see above), RNA-Seq was
performed only on normoxic samples (Fig. 6).

The transcriptome analyses of Cygb™/* mice showed slightly higher
Cygb expression in hypothalami (mean RPKM=26) than in hippocampi
(mean RPKM=18) (Fig. 6D). Cygb mRNA was significantly decreased,
but not absent, in both brain regions from Cygb”" mice (FC=-3.99 for
hippocampus and FC=-2.98 for hypothalamus). In line with our
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transcriptome analyses of HSCs”" (Fig. 2D) and literature [58], residual
transcription of the retained Cygb exons was observed (Fig. 6D, Sup-
plementary Fig. 10). Unexpectedly, differential gene expression analyses
identified only 23 DEGs in hippocampus (Fig. 6A, Supplementary
Table 7, Supplementary File 2) and 33 DEGs in hypothalamus (Fig. 6B,
Supplementary Table 8, Supplementary File 2) from Cygb”" mice.
Among these, 11 genes were similarly dysregulated in both brain regions
(Fig. 6C, Supplementary Tables 7 and 8, Supplementary File 2). These
results were corroborated by PCA, where hippocampus and hypothala-
mus samples separated well, but Cygb™* and Cygb”" samples did not
(Supplementary Fig. 11). GO term analyses identified the enrichment of
only a single molecular function (MF) term, “transcription factor ac-
tivity, RNA polymerase II core promoter proximal region sequence-
specific binding” (FDR-adjusted p-value=0.033, enriched genes: Hes5,
Fos, Npas4, and Btg2), and of no biological process (BP) or cellular
component (CC) term in DEGs from hippocampus. Similarly, no CC or
MF term, but one single BP term, “response to hormone” (FDR- adjusted
p-value = 0.029, enriched genes: Btg2, Cga, Egrl, Fosb, Gh, Ptgds,

10

Serpina3m, and Serpina3f), was identified as enriched in DEGs from
hypothalamus. Furthermore, no significant enrichment in KEGG and IPA
canonical pathways was observed in DEGs from either brain region.
Next, we inspected Cygb-dependent RNA-Seq data from hippocampi,
hypothalami, qgHSCs, and aHSCs for overlapping DEGs. Only very few
genes were dysregulated by Cygb KO in both a/qHSCs, and the two brain
areas (Supplementary Fig. 12, Supplementary Files 1-2). Besides Cygb,
only two genes were consistently dysregulated in all four cases: the
serine peptidase inhibitor gene Serpina3n, whose transcription was
upregulated in all Cygb”~ samples, and the WD repeat and FYVE-domain-
containing 1 protein gene (Wdfy1), which was upregulated in HSCs”"
and downregulated in hippocampi and hypothalami from Cygb”" mice.
Additionally, two genes were commonly downregulated in qHSCs, hip-
pocampus, and hypothalamus (Prcd and C130046k22Rik), two in aHSCs
and hippocampus (Myl4 and Rgs9), one in qHSCs and hypothalamus
(Serpina3f), and one in qHSCs, aHSCs, and hypothalamus
(C030037DO9Rik). Finally, the C1q and tumour necrosis factor related
protein 1 gene (CI1qtnf1) was detected as upregulated in aHSCs”", while
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it was downregulated in hypothalami from Cygb”" mice.
3.4. Possible cis-acting effects of the KO allele

