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ABSTRACT

Primary Biliary Cholangitis (PBC) is a complex cholestatic liver disorder with both
environmental and genetic factors that contribute to disease. While the etiology remains poorly
understood, our lab continues to characterize the role of a human betaretrovirus (HBRV) in the
disease process. Based on prior proteomic studies in biliary epithelial cells from patients with PBC,
we have identified dysregulation in the splicing machinery. This process is necessary for the
maturation of mRNA molecules by the removal of introns and reconnection of exons. Based on
the knowledge that viruses systemically perturb cellular processes, we hypothesized that splicing
might be globally disrupted and possibly related to patient outcomes. Using the relevant control
samples, we performed additional transcriptomics and proteomics analyses using biliary epithelial
cells (BEC) from patients with PBC and transcriptomics analysis on the peripheral blood of PBC
patients. We found that splicing and other essential cellular pathways are deregulated in the blood
and BEC of PBC patients, and the process is more advanced in PBC patients with worse prognoses.
In addition, many of the proteins and genes dysregulated in the PBC patients have been previously
linked with viral infection, supporting our hypothesis linking altered splicing with viral
pathogenesis. These findings may be clinically significant, as they bring to light new evidence of
pathogenic mechanisms implicated in the disease process. Based on these and other studies relating
to the metabolic and other essential cellular processes that may be dysregulation by viral infection,
we believe our data warrants further study investigating and validating the role of HBRV in

generating these cellular changes in vitro
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1. INTRODUCTION

1.1 PRIMARY BILIARY CHOLANGITIS

Primary Biliary Cholangitis (PBC), previously known as Primary Biliary Cirrhosis, is a
rare chronic cholestatic liver disorder that mainly affects middle-aged (40-60 years old) women, a
predominance of up to 10 females to 1 male. The incidence worldwide is up to 58 cases per million,
and the prevalence is up to 402 cases per million individuals annually (1-4). In Alberta, the
prevalence of the disease in 2015 was 292 cases per million, and it accounts for 5% of the liver
transplants in Canada (5).

PBC has an autoimmune component, characterized by the production of anti-mitochondrial
antibodies (AMA), which target primarily the inner lipoic acid domain of the pyruvate
dehydrogenase complex-E2 (PDC-E2), situated in the inner mitochondrial membrane (6, 7).
AMAs are the serologic hallmark of the disorder and present in up to 95% (3). However, the
magnitude of positivity does not seem not to be related to the severity of the disease (3, 8), and
AMAs may persist after liver transplantation without the histological disease (9).

The disease is characterized by progressive nonsuppurative granulomatous destruction of
the small intrahepatic bile ducts. There are at least two related processes that lead to liver damage.
The first process involves the destruction of the small bile ducts, mediated by the activation of
cytotoxic T lymphocytes. The second process consists of the chemical damage to hepatocytes
caused by retention and accumulation of substances normally excreted into the bile (9). These
processes lead to cholestasis and fibrosis and ultimately to liver failure, resulting in the need for a

liver transplant (9, 10). The symptoms of this disorder include fatigue, pruritus, osteoporosis, oral



and ocular dryness (Sicca complex), abdominal pain, arthralgia, and, less commonly,
malabsorption of lipids and lipid-soluble substances (9).

Most patients are diagnosed in the asymptomatic phase of the disease. The criteria for a
positive diagnostic for PBC include at least two out of the three following conditions: in patients
with normal biliary tract ultrasound result, an alkaline phosphatase (ALP) serum level increase
during more than six months; AMA or antinuclear antibodies (ANA) positivity; and histologic
evidence of nonsuppurative obstructive cholangitis compromising the bile ducts (10, 11).

PBC treatments aim to prevent liver complications and improve the symptoms associated
with the disease (11, 12). The guidelines for the treatment of PBC establish ursodeoxycholic acid
(UDCA) as the first-line therapy for the disorder, and, more recently, obeticholic acid (OCA) was

approved as a second-line treatment for patients that do not respond adequately to UDCA (11).

1.1.1 PBC as a systemic disease

PBC is centred on the patient’s liver, but individuals often present with extrahepatic
symptoms and up to 80% of PBC patients present with non-liver-related manifestations (13, 14).
Fatigue is the most common symptom present in up to 80% of the cases, and patients report that
the malaise is mentally and physically debilitating daily (13, 15). Fatigue is present independent
of stage and grade of disease. Patients derive no symptomatic relief with the standard of care
UDCA or OCA, and the symptom can persist even after liver transplantation (15). Pruritus often
occurs in PBC patients independent of disease stage, presents in up to 78% of the cases (16), and

similar to fatigue, it does not improve with UDCA or OCA treatments (3, 17).



Other common manifestations present in PBC patients, in order of prevalence, are
Sjogren’s syndrome (SS), thyroid disorders, and systemic sclerosis (SSc) (14). SS is characterized
by a progressive decrease of lacrimal and salivary glands excretions, resulting in ocular and oral
dryness (14). This syndrome coexists with PBC in up to 73% of the patients (18), being present in
only 0.2% - 3% of the general population (19). Thyroid diseases are present in up to 32% of PBC
patients (20), in which the most common subtypes are Hashimoto’s thyroiditis (the most frequent
cause of hypothyroidism) in up to 12.5% of PBC patients and Grave’s thyroiditis (the most
common cause of hyperthyroidism) in around 2% of PBC patients (21). Finally, SSc, manifested
by skin thickening and internal organs fibrosis, is associated with PBC in up to 12.3% of the

patients (22).

1.1.2 Genetic and environmental factors in PBC

Although the etiology of PBC is not yet well elucidated, it is believed to be a multifactorial
disorder caused by the association of genetic predisposition with environmental triggers (23).
Genetics seems to play an important role in the development of the disease, which is evidenced by
familial clustering and research showing the higher prevalence of the disease among first-degree
relatives (24, 25). Twin studies, in which at least one individual has a positive diagnose for PBC,
show one of the highest pairwise concordance rates in an autoimmune disorder, of up to 63% in
monozygotic twins (26). Other studies show that PBC patients’ siblings have a relative risk of
10.5% (27); and, a questionnaire-based study showed that there is a PBC occurrence of 5.9% in
first-degree relatives, most frequently in sisters (4.3%) and mothers (1.7%) (28).

Research indicates that the human leukocyte antigen (HLA) class II genes also play a role

in increasing susceptibility or conferring protection to PBC. More specifically, the DRB1*0801,

3



DRB1*0803, DRB1*14 and DPB1*0301 alleles are identified as susceptible; and DRB1*11 and
DRB1*13 are identified as protective alleles (29).

Geographical clustering and disparity are strong indications of environmental triggers in
PBC development (3, 25). There are several probable exterior causatives for the disorder. Amongst
the non-genetic factor that may play a role, there are both xenobiotic and infectious agents (30).

Proposed xenobiotic agents are based on epidemiological, in vitro, and in vivo data. Studies
report that the use of nail polish is linked with a higher PBC susceptibility (28). There are also
indications that many chemicals commonly found in daily life items, such as cosmetics and
chewing gum, can modify PDC-E2, generating immunogenic neoantigens, which may lead to a
higher risk of developing the disease (24). Geographical clustering of PBC cases near toxic waste
sites indicates that it might be a risk factor to PBC (31). Another indication of xenobiotic influence
on PBC is the existence of murine models in which the disease was induced by xenobiotic
immunization (24).

Regarding the role of infectious agents, several studies have associated different organisms
as possible triggers for PBC, including bacteria and viruses. Numerous studies have focused on
the role of infections caused by Escherichia coli and Novosphingobium aromaticivorans. Research
has shown possible cross-reactivity between human PDC-E2 and antigens from these
microorganisms, which could lead to the development of autoimmunity after a previous infection
(32). Finally, there is also evidence that a Human Betaretrovirus (HBRV) might be causative of

the disease (33).



1.2 HUMAN BETARETROVIRUS (HBRYV)

A viral trigger for PBC was first suggested by a study showing seroreactivity of PBC
patients against retroviral antigens (34). A Human Betaretrovirus was then identified in the biliary
epithelium and lymph nodes of PBC patients through electron microscopy and cloning of
exogenous retroviral nucleotide sequences. This virus strongly resembles the Mouse Mammary
Tumour Virus (MMTYV), with a 95 — 97% nucleotide sequence homology (33).

Subsequent studies showed frequent unique HBRYV integration in biliary epithelial cells of
PBC patients (Figure 1) but not in patients with non-cholestatic liver disorders (35). The full-length
proviral HBRV DNA was cloned from patients with PBC (36). A recent study also revealed that

10% of PBC patients have serological reactivity to HBRV surface protein (37).
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Figure 1: HBRYV integration sites. Viral integrations were mapped to the human genome 19.
Blue stripes mean single integrations, red stripes are more than two integrations per 250 kb, yellow

indicates the known human chromosomal regions and white represents the unsequenced regions
(35).



A double-blind, randomized controlled trial studied the efficacy of combination therapy
with tenofovir-emtricitabine (TDF/FTC) and lopinavir-ritonavir (LPRr) drugs used for Human
Immunodeficiency Virus (HIV) treatment, in PBC patients. Although enrolment was closed early
due to lack of tolerance to LPr, treatment was linked with biochemical hepatic improvement and

reduction of the viral load, indicating that patients benefit from HBRV suppression (38).