The HSC, hippocampus, and hypothalamus samples used in this
study were obtained from the Cygb”~ mouse by Thuy et al. [42]. In this
model, the KO of Cygb was obtained via homologous recombination
using a pTVneo/Cygb targeting vector in embryonic stem cells (ES cells)
of 129/SvJ background, resulting in the deletion of the coding region of
Cygb exon 1 and the integration of a PGK-neo' cassette, containing the
neomycin resistance gene (neo"), flanked by lox-P sites. The ES cells
were then aggregated with C57BL/6-DBA2 mouse morulae, and
chimeric mice were backcrossed to the C57BL/6J background for more
than nine generations. Via gDNA sequence analysis of the Cygb locus in
KO mice we determined that the recombination induced the deletion of a
3607 bp-long genomic region (chromosome 11, chrll: 116650317-
116654166, mouse reference genome version GRCm38/mm10) that
includes a large part of the first exon as well as the majority of the first
intron of Cygb (Fig. 7C, see Supplementary Results). To investigate
whether the generated deletion and the insertion of the PGK-neo"
cassette could cause cis-acting effects, the RNA-Seq data were searched
for expression of artificial transcripts that could have originated as
consequence of the genome editing event, as well as for dysregulation of
genes that could possibly derive from an undesired excision of regula-
tory sequences in the KO model. For this, the DEGs (threshold |FC| >
1.5) obtained from RNA-Seq analyses of HSCs, hippocampi, and hypo-
thalami of Cygb*/* and Cygb”~ mice were investigated for their distri-
bution along the mouse chromosomes using online tools from DAVID
Bioinformatics Resources. We observed a significant enrichment in
genes located on chrll, which harbors the Cygb gene, among DEGs in
both, hippocampus (12/23, 52.2%) and hypothalamus (16/33, 48.5%).
A clearly smaller, but significant enrichment was observed for DEGs in
qHSCs (32/158, 20.3%) and aHSCs (96/943, 10.18%) (Supplementary
Table 9). Among the DEGs located on chrl1, the progressive rod—cone
degeneration gene (Prcd, previously known as Gm11744) was identified
as upregulated in hippocampus, hypothalamus, and qHSCs (Fig. 7A and
B). Importantly, the Prcd locus overlaps, on the opposite strand, the Cygb
locus (Fig. 7C). In particular, the targeted deletion generated in the
Cygb”” model encompasses an alternative first exon of Prcd. Investiga-
tion of the Genomatix ElDorado database identified a CpG island and
candidate Prcd promoters in the deleted region (Fig. 7C). These obser-
vations raise the possibility that the gene-targeting event may affect
expression of genes in cis, in particular the neighboring gene Prcd.

RNA-Seq data from HSCs and brain regions displayed a significant
downregulation, but not the absence, of Cygb transcription in the Cygh”"
samples compared to their respective Cygb™* controls (Fig. 2D and 6D).
Analysis of the reads mapping to the Cygb gene locus showed that, as
expected, in Cygb”~ samples there was no transcription of Cygb exon 1.
Instead, transcription of the retained Cygb exons was observed. More-
over, appreciable read coverage was identified in the genomic region
immediately upstream of Cygb exon 2 in Cygb”", but not in Cygb™™"
samples (Supplementary Fig. 10). These observations suggest the pres-
ence of an alternative transcription start site upstream of Cygb exon 2
that was hypothetically formed as a consequence of the KO allele.

The transcriptome data were further investigated for ‘artificial’
transcripts, possibly generated by the targeted deletion in the Cygb locus
and by introduction of the PGK-neo" cassette. We identified expression
of artificial transcripts and truncated mRNAs for both, Cygb and Prcd
(Fig. 7D, Supplementary Sequences 1-5). RNA-Seq reads for Prcd could
be attributed to the known standard (201, 003) and truncated (202, 001,
and 002) transcripts, and to two alternative splicing events that were
noted between two Prcd exons and the Neo™ gene of the retained selec-
tion cassette. Such events could have resulted from read-through tran-
scription beyond the polyA-site of the selection cassette [118], thus
producing artificial mRNAs expressed under the control of the promoter
of the selection cassette.
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The generation of artificial or modified transcripts could hypotheti-
cally result in the production of altered proteins. Therefore, we inspec-
ted the identified transcripts for ORFs. This indicated that the transcript
resulting from Prcd “artificial splicing event 1” would not encode a
functional protein and should thus not alter expression of Prcd. Differ-
ently, Prcd “artificial splicing event 2 could possibly result in the Neo'/
Prcd 201 and Neo'/Prcd 003 mRNAs, and thus in expression of the
authentic Prcd protein. Our read-counting data for all Prcd exons and
introns, however, showed a statistically significant upregulation only for
Prcd intronic regions and for the last Prcd exon (Supplementary Fig. 13),
thus arguing against an increased expression of the Prcd protein in
Cygb”" samples. For Cygb, ORF prediction indicated that all identified
artificial transcripts, but “artificial first exon 17, could potentially code
for a truncated globin, lacking the first 65 amino acids of full-length
Cygb (Supplementary Sequence 6). This hypothetical truncated Cygb
would retain the crucial proximal and distal histidine residues (His113
and His81 respectively), but lack a cysteine residue (Cys38), involved in
the regulation of Cygb activity and ligand binding. It is currently unclear
if this truncated protein is present (and functional) in the KO.

4. Discussion

Cygb displays high sequence conservation [119,120] and a wide-
spread expression in mammalian tissues [2-4] where it was detected in
the cytoplasm of various cell types, but also in the nuclei of distinct
neuron populations [6,121]. This suggests that Cygb plays an important
physiological role. In vitro studies indicated that Cygb potentially con-
tributes to multiple processes, ranging from O supply to NO, ROS, and
lipid metabolism and signaling. Less is known about Cygb’s in vivo
functions. Here, we investigated for the first time the molecular
phenotype of a Cygb KO in the mouse via transcriptome analysis to study
whether Cygb has general and/or expression site-specific functions. For
this, we performed RNA-Seq on three major sites of endogenous Cygb
expression, i. e. HSCs (quiescent and activated), hippocampus, and
hypothalamus.

4.1. The Cygb KO dysregulates inflammatory and immune response genes
in HSCs

Our transcriptome analyses of qHSCs identified an up-regulation of
genes involved in immune and inflammatory processes in Cygb”~ sam-
ples. HSCs are specialized non-parenchymal vitamin-A storing hepatic
cells that are mainly studied due to their involvement in liver fibrosis,
where they contribute to the production and remodeling of the ECM
[51]. Also, HSCs are important mediators of the hepatic immune
response, as aHSCs promote immune tolerance by inducing the
apoptosis of effector T cells [122,123], the production of T-regulatory
cells [124,125], and the inflammation-induced generation of myeloid-
derived suppressor cells [126]. HSCs, indeed, express interleukins
such as I1-33 and other pro-inflammatory molecules that act in a positive
feedback loop inducing pro-inflammatory and pro-fibrotic activation of
HSCs [127] and contribute to the immune response by recruiting lym-
phocytes [128]. Our data indicate that qHSCs lacking Cygb present
higher mRNA levels of 11-33, suggesting a pro-inflammatory phenotype
compared to wildtype cells. Moreover, we observed the upregulation of
multiple MHC class I (MHC-I) and II (MHC-II) genes in qHSCS'/ ". In fact,
HSCs were reported to act as non-professional antigen-presenting cells,
and INF-y-activated HSCs, but not qHSCs, expressed low levels of MHC-I
[123] and MHC-II [122,125], which contribute to an inhibition of the T-
cell response. Interestingly, complement C4 protein, which we identified
as up-regulated in qHSCs”", was previously reported to be expressed by
early activated or INF-y-activated HSCs, but not by qHSC or by cells
expressing high levels of a-SMA [129]. Therefore, our transcriptome
data indicate that the absence of Cygb induced a pre-activated, pro-in-
flammatory state in qHSCs. This is in line with the proposed pro-
quiescent, antioxidative and ROS scavenging role of Cygb in HSCs
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[55-58]. However, contrarily to a qRT-PCR-based study in HSCs from
the same mouse model [58], our RNA-Seq data showed that Cygb
depletion in qHSCs did not alter expression of HSC activation marker
genes, and only few fibrosis marker genes were upregulated. The reason
for this discrepancy is not clear, but could reside, at least partially, in
some variance among the gHSCs”~ samples used (Supplementary File 2).

4.2. The metabolism and signaling of vitamin A and retinoids are altered
in aHSCs™”"

During HSC activation, the quiescent cells undergo drastic tran-
scriptional and phenotypic changes that include the loss of the cyto-
plasmic lipid droplets, which store vitamin A as RE mainly in the form of
retinyl palmitate [130]. However, the meaning of this change is not well
understood. By promoting a more quiescent state, possibly via its ROS
scavenging properties [58], Cygb could contribute to the homeostasis of
vitamin A and its derivatives. Our RNA-seq data indicate that the Cygb
KO in aHSCs indeed induced a significant dysregulation of the tran-
scription profile of major genes involved in the metabolism of vitamin A
and of its derivative retinoids. The strong up-regulation of Rbp4 and Ttr
together with increased mRNA levels of RE hydrolases (Lpl and CesIc),
the moderate but significant down-regulation of Lrat and Rbp1, and the
increased lipid droplet loss in HSCs”~ [58] suggest an increased pro-
duction of ROL from RE and a possible mobilization of ROL via binding
to Rbp4 and Ttr. In agreement with a previous report [77], our data
indicate that Ttr mRNA levels were downregulated in the activation
process of HSCs™/*, while they were up-regulated in the activation of
HSCs”", thus suggesting an involvement of Cygb in the regulation of Ttr
expression. Whether the dysregulation of genes involved in the meta-
bolism of vitamin A observed in aHSGs”" is directly or indirectly medi-
ated by Cygb or is a consequence of a possible increase in free ROL levels
(following the accelerated loss of the vitamin A-containing lipid drop-
lets) is not known yet and should be further investigated.