1.3 SPLICING

The process of maturation of a precursor messenger RNA (pre-mRNA) into a messenger
RNA (mRNA) involves a process called RNA splicing, which removes non-coding intervening
sequences (introns) and connects the coding regions (exons) (39, 40). This process happens in the
nucleus of higher eukaryotic cells and occurs in large particles composed of small nuclear
ribonucleoproteins (snRNPs), called spliceosomes, being essential for the production of proteins
(40-42).

There are some highly conserved sites in the splicing process, with nucleotide sequences
showing minimal variance. The sites where the exons and introns are joined are called splice sites
(39, 41). In these regions, the introns usually follow the GU-AG rule, in which the 5’ end contains
one guanine and one uracil, and the 3’ end has one adenosine and one guanine (39). Branch point
A is another region that varies very little. It is an adenosine residue situated between 15 and 45
nucleotides upstream of the 3” end. The recognition of these sequences is essential for starting the
splicing process, but this is not well described (39).

The splicing of introns in a primary transcript requires two trans-esterification reactions,

which happen successively and overall in a 5° to 3” order (41, 43). The first reaction involves



removing introns by cleavage at the splice sites, in which the 5’ end is “attacked” by the branch
site A’s 2° OH (39, 41). This reaction cleaves the intron, forming an intron lariat, connecting its 5’
end to the branch site A (41). In the second trans-esterification reaction, the 3’OH of the 5’end of
one exon attaches to the 3’ end of another exon, resulting in the mature mRNA molecule (39, 41).

This complex process is summarized in Figure 2, extracted from Newman (1998) (41).
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Figure 2: mRNA splicing process. The image shows the two trans-esterification reactions
involved in the splicing of an immature mRNA molecule. The number 1 indicates the first reaction,
in which the 2’OH of the adenosine (red) at the branch site near the 3’ end of the intron attacks the
5’ GU (blue) splice site, releasing the 5° exon (green) and leaving the 5’ intron joined to the branch
site adenosine, in the form of a lariat. The number 2 indicates the second reaction, in which the
3’OH of the 5’exon intermediate attacks the 3’ intron splice site, splicing out the intron (41).

There are two types of splicing, constitutive and alternative. In the first one, most exons

are ligated in the order they are in a gene. In the alternative splicing, some exons are skipped and



not joined, resulting in different mature mRNA molecules (44), which explains why humans have

a much larger number of different proteins than protein-coding genes (44, 45).

1.4 HOW VIRUSES AFFECT SPLICING AND OTHER CELL PROCESSES

It is well established that viruses can modulate gene expression in host cells to enhance
their own replication or escape/suppress antiviral responses (40). As such, viruses can impact
several different processes, including protein expression, mRNA processing, cellular transcription
and protein translation (40, 46-48). Various viruses that replicate both in the nucleus and in the
cytoplasm have been shown to manipulate the host splicing machinery (40). The components of
the splicing apparatus to be most targeted by viruses are serine/arginine-rich proteins (SR), small
nuclear ribonucleoproteins (snRNPs), and heterogeneous nuclear ribonucleoproteins (hnRNPs)
(40).

The mechanisms by which viruses modulate splicing vary. In general, the splicing
alterations resulted from viral infection are caused by a combination of two complex processes: (i)
direct effect, caused by viral manipulation of the splicing machinery, or (ii) indirect effect,
triggered by virus-induced cellular damage (40) (Figure 3, modified from Ashrafet al., 2019 (40)).
Examples of direct virus-induced splicing alterations include exon skipping (49) and intron
retention, leading to the production of alternate protein isoforms, retention of RNA in the nucleus
or cytoplasm, and nonsense-mediated decay (49, 50). In comparison, indirect splicing alterations
caused by viruses may cause downstream effects such as apoptosis (51), immune responses to

neoantigens (52), and DNA damage response (53). Accordingly, cellular perturbation to the



splicing machinery may have a critical effect and can contribute to disease development associated

with viral infection (54).
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Figure 3: Mechanisms of virus-induced splicing modifications (40). Grey arrows represent
virus-induced B cell and T cell immune responses. Red arrows indicate viral manipulation of the
splicing machinery and the potential of these changes to modulate innate immunity. Blue arrows
represent virus-induced cell damage and innate immune responses, and subsequent splicing
changes. UPR: unfolded protein response; DDR: DNA damage response.

Besides interfering with splicing, viruses can disrupt other cellular processes. Viruses have
developed diverse mechanisms as a strategy to use the host cell cycle in their favour. Some of the
most common examples include the deactivation of a housekeeping protein function following

viral infection with the hijacking of biosynthetic apparatus to produce viral proteins, which delays

the host cell division (55).



1.5 OMICS STUDIES

Omics studies are helpful tools to identify and measure the diversity of different kinds of
biomolecules in blood, tissues, and body fluids that may lead to hypothesis generation (56, 57).
Multi-omics approaches include, but are not limited to, genomics, transcriptomics, proteomics and
metabolomics (56). These methods have been broadly used in biomedical research for many years
for identifying genes, proteins and low-weight molecules implicated in the development of
diseases (58).

At the DNA level, genomics techniques study the entire genome of a specific organism
(59). These techniques are powerful tools for discovering biomarkers, assessing the number of
genes in a particular organism, and decoding DNA information and regulation (59, 60). Genomic
methodologies have evolved since the application of DNA sequencing. Currently, next-generation
sequencing technologies, including real-time single-molecule sequencing and pyrosequencing, are
very popular and have the benefits of being more accurate, faster and cheaper than first-generation
sequencing (59).

At the RNA level, transcriptomics technologies methodologies are divided into two main
categories: one based on hybridization and another based on sequencing methods (56). These are
used to analyze the whole set of transcripts for a specific cell line or tissue and reflect
characteristics of the genome under specific physiological conditions (56, 59). Transcriptomics
can provide insights into functional and transcriptional structural features of genes, splicing and
pre-translational modifications, and differences in gene expression, helping understand the process
of disease development (59).

Proteomics analysis is a complex high-throughput method to qualify and quantify protein

abundance, variation and interaction in specific cells or tissues under sicken or healthy conditions
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(56, 61, 62). These analyses are helpful for elucidating normal or dysfunctional splicing and post-
translational modifications, assessing protein interaction and protein expression under different
conditions (59). Proteomics techniques involve three primary stages: protein or peptide lysis and
separation (classic unbiased methods or affinity purification methods), individual protein data
acquisition by mass spectrometry and bioinformatics analysis (61, 62).

Finally, at the level of the metabolites, metabolomics studies are emerging tools for
analyzing low molecular weight metabolites secreted in several metabolic pathways (56, 58, 63).
These analyses usually use nuclear magnetic resonance, gas chromatography-mass spectrometry,
and liquid chromatography-mass spectrometry, which can be used to understand a disease
mechanism, assess biological pathways and discover new disease biomarkers (56, 58, 59).

Despite the importance and utility of the multi-omics approach, the use of this technique
is limited. For example, there is a lack of omics studies in autoimmunity and primary biliary
cholangitis. In contrast, in virology, omic studies are being used to provide a global view of virus-
induced changes in different cellular processes to investigate how this might affect the disease

pathogenesis and viral life cycle (40).

1.6 HYPOTHESIS

Our current understanding of PBC pathogenesis is still limited. Work in our lab has
implicated a human betaretrovirus as a trigger for disease development as it alters mitochondrial
protein expression that triggers autoimmunity (33). A previous study from our lab has indicated
decreased expression of splicing proteins in the BEC of PBC patients. Based on this and on the
knowledge that viruses can affect several cellular processes, we hypothesize that a systemic global
dysregulation is present in Primary Biliary Cholangitis patients and potentially related to the
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disease pathogenesis and viral infection. Thus, our aims are (i) to analyze dysregulated proteins
and transcripts expression in the BEC of PBC patients; (ii) to analyze transcriptional differences
in the peripheral blood of PBC patients and healthy volunteers; (ii1) to analyze the differences of

splicing in PBC and healthy individuals and its the role in disease progression.

1.7 IMPLICATIONS AND IMPORTANCE OF INVESTIGATION

To date, a limited number of hypothesis-generating, multi-omics studies describing diffuse
changes in metabolism, splicing, protein translation and disruption of other housekeeping cellular
processes have been described in patients with PBC. Studies such as this one serve to provide a
molecular landscape that can be used to further build on the pathogenesis, viral or otherwise, in

patients with PBC.
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2. MATERIAL AND METHODS

2.1 PROTEOMICS

2.1.1 Sample collection and preparation

Biliary epithelial cells (BEC) samples from three PBC patients and four patients with other
hepatic disorders (two cryptogenic cirrhosis, one autoimmune hepatitis and one alcohol-related
cirrhosis) were obtained. Each patient gave written informed consent. The study protocol
conformed with the ethical guidelines of the 1975 Declaration of Helsinki and was reviewed by

the ethics review board at the University of Alberta (Pro00005105, Pro00085859).