In line with the suggested increase in retinoid metabolism, our
transcriptome data showed that absence of Cygb in the HSC activation
process and in aHSCs induced the upregulation of multiple direct and
indirect targets of RA-dependent RXR signaling. These genes include
multiple members of the apolipoprotein family, i.e. lipid binding and
transporter proteins that crucially contribute to lipid homeostasis
[107-111,131]. As the vitamin A-containing lipid droplets are not only
constituted by REs, but also by triglyceride, cholesteryl ester, choles-
terol, phospholipids, and free fatty acids [49], the up-regulation of
apolipoproteins in aHSCs”~ could contribute to the transport of these
molecules once they are released as a consequence of the enhanced loss
of lipid droplets in these cells. Of additional interest, a recent study
showed that treatment with recombinant human CYGB protein
(thCYGB) reversed blood dyslipidemia in a rat model of alcoholic fatty
liver disease (AFLD), possibly by regulating the protein levels of apoli-
poprotein A-II (Apoa2) and apolipoprotein N in the serum, but not in the
whole liver [132]. In particular, rhCYGB treatment decreased the serum
protein level of Apoa2 in AFLD rats. This is in line with our tran-
scriptome data showing that the Cygb KO in aHSCs and in the activation
process induced Apoa2 transcription, which is regulated by RA-RXR.
However, the direct or indirect molecular mechanisms by which Cygb
modulates Apoa2 expression are not yet elucidated.

Cygb shows lipid peroxidase activity in vitro, which was enhanced by
the binding of lipids to Cygb monomers with an intramolecular disulfide
bridge [27-29]. Moreover, bioinformatics analysis identified six
cholesterol binding sites in the Cygb dimer and predicted that the
binding of cholesterol would alter the globin cavity, thereby facilitating
the transit of anions and other substrates such as O, and NO [133]. Thus,
in aHSCs, Cygb might contribute to lipid signaling via its peroxidase
activity and enhance its binding to other substrates by binding the freed
cholesterol molecules. In aHSCs”", maintenance of lipid homeostasis
could be mediated by increased apolipoprotein levels, as inferred from
our transcriptome data. Furthermore, our analyses indicate that the
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activation of HSCs”" induced expression of multiple members of the
CYP450 families 1 and 2. These proteins play major metabolic roles in
hepatocytes where their expression is controlled, among others, by the
RA-RXR signaling [134-137]; interestingly, several of their isoforms
were previously shown to be also expressed in HSCs [138,139]. These
enzymes are involved in multiple metabolic processes including lipid
metabolism [102], xenobiotics metabolism [106], and oxidation and
hydroxylation of RA [140]. The up-regulation of these genes in the
absence of Cygb is interesting because it defines a possible linkage be-
tween a potential Oy donor, Cygb, and the O, consumer CYP.

In conclusion, our RNA-Seq analyses investigating the molecular
phenotype of a Cygb KO in HSC activation revealed the dysregulation of
multiple genes involved in retinoid metabolism and signaling that might
contribute to direct or indirect changes in lipid homeostasis and
signaling, as well as to inflammation and immune response. Impor-
tantly, Cygb is also expressed in other vitamin A-storing splanchnic cell
types [5]. Furthermore, Cygb is significantly expressed in mammalian
adipose tissue at both, the mRNA and protein level (Porto and Hankeln,
unpublished, and [141,142]). This is particularly interesting because 10-
20% of the total body retinoids are stored in adipose tissue [143,144],
where they regulate adipocyte differentiation [144], adipose tissue
remodeling, and modulation of inflammatory processes [145]. Howev-
er, the detailed molecular mechanisms by which Cygb could contribute
to vitamin A homeostasis and metabolism are still unclear and need
further studies.