2.1.1.1 BEC isolation

Using a protocol modified from established methods (64), BECs were extracted from liver
tissue obtained from the explanted livers of end-stage liver disease transplant patients. 50-150 g of
liver tissue was excised from the explanted whole liver and submerged in RPMI 1640 media
(Gibco, Waltham, MA, USA). The tissue was either immediately used or stored at 4 °C for up to
24 hours before performing cell extractions. Liver tissue was diced into a paste with scalpels and
then digested enzymatically with collagenase from Clostridium histolyticum (1-2 mg/mL, Sigma-
Aldrich, Oakville, ON, Canada) for 20-30 minutes at 37 °C. The tissue slurry was then strained
over a sterile mesh screen (Sigma-Aldrich, Oakville, ON, Canada) to isolate detached cells. The
cell containing flow-through was then distributed to 50 mL conical tubes (ThermoFisher Scientific,

Waltham, MA, USA) and centrifuged (2000 RPM, 5 minutes, 4 °C). Supernatants were then
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decanted, and pellets were resuspended in PBS before combing two pellets into one tube. Tubes
were then centrifuged (2000 RPM, 5 minutes, 4 °C), and the process was repeated until only two
pellets remained. Cells were then semi-purified by density gradient centrifugation (2000 RPM, 30
minutes, no brake, room temperature) on a 33%/77% Percoll column (ThermoFisher Scientific,
Waltham, MA, USA). Columns were made by underlaying 3-194 mL of 77% Percoll underneath
3-4 mL of 33% Percolland, then topped with 3-4 mL of cells resuspended in PBS. The BEC-
containing interphase was collected, brought up to a volume of 50 mL with autoMACS running
buffer (Miletenyi Biotec, Auburn, CA, USA) and centrifuged (2000 RPM, 5 minutes, 4 °C). The
pellet was then resuspended in 500 puL of autoMACS running buffer supplemented with 60 pL of
magnetically labelled antibodies that bind to the BEC specific cell surface marker, CD326
(Miletenyi Biotec, Auburn, CA, USA). Cells were left to incubate with the antibody at 4 °C for 20-
30 minutes. During this incubation, MACS columns were prepared by running 3 mL of autoMACS
running buffer over the column. The cell-antibody mixture was then put through a 30 uM pre-
separation (Miletenyi Biotec, Auburn, CA, USA) or a 40 uM cell strainer (ThermoFisher Scientific,
Waltham, MA, USA) before being added to the MACS column. The column was washed three
times with autoMACS buffer. 5 mL of autoMACS buffer was added to the column, and the cells
were plunged onto a second MACS column. The column was again washed three times with
autoMACS buffer. Finally, 3 mL of BGM was added to the column and cells were plunged into a

collagen-coated T-25 flask and stored in a cell incubator (37 °C, 5% CO2).

2.1.2 Shotgun Proteomics

Intrahepatic BECs from the seven patients were processed in duplicate for shotgun-
proteomic analyses using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Dr. B.
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Meng performed lysate extractions. The BECs were washed four times with PBS before the
addition of 400 pL of 2D lysis Buffer (7 M urea, 2 M thiourea, 4% chaps, 30 mM Trish-HCI pH
8.8, I M PMSF, 0.5 mM EDTA, 1 mM DTT, EDTA-free Halt protease inhibitor cocktail,
(ThermoFisher Scientific, Waltham, MA, USA). Cells were scraped off the plate on ice, followed
by rigorous pipetting to help facilitate lysis. Lysates were spun at 12000 xg for 10 minutes and
stored at -80 °C. Protein concentration was quantified using a Bradford Assay. 25 ug of protein
was loaded for PAGE separation. Gels were then given to the University of Alberta Proteomics
Core (Dr. R. Fahlman’s lab) for LC-MS/MS.

The Proteomics core facility performed the primary analysis of LC-MS/MS to determine
peptide spectral counts as a quantitative measure of protein expression. Dr. W. Wang and Dr. B.
Meng performed normalization and statistical analysis using the DanteR software package. For
statistical analysis, normalized spectral counts were compared between PBC and non-PBC BEC.
P-values less than 0.05 were considered significant. Proteins found to be differentially expressed

were then separated into upregulated and downregulated lists of UniProt accession numbers.

2.1.3 Pathway analysis

The pathway analysis was made through STRING® (65) (available on string-db.org/). The
input was a list of 46 UniProt Knowledgebase (UniProtKB) accession numbers (one for each
protein) for the Homo sapiens database. The active interaction sources chosen were “Experiments”

and “Databases”, with a minimum required conference score of 0.7 (high confidence).
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2.2 TRANSCRIPTOMICS

2.2.1 Whole Blood Sample collection and stratification

Serial samples from whole blood of 128 PBC patients enrolled in the POISE study, 4
Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis (66), was collected
in PAXgene® tubes (Becton Dickinson, Franklin Lakes, NJ, USA). In total, 216 samples from
PBC patients and 13 healthy controls were compared. Out of the total number of enrolled subjects,
86 had single timepoints sample collection, 36 patients had at least one baseline sample collection
and one sample collection after the start of the treatment, and six patients did not have a sample
collected at baseline.

Following the POISE study endpoint criteria (66), the patients’ samples were identified as
(1) “Responders” if the ALP level was <1.67 times the upper limit of the normal range, or with a
15% decrease in ALP and normalized BLB; or (ii) “Non-responders” to OCA treatment if
ALP level was > 1.67 times the upper limit of normal at the end of the 12-months treatment
period. The samples were annotated “Before” if baseline sample prior to treatment and “After” if
collected at the appropriate time point after collection following 12 months of OCA
treatment. Furthermore, we selected the 15 patients with the highest ALP levels in the Non-
responders group (ALP > 400 U/L) and the 15 patients with the lowest ALP levels in the
Responders group (ALP < 240 U/L) to increase the biochemical discrimination between each

group.
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2.2.2 RNA isolation

The RNA isolation of the 128 PBC patients and 13 healthy controls was made using the
E.Z.N.A® PX Blood RNA Kit (Omega Bio-Tek, Norcross, GA, USA) and following its protocol.
The PAXgene® Blood RNA tubes (Becton Dickinson, Franklin Lakes, NJ, USA) were centrifuged
for 10 minutes at 4000 xg. After this, the supernatants were aspirated and discarded, and the pellets
were resuspended with 4 mL of RNase-free water. The tubes were centrifuged again at the same
speed and for the same duration. The supernatants were discarded, and the pellets were
resuspended with 485 uL Nuclease-free water and transferred to a 1.5 mL microcentrifuge tube
(Corning Life Sciences, Tewksbury, MA, USA). Then, 375 puL NTL Lysis Buffer and 40 pL
Proteinase K Solution were added, vortex for 5 seconds and incubate for 15 minutes at 55 °C. The
samples were transferred into homogenizer mini columns and centrifuged at 13000 xg for 3
minutes. The supernatants were then transferred to new 1.5 mL microcentrifuge tubes followed by
the addition of 0.5 volumes of 100% ethanol and transfer into the HiBind® RNA mini columns and
centrifuged at 13000 xg for 1 minute. The filtrates were discarded, and the columns were inserted
into new 1.5 mL microcentrifuge tubes. 350 uL. RWF buffer was added onto the columns and
centrifuged at 13000 xg for 1 minute. The filtrates were discarded, and 75 pL of DNase I digestion
reaction mix (DNase I digestion buffer and RNase-free DNase 1) was added directly onto the
surface of the HiBind® RNA mini columns for 15 minutes at room temperature. After this, 500 puL
RWF buffer was added to the columns and then centrifuged at 13000 xg for 1 minute. After
discarding the filtrates, 500 pL of RNA Wash Buffer II was added and centrifuged at 13000 xg for
1 minute, and the filtrates were discarded (this step was repeated twice). To dry out the HiBind®

RNA mini columns, they were centrifuged empty at 13000 xg for 2 minutes. 60 pL of RNase-free
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water was added onto the membranes and then spun at 13000 xg for 2 minutes to extract the RNA

from the columns. The RNA was stored at -70 °C until further use.

2.2.3 Next-generation sequencing

After RNA isolation, the samples were sent to Novagene for NGS sequencing. First,
ribosomal RNA and globin RNA was depleted from total RNA and then cloned into TruSeq
libraries (//lumina, San Diego, CA, USA). Each library was processed by [llumina HiSeq (///umina,
San Diego, CA, USA) to generate 5 GB of data per library. Dr. Juan Joavel and Hussain Syed
conducted differential expression analysis using the DESeq2 R package. Genes deregulated with
a false discovery rate of < 0.01 were considered differentially expressed. A differential expression
score was calculated based on total increased or decreased reads per patient.

To create a score for correlating changes in splicing gene expression with disease
prognosis, we selected the 46 genes present in the splicing pathway that were downregulated in
the non-responder group. We compared the log-transformed TPM data of each transcript against
the ALP and total BLB levels for all responder and non-responder patients in a linear regression
analysis. Subsequently, the individual scores were compared for responders versus non-responders
by both an unpaired t-test and a receiver operating characteristic (ROC) curve statistic. Then the
aggregate log-transformed TPM scores of transcripts associated with prognosis were combined
and re-assessed by an unpaired t-test and a receiver operating characteristic (ROC) curve statistic

to create a predictive score.
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2.2.4 Differential exome usage analysis

Alignments against the GRCh38 version of the human genome were conducted with
TopHat2 (67). Initially, read counts mapping to genomic intervals defined in the human ensemble
GTF (General Transfer Format) file were extracted with the script dexseq count.py, which is
included in the DEXSeq R package distribution (68) and internally uses HTSeq (69). Differential
exon usage was tested with DEXSeq (68). Essentially, for each partially or entirely covered exon
and for each sample, the number of reads mapping to each such feature was counted, as well as
the number of reads mapping to any of the other exons in the same gene. The ratio between these

two counts was compared between conditions by conducting a Fisher’s exact test (68).

2.2.5 Biliary Epithelial Cell RNAseq

RNAseq libraries were constructed using the TruSeq RNA Library Prep Kit v2 (/llumina,
San Diego, CA, USA) from three PBC and four non-cholestasis control samples using 100 ng of
total BEC RNA. Each library was sequenced using a HiSeq 2500 system (//lumina, San Diego,
CA4, USA), following a paired-end 150 cycles protocol, including in-instrument demultiplexing, as
described.