4.3. Effects of hypoxia on globin expression in the mouse brain

Multiple reports described the induction of Cygb expression by
hypoxia in various tissues [6,14], suggesting a Cygb role associated with
oxidative processes. Surprisingly, our qRT-PCR analyses rather indi-
cated a moderate downregulation of Cygb mRNA in hippocampi, hypo-
thalami, and preoptic areas of C57BL/6J mice after 48 h of exposure to
7% Oa, i.e. in brain regions that are responsive to oxidative stress
[114,115,146]. In contrast, qRT-PCR-based studies showed a moderate
increase in Cygb mRNA levels in whole brains of Swiss CD1 mice that
were exposed for 24 or 48 h to 7 or 12% O5 [14,147], but not for shorter
periods [147]. In agreement with our data, Van Acker et al. [64] re-
ported an increase of Cygb mRNA in cortex, but not hippocampus of
C57BL/6J mice under the same hypoxic stress as in our study (7% O for
48h). No increase in Cygb expression was observed in whole brains from
rats subjected to 22 or 44 h of hypoxia (10% O3) [148], in rat brain
cortex from animals treated with sustained or intermitted hypoxia (10%
O,) for 1 to 14 days [149], and in the penumbra of an ischemia mouse
model [150]. Altogether, these data might question an acute, stress-
responsive neuroprotective function of Cygb in brain.

In line with another in vivo study [151], we also did not detect
hypoxic up-regulation of the CNS-specific globin variant Ngb. This ar-
gues against a stress-inducible (respiratory) role also for this globin in
the brain regions and stress conditions investigated. Furthermore,
absence of Cygb did not alter Ngb mRNA levels in the analysed normoxic
and hypoxic brain regions, arguing against a compensatory role for Ngb.

4.4. Cygb KO induced limited transcriptional changes in the hippocampus
and hypothalamus of normoxic mice

Contrarily to what was observed in HSCs, our transcriptome analyses
showed that the Cygb KO in mice had limited effects on the transcrip-
tional profiles of two of the major Cygb-expressing regions in the brain,
the hippocampus and hypothalamus. No significant enrichment of bio-
logical pathways was detected for the dysregulated genes of both brain
areas. Among the few genes dysregulated by the Cygb KO in hippo-
campus, three members of the serine peptidase inhibitor clade A mem-
ber 3 group, Serpina3 (Serpina3h, Serpina3m, and Serpina3n) were
upregulated. In hypothalami of Cygb”" mice we also observed upregu-
lation of Serpina3 genes (Serpina3f, Serpina3m, and Serpina3n), as well as
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downregulation of the serine peptidase Rhbdll and a few oxidase and
oxidoreductase genes (Cox6a2, Cyp2f2, and Fdxr). Upregulation of Ser-
pina3 genes in brain was previously detected in human prion disease
[152] and associated with glioma progression and poor patient survival
[153]; in gliomas, Serpina3 genes were suggested to favor invasion of
gliobastoma cells by ECM remodeling. Importantly, Serpina3n was the
only gene that our analyses found upregulated in all analysed Cygh”
samples (brain regions and HSCs) compared to their Cygb*/* counter-
parts. Since the mouse Serpina3 sub-family is involved in inflammation
and complement activation [154], the upregulation of Serpina3 genes in
Cygb”" tissues and cells would be in line with the proposed role of Cygb
in modulating inflammatory processes and in mediating cytoprotection
[42,43,45,58].

In hippocampus and hypothalamus, Cygb is highly expressed in
distinct neuron populations, rather than in all the cells of these brain
regions [7,61]. Since we performed RNA-Seq in bulk format on a
mixture of Cygb-expressing and Cygb-negative cells, the effect of the
Cygb KO on the transcriptional profile can well have been attenuated
and masked. Clearly, our data call for future single-cell RNA-Seq studies
to address the transcriptional phenotype of a Cygb KO in brain tissue.

Supporting a highly cell-specific expression profile of Cygb in brain,
the Hipposeq database [155], which presents mouse transcriptome data
from excitatory cell populations of the hippocampus, indicates that Cygb
is transcribed at high levels in distinct subpopulations of subiculum
pyramidal cells and in granule cells, but not pyramidal cells or mossy
cells of the dentate gyrus. In this database, the highest levels of Cygb
mRNA were reported for parvalbumin-positive and somatostatin-
positive mouse interneurons, in agreement with a previous rat immu-
nohistochemistry study [156]. Confirmingly, single cell RNA-Seq data of
the mouse primary visual cortex [157] indicated that almost all of the
parvalbumin- and somatostatin-positive  neurons, including
somatostatin/nNOS-double positive neurons, were Cygb-positive. Co-
expression of Cygb and nNOS in neuron populations, as reported
before [7], is intriguing in light of an in vivo study demonstrating an NO
dioxygenase activity of Cygb in vascular smooth muscle cells [11]. One
may therefore hypothesize a similar role for Cygb in the modulation of
NO in neurons.