For bioinformatic analyses, fragments were mapped to the human cDNA database
(GRCh38) using Kallisto, with 100 permutations during pseudo-alignments and using bias
correction. Differential expression analysis of RNAseq data was conducted using negative
binomial generalized linear models with the DESeq2 R package. Gene abundance differences with

a corrected p-value < 0.05 were considered differentially expressed.
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2.2.6 Pathway analysis

The pathway analyses were made through Gene Ontology (70, 71) using the transcripts
Ensembl IDs from the differential expression analyses. Only the protein-coding transcripts were
used for the analysis. Each was selected by transforming the transcripts Ensembl IDs to proteins
Ensembl IDs; the sequences that did not have protein Ensembl ID were non-protein-coding

transcripts. The list of transcripts was then wuploaded on Gene Ontology (GO)

(http://geneontology.org/) under the “Biological Process” tab.
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3. RESULTS

A multi-omics analysis is a helpful approach for investigating disease pathogenesis (58).
For example, transcriptomics is a valuable tool for identifying functional and structural
characteristics of genes and differences in gene expression (59, 60). Complimentary, proteomics
studies are useful when evaluating protein interaction and post-translation modifications under
specific conditions and among different patient groups (59).

Our lab first decided to use this approach to identify possible abnormalities in mitochondria
and metabolism in the BEC of PBC patients. The findings were addressed in Filip Wysokinski’s
thesis and paper (72), where he explained how the metabolic remodelling in mitochondria might
account for changes linked with the development of autoimmunity and production of anti-
mitochondrial antibodies in relation to PBC pathogenesis.

Although unexplored at the time, these experiments also suggested potential dysregulation
in essential splicing proteins in the BEC of PBC patients. Because of the central role of viral
infection in disrupting splicing and RNA maturation (73-81) and our lab's interest in studying viral
pathogenesis in PBC (33-38), we decided to investigate further. Accordingly, we evaluated our
proteomic and transcriptomic datasets for differences in splicing in the available body
compartments, including BEC and whole blood, which we studied because PBC is considered a
systemic disease. Our results not only confirmed splicing dysregulation but also indicated
disturbance in other essential cellular processes in both BEC and blood of PBC patients. These

disrupted pathways are explained in detail in the following pages.
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3.1 BILIARY EPITHELIAL CELL PROTEOMICS

As mentioned, we decided to use proteomic analysis of biliary cells extracted from the
explants of liver transplant recipients to address potential anomalies in the splicing process of PBC
patients. For that, we started with a differential protein expression analysis using three PBC and
four non-biliary diseases BEC run in duplicate. This analysis showed that 53 proteins were
upregulated (p-value < 0.047), and 46 proteins were downregulated (p-value < 0.048) in the BEC
of PBC patients when compared to control samples. The pathway analysis of these differentially
expressed proteins on STRING® (65) showed a total of 253 single pathways upregulated in the
BEC of PBC patients (vs control) and 157 single pathways downregulated in the BEC of PBC
patients (vs control). Because of the sizable number of pathways, we selected the ones with a Fold

Enrichment > 1 with the lowest FDR from both analyses to further investigate (Figure 4).

22



Nucleotide biosynthetic process (For=1.03e-08)

Cofactor biosynthetic process (Fr = 5.76e-08)

Carbohydrate catabolic process (FoR=1.03e-08)

Nucleoside diphosphate phosphorylation (For=7.34e-09)

Pyruvate biosynthetic process (Fpr= 1.04e-08)

Glycolytic process (For=1.03e-08)

mRNA splicing, via spliceosome (FoRr=2.23e-15)

RNA splicing (For=5.37e-16)

MRNA processing (2.54e-15)

RNA localization (DR = 3.62e-0s)

mRNA metabolic process (For=g8.14e-14)

Regulation of translation (For= 4.65e-05)

-1.5 -1 -0.5

o

0.5 1 15 2
Fold Enrichment/Depletion

Figure 4: Diminished pathways detected in proteomic study related to splicing, according to
STRING® (65). Red represents the pathways downregulated in the BEC of PBC patients (vs
control), and green represents the pathways upregulated in the BEC of PBC patients (vs control).

As indicated by Figure 4, “Biosynthetic processes” pathways (“Nucleotide biosynthetic
process”, “Cofactor biosynthetic process”, and “Pyruvate biosynthetic process”), “Glycolytic
process”, “Carbohydrate catabolic process” and “Nucleotide diphosphate phosphorylation” are the
pathways with the lowest FDR and highest fold enrichment upregulated in the BEC of PBC
patients. Further evidence of aerobic glycolysis and abnormal mitochondrial signalling was
investigated and confirmed in functional studies using cultured BEC by Filip Wysokinski (72).
These findings suggested that PBC BEC were undergoing metabolic remodelling consistent with

Warburg metabolism, with hyperpolarized mitochondria and mitochondrial biogenesis. These data
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support the central hypothesis that compensatory production and cell surface expression of
pyruvate dehydrogenase may lead to loss of tolerance to self and production of AMA (7, 33).

In contrast, the downregulated pathways with the lowest FDR and higher fold depletion in
the BEC of PBC patients vs control subjects included the following GO terms: “Regulation of
translation”, “mRNA metabolic process”, “RNA localization”, “mRNA processing” and splicing
related pathways (“mRNA splicing, via spliceosome” and “RNA splicing”). These data suggest a
hypothesis of major downregulation of essential cellular processes related to RNA metabolism.

Interestingly, splicing-related pathways were the most significant pathways downregulated
in the BEC of PBC patients vs control subjects. The splicing machinery is crucial for the process
of mRNA maturation leading to protein synthesis. Several splicing pathways appear
downregulated in the BEC of PBC patients. Out of the 46 proteins downregulated in the BEC of
PBC patients, 18 are present in splicing pathways (39.13% out of the total of downregulated
proteins). Therefore, due to the high number of splicing proteins and pathways identified in our
analysis, we decided to examine this process in more detail.

The proteomics analysis showed seven splicing pathways downregulated in the BEC of
PBC patients vs controls with the following GO terms: “RNA splicing, via transesterification
reactions”, “RNA splicing”, “mRNA splicing, via spliceosome”, “regulation of RNA splicing”,
“negative regulation of RNA splicing, via spliceosome”, “regulation of RNA splicing, via
spliceosome” and “regulation of alternative mRNA splicing, via spliceosome” (Table 1). Of note,

these processes overlap because of the involvement of multiple proteins in different but related

pathways.
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Pathways GO term Proteins FDR
RNA solicine. via transesterification ALYREF, DHX9, ELAVL1, hnRNPA2B1, hnRNPA3, hnRNPC, hnRNPD,
P gr’eactionsl G0:0000375 | hnRNPH1, hnRNPH3, hnRNPK, hnRNPL, hnRNPU, KHSRP, NHP2L1, NONO, | 2.17¢-16
PCBP2, PTBPI
NONO, hnRNPA2B1, ELAVL1, hnRNPH3, hnRNPL, NHP2L 1, hnRNPA3,
RNA splicing’ G0:0008380 | hnRNPD, PCBP2, PTBP1, ALYREF, TARDBP, hnRNPU, hnRNPK, hnRNPC, | 5.37¢-16
DHX9, KHSRP, hnRNPH]1
ALYREF, DHX9, ELAVL1, hnRNPA2B1, hnRNPA3, hnRNPC, hnRNPD,
mRNA splicing, via spliceosome? GO0O:0000398 | hnRNPH1, hnRNPH3, hnRNPK, hnRNPL, hnRNPU, KHSRP, NHP2LL1, NONO, | 2.23e-15
PCBP2, PTBP1, TARDBP
Regulation of RNA splicing’ GO:0043484 | AHNAK, hnRNPA2B1, hnRNPH1, hnRNPK, hnRNPL, hnRNPU, PTBPI 1.32¢-06
Negati lation of mRNA splici
cgative Teguiation of MELA SPHCINE: | G0:0048025 hnRNPA2B1, hnRNPK, hnRNPL, PTBP1 2.03¢-05
via spliceosome
Regulation of mRNA splicing, via | 5. 04804 hnRNPA2B1, hnRNPK, hnRNPL, hnRNPU, PTBP1 5.73¢-05
spliceosome
Regulation of alternative mRNA GO:0000381 hnRNPL, hnRNPU, PTBP1 0.0023

splicing, via spliceosome’

ISplicing of RNA via a series of two transesterification reactions (70, 71).

The process of removing sections of the primary RNA transcript to remove introns and joining of the exons to form the mature structure of the RNA (70, 71).
3The joining together of exons from one or more primary transcripts of messenger RNA (mRNA) and the excision of intron sequences via a spliceosomal mechanism so that mRNA
consisting only of the joined exons is produced (70, 71, 82, 83).
“Any process that modulates the frequency, rate, or extent of RNA splicing (70, 71).

SAny process that stops, prevents or reduces the rate or extent of mRNA splicing via a spliceosomal mechanism (70, 71).
%Any process that modulates the frequency, rate or extent of mRNA splicing via a spliceosomal mechanism (70, 71).
7Any process that modulates the frequency, rate, or extent of alternative splicing of nuclear mRNAs (70, 71).

Table 1: Splicing related pathways downregulated in the BEC of PBC patients (vs controls), according to STRING® (65)

analysis.




The GO term “RNA splicing” was used as the starting point for our investigation, as it is the
broadest and all-encompassing term with the lowest FDR and highest number of differentially

expressed proteins highlighted in our analysis (Figure 5).
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Figure 5: Downregulated proteins in PBC (BEC). The figure is derived from STRING® (65). In
red are the proteins that belong to the “RNA splicing” pathway. Blue edges represent interactions
found in curated databases, and pink edges represent experimentally determined interactions.

Due to known viral interference with host splicing machinery and our hypothesis of HBRV

involvement in PBC pathogenesis, we decided to investigate whether the proteins downregulated in



the BEC of PBC and related to splicing have been linked to viruses in previous studies. The STRING
analysis showed that, from the 18 proteins downregulated in PBC patients in the “RNA splicing”

pathway, 13 had been described to interact with other viruses and play a role in viral pathogenesis

(Table 2).

NONO hnRNPA2B1 PCBP2 hnRNPK
hnRNPHI1 hnRNPL ELAVLI1 PTBP1
hnRNPC hnRNPD KHSRP DHX9
hnRNPU

Table 2: Proteins downregulated in PBC patients (vs control) involved in splicing pathways
and previously related to viruses, according to STRING® analysis.

Studies have shown that splicing proteins may modify viral expression in several different
ways. For example, some proteins such as hnRNPU and NONO negatively regulate HIV infection
(84, 85), hnRNPL negatively regulates the replication of the foot-mouth-disease-virus (86), and
KHSRP downregulates enterovirus 71 infection (87, 88). At the same time, others have been reported
to enhance viral replication. These include ELAVL1 and hnRNDP, which augment HPV replication
(73, 74); hnRNPK, which enhances the Dengue Virus type 2 replication (75); PTBP1, which is
required for the picornavirus’ gene propagation (76); hnRNPC, that facilitates picornavirus RNA
synthesis (77); and PCBP2, which is essential for poliovirus viral translation (77-79).

Relevant to this investigation, both hnRNPA2B1 and hnRNPH1 are modulated in vitro by
HIV infection with initial downregulation of expression in the first weeks of infection and then

subsequently upregulation (80). Furthermore, DHX9 expression is upregulated by the Hepatitis B
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virus, enhancing viral replication (89). Taken together with our findings of downregulated splicing
protein expression, the collective data point to a hypothesis that RNA splicing may be disrupted in
PBC patients, and this process may be linked with HBRV infection. (See discussion and “Table 10”

for more detailed information.)

3.2 TRANSCRIPTOMICS

3.2.1 PBC vs Non-cholestatic Liver Disease Control (Biliary Epithelial Cell)

To further develop the findings from the proteomics analysis, we took the same unbiased
approach to study transcriptomic changes in BEC. The transcriptomics analysis of the BEC from four
PBC patients vs five non-cholestatic liver controls, using an FDR < 0.05 to indicate differential
expression, showed that 172 functional transcripts were overexpressed in PBC patients and 344
functional transcripts were under-expressed in the BEC of PBC vs control. We used these transcripts
as input for a GO analysis (70, 71), which indicated 10 pathways upregulated and 27 pathways
downregulated in the BEC of PBC patients. We observed upregulated pathways consistent with the
metabolic remodelling and changes compatible with Warburg metabolism, including “response to
hypoxia”. To facilitate the visualization of the data, we selected the pathways that better represented
our findings regarding RNA splicing and essential cellular processes with the lowest FDR and higher

fold enrichment/depletion (Figure 6).
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Figure 6: Pathways up and downregulated in the BEC of PBC patients, according to Gene
Ontology® (70, 71, 90). Red represents the pathways downregulated in the BEC of PBC patients (vs
control), and green represents the pathways upregulated in the BEC of PBC patients (vs control).

As shown by Figure 6, processes related to mRNA splicing and translation were among the
most downregulated pathways at the transcript level within the PBC BEC. It is noteworthy that the
transcriptional expression does not directly correlate with protein levels, as post-translational protein
modifications impact the rate of protein degradation. Even though the transcripts and proteins
abnormally expressed are not necessarily the same, we observed that a few of the dysregulated
pathways were highlighted in both analyses. The examples include the metabolic remodelling

observed in PBC BEC (72), splicing and other biological processes outlined in Table 3.
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Upregulated Pathways

Transcriptomics

Proteomics

“Angiogenesis”

“Angiogenesis”

“Response to hypoxia”

“Response to hypoxia”

“Regulation of ion transmembrane transport”

“Iron ion transmembrane transport”

“Cellular response to organic substance”

“Cellular response to organic substance”

“Signaling”

“Regulation of signalling”

“Cell communication”

“Regulation of cell communication”

Downregulated Pathways

Transcriptomics

Proteomics

“Translational initiation”

“Regulation of translation”, “Positive
regulation of translation”, “Negative
regulation of translation”

“mRNA splicing, via spliceosome”

“RNA splicing, via transesterification
reactions”, “RNA splicing”, “mRNA splicing,
via spliceosome”, “Regulation of RNA
splicing”, “Negative regulation of mRNA
splicing, via spliceosome”, “Regulation of
mRNA splicing, via spliceosome”,
“Regulation of alternative mRNA splicing, via

spliceosome”

“Membrane organization”

“Membrane organization”

“Positive regulation of gene expression”

“Positive regulation of gene expression”,
“Regulation of gene expression”, “Negative
regulation of gene expression”

“Cellular response to cytokine stimulus”

“Cellular response to cytokine stimulus”

“Positive regulation of cellular protein
metabolic process”

“Positive regulation of protein metabolic
process”
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“Negative regulation of nitrogen compound “Negative regulation of nitrogen compound
metabolic process” metabolic process”
“Negative regulation of cellular metabolic “Negative regulation of cellular metabolic
process” process”

Table 3: Comparison of pathways up and downregulated in transcriptomics and proteomics
analysis of the BEC of PBC patients vs control.

In concordance with the proteomic data, “mRNA splicing, via spliceosome” is one of the
pathways downregulated in the transcriptomics analysis. Indeed, one of the transcripts (PCBP2)

downregulated in this pathway was also highlighted in the proteomics study (Table 4).

Pathway GO Term Functional transcripts FDR
CPSF1, PABPC1, HSPAS, SNRNP70, PRPF40B,
mRNA splicing, via PUF60, SRRM2, DHX38, PRPF8, PRPF39,
GO:0000398 6.31e-03
spliceosome! PCBP2, EFTUD2, DDX42, SYMPK, hnRNPR, ©
RBM6

IThe joining together of exons from one or more primary transcripts of messenger RNA (mRNA) and the excision of intron sequences
via a spliceosomal mechanism so that mRNA consisting only of the joined exons is produced (70, 71, 82, 83).

Table 4: Splicing-related pathway downregulated in the BEC of PBC patients (vs control),
according to GeneOntology® (70, 71, 90) analysis.

3.2.2 Transcriptomics analyses PBC vs Healthy (whole blood RNA)

There is evidence to suggest that PBC is a systemic disease, and the disease process is not just
restricted to the liver. Patients commonly develop Sicca syndrome (with dry eyes and mouth) and
musculoskeletal symptoms and disease as part of the systemic pathological process. Furthermore,
patients can develop incapacitating fatigue, described differently as exhaustion and brain fog in the
absence of cirrhosis. Indeed, the persistence of fatigue after liver transplantation without evidence of

recurrent disease in the allograft supports the hypothesis of PBC as a systemic disorder (91).
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Accordingly, we decided to investigate whole blood at the transcriptomics level to assess
whether some of the pathological processes observed in BEC may also be seen in peripheral blood
mononuclear cells. This analysis was performed in collaboration with Intercept Pharma, which
provided funding and whole blood RNA from serial samples of PBC patients enrolled in a clinical
trial. These patients were unresponsive to the standard of care with ursodeoxycholic acid and then
randomized to receive either a placebo or the FXR agonist obeticholic acid (OCA). We received
samples obtained from patients before and after therapy who had either responded to OCA
intervention or failed to sufficiently improve liver function (66). Our initial study assessed the
differential expression of transcripts between 87 PBC patients’ samples collected before the patients
underwent OCA treatment and 13 healthy subjects. Using an FDR <0.01, we found that a total of 363
unique functional transcripts were upregulated in PBC patients (vs healthy), and 385 unique functional
transcripts were downregulated in PBC patients (vs healthy).

In the Gene Ontology (70, 71) pathway analysis, we input all the functional transcripts (363
transcripts upregulated in PBC and 385 transcripts downregulated in PBC). We found a total of 53
upregulated pathways and 14 downregulated pathways in PBC patients vs healthy controls. Because
of the large number of pathways, we conducted a more stringent Gene Ontology (70, 71) analysis
using as input all the functional transcripts with a log2FoldChange of > 0.5 and < - 0.5, accounting
for 105 transcripts upregulated in PBC vs healthy analysis and 191 transcripts downregulated in PBC
vs healthy. We found six pathways upregulated in the blood of PBC patients vs healthy volunteers

and nine pathways downregulated in the blood of PBC patients vs healthy volunteers (Figure 7).
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Figure 7: Pathways up and downregulated in the blood of PBC patients, according to Gene
Ontology® (70, 71, 90). Red represents the pathways downregulated in the blood of PBC patients (vs
healthy), and green represents the pathways upregulated in the blood of PBC patients (vs healthy).
The transcriptomics analysis of whole blood RNA of PBC patients vs healthy controls showed
a similar trend to that seen in the proteomics analysis. As indicated by Figure 7, electron transport
pathways were paradoxically both upregulated and downregulated in PBC patients. Interestingly, the
upregulated transcripts were all mitochondrially encoded genes that belong to the “Mitochondrial
electron transport, NADH ubiquinone” and “Electron transport coupled proton transport” (MT-CO1,
MT-ND2, MT-NDI, MT-ND4, MT-ND4L, MT-ND5, MT-ND6, MT-CYB). Whereas the
downregulated transcripts were all nuclear-encoded genes from the “Mitochondrial electron transport,
cytochrome ¢ to oxygen” and “Mitochondrial respiratory chain complex 1 assembly” (NDUFA®6,

NDUBI, NDUFS5, COX6A1, COX6C, ATP5J, TIMME&B, TOMMY7). These results are consistent
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with the findings in the proteomic BEC analysis, suggesting that the mitochondrial function is
inhibited in PBC patients, and there is evidence of compensatory mitochondrial biogenesis with
elevated levels of mitochondrial DNA as reported by Wysokinsky (72). In this study, it was
hypothesized that the observed metabolic remodelling with aerobic glycolysis resulted in an inhibition
of mitochondrial function, resulted in a compensatory increase in the number of mitochondria (and
production of PDC-E2 leading to loss of tolerance to self-proteins). We have suggested a similar
hypothesis in the peripheral blood, with the increased expression of mitochondrial genes and
decreased nuclear genes encoding mitochondrial proteins currently being investigated using mt-DNA
PCR.