4.5. RNA-Seq data suggest possible cis-effects of the Cygb”" allele

An unexpected finding was the identification of possible effects of the
Cygb™ allele on the transcriptome. Sequence analysis of gDNA from
Cygb”” mice showed that the deleted region in the Cygb locus included an
exon and regulatory regions of the Prcd gene, which partially overlaps
the Cygb gene on the opposite DNA strand. Moreover, analysis of RNA-
Seq reads generated from Cygb”” samples revealed that the introduction
of the exogenous PGK-neo' cassette in the Cygb™ allele resulted in tran-
scription of the retained Cygb exons and of two artificial Cygb transcripts,
both of which contained an ORF potentially coding for an N-terminally
shortened Cygb protein. It requires additional studies to investigate if
this truncated protein is indeed synthesized and (to some extent) func-
tional. Preliminary experiments applying shortened recombinant Cygb
(Kawada and Le Thuy, unpublished), however, revealed that the full
globin fold is necessary to maintain Cygb’s role in the inhibition of HSC
activation and in reduced fibrosis. The hypothetical truncated Cygb may
thus be functionally irrelevant in KO animals.

The RNA-Seq data further suggested that introduction of the exog-
enous PGK-neo' cassette into the Cygb locus affected transcription of the
neighbouring Prcd gene, seemingly due to transcriptional read-through
beyond the polyA-site of the selection cassette [118]. Similar to Cygb,
we also identified artificial Prcd transcripts, not yet knowing if they are
relevant on the protein level. The reservation must be made here,
however, that additional RNA-Seq datasets, produced by two of us
(Kawada and Le Thuy, unpublished), did not detect substantial Prcd
expression in HSCs, and the reason for this discrepancy has to be
investigated further. Moreover, we observed a significant enrichment of
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genes located on mouse chrll among those found dysregulated in
Cygb”" samples, mainly in brain samples. The targeting event might thus
locally affect regulation of other genes positioned in cis on chrll. This
should be taken into consideration when investigating effects of the
Cygb KO in tissues that endogenously express Prcd, like retina and eyes
[158], and also brain.

While conceptualizing this work, three other Cygb KO mouse models
were described. Yassin et al. [159] used microarray analyses to inves-
tigate the effects of a Cygb KO in an inflammation-induced colorectal
cancer mouse model and proposed a tumour suppressor role for Cygb.
Here, the Cygb KO was achieved by excision of Cygb exon 2, which did
not affect parts of the Prcd gene, while it specifically prohibited synthesis
of a functional Cygb protein. A second Cygb KO mouse model, produced
by Kwon et al. [160], was similarly obtained by excising Cygb exon 2.
However, the KO was achieved using a targeting cassette including a
LacZ insert. In a third Cygb KO mouse model, Mathai et al. [161]
observed that lack of Cygb increased sensitivity to glycolytic inhibition
by hydrogen peroxide in carotid arteries. RNA-Seq analysis did not show
dysregulation of globin genes or genes linked with ROS in carotid ar-
teries from Cygb KO mice. In future, it may be worthwhile to compare
the phenotypes of different mouse models to dissect the cell-specific
physiological functions of Cygb.

5. Conclusion

For the first time, the transcriptomic effects of a Cygb KO in mouse
were studied at major sites of endogenous Cygb expression. Only minor
changes were observed in the transcriptomes of brain regions, possibly
due to a masking effect of Cygb-negative cells. In qHSC, Cygb deletion
induced a pro-inflammatory transcriptional profile. In aHSCs and in the
HSC activation process, dysregulated genes were involved in the meta-
bolism, transport, and signaling of vitamin A and its derivatives. The
underlying molecular mechanisms and their effects on the proteome and
metabolome have yet to be elucidated. Nonetheless, the transcriptome
data confirm a functional link between vitamin A and Cygb in HSCs. This
appears important because Cygb expression is also associated with other
sites of vitamin A storage in mammals, i.e. splanchnic cells and adipose
tissue. The roles of Cygb in inflammation and vitamin A-related pro-
cesses are targets for future research.
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