We observed similar trends, with the identification of similar pathway changes in the
transcriptomics analyses of whole blood as seen with the proteomic and RNAseq analyses in BEC.
Specifically, “mRNA splicing, via spliceosome” was one of the pathways downregulated in PBC
patients' whole blood RNA (Table 5). This finding is consistent with the idea that PBC is a systemic
disease where similar processes, such as metabolic remodelling, were observed in BEC and whole
blood. In this example, we observed evidence in both the BEC and whole blood analyses suggesting

that the deficiency in splicing is present in the liver and peripheral blood of PBC patients.

Pathway GO Term Functional transcripts FDR
mRNA splicing, via UBLS, LSM3, LSM7, ZMAT2, PHF5A, SNRPE,
:0000 4.04e-02
spliceosome! GO 398 MAGOH, GTF2F2, CWCI15, SYF2, POLR2K ©

IThe joining together of exons from one or more primary transcripts of messenger RNA (mRNA) and the excision of intron sequences
via a spliceosomal mechanism so that mRNA consisting only of the joined exons is produced (70, 71, 82, 83).

Table 5: Splicing-related pathway downregulated in the blood of PBC patients (vs healthy),
according to Gene Ontology® (70, 71, 90) analysis.
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3.2.3 Assessment of splicing in PBC patients in different prognostic categories

From the POISE trial (66), we obtained samples from patients with and without a biochemical
response to OCA as judged by serum alkaline phosphatase (ALP) levels, which provides a
biochemical determinant of the biliary disease activity referred to as grade of disease. The score also
uses bilirubin levels that provide an indication of disease stage, as bilirubin levels rise with loss of
bile ducts. The criteria used to determine response to OCA treatment are referred to as the POISE
criteria (66): (i) “Responders” if the ALP level was <1.67 times the upper limit of the normal range,
or with a 15% decrease in ALP and normalized BLB; or (ii) “Non-responders” to OCA treatment if
ALP level was > 1.67 times the upper limit of normal at the end of the 12-months treatment period.

In the first analysis, we compared all the responders (n = 36) with the non-responders (n =51)
before treatment to determine transcripts that may predict response to therapy. In this analysis, only
two transcripts were identified as differentially expressed, and both of these are of unknown
significance: the ezrin gene (ENST00000392177) and HLA-A-211 (ENST00000550728). The lack
of detecting deregulated transcription is likely due to the homogeneity of the samples in PBC patients
before treatment, as well as the use of the POISE endpoint criteria. The latter is useful to discriminate
responders vs non-responders at the end of the study. However, the PBC patients prior to therapy had
too similar biochemical profiles to distinguish between the groups and identify prognostic transcripts.
Accordingly, we decided to compare transcripts in patients in each group with the lowest and highest
ALP levels to increase the likelihood of finding differential transcription patterns. In the new analysis,
we selected 15 patients with the highest ALP level in the non-responder group and 15 patients with
the lowest ALP levels in the responders group. With this new selection, we found that 1,519 protein-
coding unique transcripts were downregulated in non-responders before the commencement of OCA
therapy, and another 1,516 protein-coding transcripts were upregulated in non-responders.
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The pathway analysis was performed with Gene Ontology (70, 71) using the input of protein-
coding transcripts with a log2FoldChange of > 0.5 difference providing 1,052 transcripts
downregulated and 1,280 transcripts upregulated in non-responders vs responders. The results showed
37 pathways downregulated in the non-responders group vs responders and no pathways upregulated

in non-responders (Figure 8).
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Figure 8: Pathways downregulated in the blood of non-responders vs responders, according to
the Gene Ontology® (70, 71, 90) analysis.

36



As indicated by Figure 8, all of the pathways downregulated in the non-responders group are
related to cell replication and protein synthesis. This deregulation indicates a disruption in multiple
cellular and metabolic processes in patients with a worse prognosis. This finding may be of prognostic
relevance, as we see that PBC patients with higher ALP levels and worse treatment responsiveness
have downregulation of several essential cellular pathways. Of relevance to the current analysis,
“RNA splicing” is one of the downregulated pathways in PBC patients with the highest ALP levels
in non-responders to treatment (Table 6). The implication is that splicing may be related to the severity
of the disease, as patients with worse disease conditions have significantly lower splicing. Therefore,

we directly evaluated whether splicing was altered in the responder vs non-responder groups.

Pathway GO Term Functional transcripts FDR
FAM98B, LUC7L3, UPF3B, PAPOLA, ACO011511,
PPIL1, U2SURP, PCF11, BCLAF1, SREK1IP1, MBNLI,
RBM41, QKI, ZNF326, SMNDCI1, CPSF2, SCAF11,
C2orf49, PPP4R2, RRAGC, hnRNPH3, PTBP3, PNN,
PSIP1, RBM25, DDX46, RNPC3, RBMXL1, NSRP1,
PRPF40A, PRPF4B, TRA2A, SREK1, SRSF11, MBNL2,
THOC2, NUDT21, PRPF38B, AQR, SYNCRIP,
hnRNPA3, RSRCI

IThe process of removing sections of the primary RNA transcript to remove introns and joining of the exons to form the mature structure
of the RNA (70, 71).

RNA splicing! | GO:0008380 9.51e-03

Table 6: RNA splicing pathway downregulated in the blood of non-responders (vs responders)
according to Gene Ontology® (70, 71, 90) analysis.

To determine whether the change in splicing expression was related to prognosis, we elected
to analyze the differential exon use in a pairwise comparison between the three groups: healthy
subjects, responders, and non-responders (Figure 9). We selected ten patients from each group and
calculated the differences in exon processing with an FDR < 0.05 and a fold enrichment > 2. The

analysis showed increased differences in exon usage between responders vs non-responders, as well
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as healthy vs non-responders, with limited differences seen in the healthy group vs responders. These
data indicate disrupted splicing in non-responders because their transcripts contain more exons that

were not spliced out, presumably due to inefficient splicing machinery.
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Figure 9: Exon usage among healthy volunteers, non-responders and responders PBC patients.

To evaluate the potential correlation between deregulation in splicing and prognosis, we
developed a log-transformed score based on the normalized splicing transcripts downregulated in non-
responders. In the first instance, we plotted the individual scores for each differentially expressed
transcript on a logistic regression curve with either ALP or total bilirubin levels. We identified
individual scores from log-transformed transcripts from 5 genes - PPIL1, PTBP3, RBMXL1, RNPC3
and UPF3B - that demonstrated a significant relationship with both ALP and bilirubin. Then we
calculated an aggregate score of all five transcripts and showed that the score negatively correlates
with ALP and total bilirubin levels (Figure 10). We also found that the total score was higher in the
responders vs non-responders (median 3.62 vs 3.37, p < 0.025) with an area under the receiver
operator characteristic curve of 0.61 (p < 0.025) (Figure 11). Notably the transcript - UPF3B -

provided a slightly improved discrimination for prognosis with scores of 0.56 vs. 0.49 in the
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responders vs non-responders (p < 0.007) and an area under the receiver operator characteristic curve
0f 0.63 (p < 0.006) (Figure 11). These data suggest that patients with a lower splicing score possibly
related to diminished splicing had both increased disease activity assessed by higher ALP levels as a
measure of disease grade and a more progressive disease as indicated by elevated BLB levels

indicative of a higher disease stage (Figure 10 and 11).
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Figure 10: Relationship between splicing and PBC prognosis. (A) compares ALP levels with the
splicing score and (B) compared total BLB levels with the splicing score.
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Figure 11: Receiver Operating Characteristic (ROC) curves of the Responders and Non-
responders data. (A) shows the ROC curve of the ALP levels of Non-responders against Responders;
(B) shows the ROC curve of the total BLB levels of Non-responders against Responders; (C) shows

the ROC curve of the splicing score of Non-responders against Responders; (D) shows the ROC curve
of the UPF3B gene TPM data fo Non-responders against Responder.
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3.3 OTHER PROTEOMICS AND TRANSCRIPTOMICS FINDINGS

On and above the dysregulation in splicing pathways, two other terms were commonly found
within the different analyses that included “RNA processing” and “translation”. These pathways may
be indicative of global dysregulation of cellular processes in PBC patients. For example, we observed
pathways involved in protein-translation are downregulated in the BEC and the blood of PBC patients.
The four pathways downregulated in BEC of PBC patients vs non-cholestasis controls included
“Regulation of translation”, “Positive regulation of translation”, “IRES-dependent viral translational
initiation”, and “Negative regulation of translation”. Two pathways downregulated in the blood of
PBC patients vs healthy subjects were identified as “Translation initiation” and “Cytoplasmatic
translation”, and one pathway downregulated in non-responders vs responders was ‘“Negative

regulation of translation” (Table 7).
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Pathways GO term Analysis Proteins/Genes FDR
Regulati9n cl)f GO:0006417 Prqteqmics - Downregulated DHX9, EIF3H, ELAVL1, hnRNPD, hnRNPL, 4.656-05
translation proteins in PBC BEC (vs control) KHSRP, NCL, SHMT2
— - — Tat
Positive reg‘%latlon °of | G0:0045727 Proteomics - Downregulated DHX9, ELAVL1, hnRNPD, hnRNPL 0.0022
translation proteins in PBC BEC (vs control)
IRES-dependent viral * * 5,175 Proteomics - Downregulated PCBP2, PTBPI 0.0044
translational initiation proteins in PBC BEC (vs control)
Negative regulation of Proteomics - Downregulated
. GO0:0017148 .. hnRNPD, KHSRP, NCL 0.0256
translation proteins in PBC BEC (vs control)
Transcriptomics - Downregulated RPL22. RPL17. RPL23. RPL31. FAU. RPL35A
. . o . . 5 . . . 9 9 b b b 9 _
Translational initiation GO:0006413 transcripts in PBC blood (vs healthy) | rpy3 0, RPS27, RPS17, RPS24, RPS23, RPL5, RPL6 3.99¢e-06
Cytoplasmic . Transcriptomics - Downregulated RPL22, RPL17, RPL31, RPL35A, RPL30, RPS23,
translation® G0:0002181 transcripts in PBC blood (vs healthy) RPL6, RPL26L1, TMA7 5.39e-05
Transerintomics — Downreculated ROCK2, TNRC6A, EIF2AK2, RC3H1, DDX3X,
Negative regulation of ranseripromi WIregn DDX6, DHX36, ROCK1, AGO4, AGO3, FXR1,
.4 GO:0017148 transcripts in the blood of non- 3.70e-03
translation CNOT6L, CPEB4, TIA1, XRN1, LSM14A, CNOT7,
responders (vs responders) IREB2, SYNCRIP, YTHDF3, ZNF540
T i ics— D 1 PABPCI, RPS9, RPS23, RPL23, RPS3, RPS13
Translational initiation® | GO:0006413 ranscriptomics —Downregulated C1, RPS9, ) P o | 1.24e-03

transcripts in PBC BEC (vs control)

RPS7, RPL10, RPS8, RPL13, EIF3C, RPL3

I Any process that modulates the frequency, rate or extent of the chemical reactions and pathways resulting in the formation of proteins by the translation of mRNA or circRNA (70, 71).
2Any process that activates or increases the frequency, rate or extent of the chemical reactions and pathways resulting in the formation of proteins by the translation of mMRNA or circRNA

(70, 71).

3Process by which viral mRNA translation is initiated, where a domain in the 5' untranslated region (UTR) of the viral mRNA called an internal ribosome entry site (IRES) binds the

host 43S preinitiation complex, circumventing regular cap-dependent translation initiation (70, 71, 92).

4Any process that stops, prevents or reduces the frequency, rate or extent of the chemical reactions and pathways resulting in the formation of proteins by translating mRNA or circRNA

(70, 71).

>The process preceding the formation of the peptide bond between the first two amino acids of a protein. This includes forming a complex of the ribosome, mRNA or circRNA, and an
initiation complex that contains the first aminoacyl-tRNA (70, 71, 93).
3The chemical reactions and pathways resulting in the formation of a protein in the cytoplasm. This is a ribosome-mediated process in which the information in messenger RNA (mRNA)
is used to specify the sequence of amino acids in the protein (70, 71).

Table 7: Translation related pathways downregulated in the blood and BEC of PBC patients (vs controls), and downregulated
in the blood of on non-responders (vs responders) according to STRING® (65) and Gene Ontology® (70, 71, 90) analyses




While the cause of these changes also remains to be resolved, it is interesting that viral
infection has been linked to the global dysregulation of protein-translation as observed with the
unfolded protein response, for example. The host cell can use mechanisms to downregulate
translation to limit infection. For example, eukaryotic cells can recognize PAMPs (pathogen-
associated molecular patterns) and activate innate immune responses, leading to decreasing
translation, mainly translation initiation. Because viruses utilize host cellular processes for their
own replication, the host cell downregulates translation to limit the production of viral proteins,
and consequently, stop or reduce infection (94). This observation is relevant for our hypothesis
that a viral trigger may be central to the perturbation of cellular processes, as protein-translation is
downregulated in both blood and BEC of PBC patients.

A further disrupted pathway included RNA processing, an important sequence of events
required for the maturation of mRNA molecules (95). We found two RNA processing-related
pathways, “mRNA processing” and “Regulation of mRNA processing”, that were downregulated
in our proteomic searches in PBC patients vs non-cholestasis control BEC. We also found “rRNA
processing” downregulated in the transcriptomics analysis of the blood of PBC patients vs healthy

subjects and “mRNA processing” downregulated in the non-responders vs responders (Table 8).



responders (vs responders)

RNPC3, RBMXLI, NSRP1, PRPF40A, PAN3, PRPF4B,
TRA2A, CNOT6L, SREK1, SRSF11, MBNL2, THOC2,
NUDT21, PRPF38B, AQR, SYNCRIP, hnRNPA3, RSRCI

Pathway GO term Analysis Proteins/Genes FDR
ALYREF, DHX9, ELAVL1, hnRNPA2B1, hnRNPA3,
mRNA GO:0006397 Proteomics - Downregulated hnRNPC, hnRNPD, hnRNPH1, hnRNPH3, hnRNPK, 5 9de-15
processing! ’ proteins in PBC BEC (vs control) hnRNPL, hnRNPU, KHSRP, NHP2L1, NONO, PCBP2, '
PTBP1, TARDBP
Regulation of Proteomics - Downregulated
mRNA G0:0050684 . DHX9, hnRNPA2B1, hnRNPK, hnRNPL, hnRNPU, PTBP1 | 2.15¢-05
processing? proteins in PBC BEC (vs control)
Transcriptomics — Downregulated
TRNA GO:0006364 transcripts in PBC blood (vs RPL22, RPL17, RPL23, NGDN, RPL31, PIN4, RPL35A, 1.63e-04
processing® ' RPL30, RPS27, RPS17, RPS24, METTLS, RPLS5, RPL6 '
healthy)
GRSF1, LUC7L3, UPF3B, PAPOLA, CMTR2, AC011511,
PPIL1, RBBP6, U2SURP, ZC3H11A, PCF11, BCLAF1,
Transeriptomics - Downregulated SREK1IP1, MBNLI1, RBM27, RBM41, MNATI, QKI,
mRNA G0:0006397 transcripts in the blood of non- ZNF326, SMNDCI, CPSF2, SCAF11, PPPAR2, PNPT, 3.43e-03
processing! ’ hnRNPH3, PTBP3, PNN, PSIP1, PAPOLG, RBM25, DDX46, '

! Any process involved in converting a primary mRNA transcript into one or more mature mRNA(s) before translation into polypeptide (70, 71).
2Any process that modulates the frequency, rate or extent of mRNA processing (70, 71).
3Any process involved in the conversion of a primary ribosomal RNA (rRNA) transcript into one or more mature rRNA molecules (70, 71).

Table 8: RNA processing related pathways downregulated both in the blood and BEC of PBC patients (vs controls) and
downregulated on non-responders (vs responders) according to STRING® (65) and to Gene Ontology® (70, 71, 90) analyses.




Accordingly, protein translation, RNA splicing and RNA processing are all downregulated
in most datasets, and these changes have been linked with viral infection. Indeed, this was a
consistent finding in all our studies and supports the concept that PBC is a systemic disease with
pathological changes in the peripheral blood and BEC of PBC patients. To better visualize our
findings regarding the RNA processing and RNA splicing pathways, we condensed the collective
data into a WikiPathways (96) figure (97) of the mRNA processing pathways that includes relevant
RNA splicing proteins and genes. For this, we chose all the functional transcripts downregulated
in the PBC vs healthy and Responders vs Non-responders analyses and all the downregulated
proteins from the proteomics analysis (Figure 12).

The figure shows that proteins and transcripts from the BEC and blood of PBC patients are
under-expressed in all stages of RNA processing, including RNA splicing. Indeed, the process that
contains the most downregulated elements is the formation of pre-mRNPs. These are
ribonucleoprotein complexes that process the pre-mRNA molecule associated with the hnRNPs
ribonuclear proteins in preparation for splicing (98). The demonstrable downregulation of hnRNPs

could cause defective splicing, which was observed in this study.
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Figure 12: RNA processing pathway (96, 97). The rectangles and semi-circles are colour-coded, representing proteins/genes
downregulated in the proteomics analysis of BEC and transcriptomics analysis of peripheral blood of PBC patients.



4. DISCUSSION

After performing several hypothesis-generating proteomic and transcriptomic analyses in
both blood and BEC of PBC patients, the key findings of this study are (i) splicing is deregulated
in the blood and BEC of PBC patients when compared to healthy volunteers and non-cholestatic
liver disease controls, and the process is more advanced in PBC patients with worst prognosis; (ii)
differential exon usage analysis showed a significant reduction in splicing in PBC patients with
worse prognosis; (ii1) previous studies have shown a relation between splicing proteins and viruses.

Splicing involves multiple complex mechanisms. This process can be affected by several
external factors, such as xenobiotics and bacterial and viral infections. Many in vitro studies have
shown that drugs and other compounds can promote splicing modulation (99). Anticancer drugs,
such as Spliceostatin A, Meayamycin and Isoginkgetin, are splicing inhibitors (100-103); other
common drugs, like salbutamol, valproic acid, and even ethanol, can induce alternative splicing
modulation (104-106). Microorganisms are also able to disrupt the splicing process. For example,
there is evidence of alteration in the RNA splicing pattern in macrophages post Mycobacterium
tuberculosis infection (107), and Salmonella and Listeria infection can induce changes in
alternative splicing (108). Ultimately, the specific cause for the splicing deregulation in PBC
patients was not analyzed, and therefore, we can only speculate that the human betaretrovirus,
shown to be integral to some aspects of PBC pathogenesis, may be playing a role in this process.

It is well known that splicing activity may be altered with a viral infection. A recent study
on Sars-Cov-2 showed disruption in splicing and translation caused by the viral proteins, aiming
to suppress interferon-gamma responses against the infection (109). Influenza viruses are known
to hijack the host splicing machinery to process their RNA segments, leading to alterations in the

host spliceosome expression (110). Likewise, oncoviruses, such as Epstein-Barr virus, hepatitis C



and B viruses and Merkel cell polyomavirus, require the RNA machinery from the host cells to

stabilize the viral RNA and promote their oncogenic effects (111). These few examples show that

splicing is a common cellular process affected by viruses.

The proteins in our proteomics analysis have been linked to both inhibition and stimulation

of viral infection (Table 9), viruses can affect splicing, and splicing can impact viral replication

(Table 10). “Table 10” references studies that showed how viruses might require splicing proteins

for their replication and survival and that some splicing proteins inhibit the viral infection. For the

latest, it would be logical that some viruses would target these proteins. This is concordant with

our viral hypothesis, meaning that HBRV might be diminishing these proteins for its benefit.

Protein Virus Effect on Viral Infection
hnRNPU HIV Inhibiting
NONO HIV Inhibiting
hnRNPL Foot-mouth-disease-virus Inhibiting
ELAVLI1 HCV Stimulating
hnRNDP HCV Stimulating
hnRNPK Dengue Virus (type 2) Stimulating
hnRNPC Picornavirus Stimulating
PTBP1 Picornavirus Stimulating
PCBP2 Poliovirus Stimulating
KHSRP Enterovirus 71 Inhibiting
hnRNPA2B1 HIV-1 Stimulating
hnRNPH1 HIV-1 Stimulating
DHX9 HBV Stimulating

Table 9: Splicing proteins and their effect on viruses.
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Effect of the virus on the

Impact of the protein on viral

Protein Protein Primary Function Virus . . .
protein infection
A protein terminal fragment
hnRNPU Pre-mRNA alternative splicing HIV i induces an a.ntiviral st?lte 1n the
modulator (112) host cell against HIV, inhibiting
the viral gene expression (84)
Acts as a sensor for the HIV
capsid for immune activation of
NONO Pre-mRNA splicing (113) HIV - dendritic cell and macrophages
against viral infection, helping to
decrease the infection rate (85)
N Foot-mouth. The prote.in specifically inter.acts
hnRNPL Global regulator of mRNA splicing discase. i with the viral IRES and.neg.atlvely
(114) virus regulates the viral replication by
inhibiting its RNA replication (86)
Regulates HCV replication by
o . : interacting with the 3’UTR of the
ELAVLI1 RNA-binding protelr%. .Helps 0 increase HCV - viral IZ{gNA, facilitating La-
mRNA stability (115) . . o
mediated circularization of the
HCV genome (74)
Promotes viral protein translation
hnRNDP Mediates rapid mRNA decay (116, 117) HCV - by enhancing HCV IRES-
dependent translation (73)
Multifunctional protein (117).
Participates in the regulation of mRNA Dengue The virus promotes protein
hnRNPK | transcription (118) and translation (119), | Virus (type cytoplasmatic re-localization Enhances viral replication (75)
silencing (120), splicing (121) and 2) (75)
stability (122)
hnRNPC Splicing regulator with function in the Picornavirus i Helps positive-strand viral RNA

packing of nascent transcripts and in

synthesis by facilitating




increasing mRNA translation by binding
mRNA’s IRES (123)

interaction between the 5’ and 3’
ends of viral RNAs (77)

PTBP1

Nuclear ribonucleoprotein with splicing
regulation functions (117)

Picornavirus

It is mobilized out of the nucleus
and then cleaved as the viral
infection progresses (76)

Required for picornavirus gene
expression and propagation (76)

PCBP2

Binding protein. Binds single-stranded
nucleic acids and negatively regulates
MAVS signalling cellular antiviral
responses (78, 124)

Poliovirus

The protein is cleaved by the
viral 3CD proteinase, also
contributing to viral translation
(77-79)

It is necessary for translation
initiation, as it binds to the viral
IRES and promotes the IRES-
mediate translation (77-79)

KHSRP

RNA-binding protein and ITAF.
Involved in mRNA localization,
transcription, and alternative pre-mRNA
(125-127)

Enterovirus
71

This protein negatively regulates
viral replication by competing
with the IRES present in the viral
5> UTR, consequently
downregulating IRES-dependant
viral translation (87, 88)

hnRNPA2B1

hnRNPH1

Mediators of the pre-mRNA alternative
splicing regulation (128, 129)

HIV-1

The virus downregulated the
expression of the proteins in the
first two weeks of infection, and
then when viral production is at

its peak, the expression is
increased in macrophages (in
vitro) (80)

The modulation of splicing factors
is essential for viral persistence in
macrophage reservoir (80)

DHX9

Multifunctional protein. Participates in
RNA translation and regulation and
DNA replication (130, 131). Also
implicated in retroviral RNA expression
and nuclear export (132)

HBV

During HBV infection, the virus
upregulates the expression of
DHXO9 (89)

Contributes to viral DNA
replication (89)

Table 10: Proteins downregulated in PBC patients (vs control) involved in splicing pathways and previously related to viruses,
according to STRING® (55) analysis.
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The pathogenesis of PBC involves an autoimmune component. We believe that HBRV
might be the trigger for this autoimmunity, as we see in other autoimmune diseases, such as
systemic lupus erythematosus (SLE), in which studies show that infectious agents can induce the

development of autoantibodies (Table 11).

Infectious Agent Reference
BK virus (133)
Epstein-Barr virus (134)
HIV (135)

Table 11: Some infectious agents that might be linked to the development of autoantibodies in SLE.

We also noticed that patients with higher ALP levels and worse responsiveness to UDCA
and OCA treatment have more deregulation in exon usage than patients with a better prognosis,
which can be related to a deficiency in the splicing. We can infer it based on the exon usage
analysis because if exons are being spliced out when they are not supposed to, there is something
wrong with the splicing machinery. Also, the transcriptomics comparison against patients with
lower ALP levels and better responsiveness to treatment showed downregulation in splicing
related pathways and other essential cellular pathways.

It is important to note that our study presents limitations. First, the proteomics analysis
was conducted on BEC from end-stage liver diseases, which could affect the general health of the
cell, and then the protein expression. Second, we did not perform proteomics analysis in the POISE
study patients, so we can only infer that the changes in expression in the transcripts will translate
into changes in the proteins. Also, splicing and other cell process deregulations were not shown in
serial samples, meaning that we cannot directly link the worsening in these cellular processes with
worsening in the prognosis. Finally, we could not directly link splicing deregulation with HBRV

infection, so the viral trigger as the causative for global cell dysregulation can only be suggested.



5. FUTURE DIRECTIONS

To investigate whether the changes outlined herein are linked with HBRV infection, we
propose to validate our findings by conducting in vitro co-culture studies, as previously conducted
by our lab (33). In these studies, for example, we were able to show that both HBRV and the
genetically indistinguishable mouse betaretrovirus, MMTYV had the capability of triggering a
disease-specific phenotype of upregulating the expression of mitochondrial proteins on the cell
surface (33). Accordingly, we could proceed with culturing cells with either HBRV or MMTYV and
evaluate whether the same trends on splicing and global cell deregulation are observed.

In addition, we could prospectively follow PBC patients to determine whether the findings
on the RNA level subsequently predict patient outcomes, as suggested by our clinical evaluation
of our cellular data. We would also like to conduct a proteomic analysis on the PBC samples
obtained from the POISE study (66) to evaluate whether the trends and changes observed in the
RNA level are translated to the proteins. Finally, to increase the strength of the results of the omics
analysis in the liver, we propose to include healthy liver samples obtained from liver cancer
patients that undergo biopsies and conduct proteomics and transcriptomics analysis in these

samples, followed by comparison against the data we have on PBC patients.

52



6. CONCLUSION

Our results suggest dysregulation in splicing, mRNA processing and translation at both the
transcriptomics and proteomics levels and BEC and peripheral blood of PBC patients compared to
patients with non-cholestatic liver diseases and healthy volunteers, respectively. This deregulation
is even more pronounced in PBC patients with progressive disease. These findings may be
significant, as they bring new evidence to the light of pathogenic mechanisms implicated in the
disease process. With the results we have presented herein, we can infer that the changes in splicing
and other cellular processes are either a result of the disease or involved in the pathogenesis. Also,
based on other studies relating many of these cellular processes’ dysregulation and viral infection,
we believe that HBRV may play a causative role for these changes that will require further in vitro

validation.
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