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ABSTRACT

SHAARON OCHOA-RIOS. Identifying the Temporal N-linked Glycosylation Changes
During Liver Disease Progression: from Liver Injury to End-stage Liver Disease.

(Under the direction of ANAND MEHTA)

The high mortality rates of liver diseases and primary liver cancers can be attributed to
the lack of screening and diagnostic strategies currently available for early detection.
Non-alcoholic fatty liver disease (NAFLD) is an early stage of liver disease known to
progress to a variety of pre-malignant and malignant conditions, like advanced fibrosis,
cirrhosis, hepatocellular carcinoma (HCC), and cholangiocarcinoma (CCA). Based on
the wide variety of diseases that NAFLD can progress to, strategies to understand and
detect the progression of NAFLD are of great value. Core fucosylation of N-linked
glycans has been demonstrated to be useful for the clinical diagnosis of HCC, through
the use of the serum biomarker AFP-L3. However, the role of core fucosylation,
catalyzed by Fucosyltransferase (Fut8) in HCC or any liver diseases is still not fully
understood. Here, we utilized human samples and an in vivo approach to characterize
the origin, temporal changes, and biomarker use of modifications in N-liked glycosylation
by MALDI-IMS (Matrix-assisted laser desorption/ionization imaging mass spectrometry)
in NAFLD and its progressive form. Spatial N-glycan analysis in NAFLD mouse and
human liver biopsies revealed that fucosylated N-linked glycan modifications correlate
with areas of fibrosis. Next, we use an in vivo liver disease induction time point study to
elucidate that bisected fucosylated N-glycan modifications can be observed even before
histopathological alterations are significant and are consistently altered from fatty liver

disease, up to stages with liver dysplasia. For CCA, we took a biomarker discovery
vii



approach in tissue and serum and identified that bisected fucosylated structures
distinguished CCA patients from those with any other type of liver disease and normal
tissue, better than the gold-standard serum biomarker for CCA, CA-19-9. Finally, we
generated the first liver specific Fut8 mouse model to further study the impact of core
fucosylation in these liver diseases. Overall, the studies presented in this dissertation,
elucidate the value of N-glycosylation for biomarker strategies for early detection and
different stages of progressive liver disease. Importantly, these studies set the field for a
mechanistic approach to one of the most characterized N-glycan maodifications in liver

cancer by the generation of a tissue-specific mouse model.
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Chapter 1: Introduction



1.1 Chronic liver diseases
The liver is the largest solid organ in the body with an array of functions: bile

production, drug metabolism, immunity, digestion detoxification, and vitamin storage, to
name a few (1). Due to the many functions, the liver is responsible for, maintaining a
healthy liver is imperative. However, 1.5 billion cases of chronic liver diseases (CLD)
have been reported worldwide with 1.32 million deaths in 2017 (2,3). A variety of
etiologies can induce CLD, alcohol abuse, unhealthy lifestyle, metabolic disorders,
genetic factors, or infections. Patients with CLDs do not present many symptoms,
leading to disease progression, and diagnosis at late stages. CLD is defined as a
constant liver injury over time affecting liver function for a period longer than six months
(4). During CLDs the liver will suffer from inflammation, destruction, and regeneration
leading to fibrosis and cirrhosis (4). CLD can be considered an umbrella term for a
variety of liver diseases, all known to progress to cirrhosis but with different etiologies
and even different disease progression characteristics. Due to the variety of risk factors
that can lead to CLDs, it has been challenging to select a specific population to screen.
Overall, there is an urgent need to understand more about their disease progression and
identify biomarkers for early diagnosis.

Here, we will focus on two main CLDs that are risk factors for two different primary
liver cancers: Non-alcoholic fatty liver disease for hepatocellular carcinoma or

cholangiocarcinoma and primary sclerosing cholangitis for cholangiocarcinoma.

1.1.2 Non-alcoholic fatty liver disease (NAFLD)
Non-Alcoholic Fatty Liver Disease (NAFLD) is the most common type of CLD in the
world, its prevalence increase has been linked to the alarmingly high rates of obesity

globally, in addition to genetic variants (5—7). NAFLD includes a full spectrum of the

2



disease from non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH).
NAFL is considered a benign condition, where there is more the 5% of hepatocyte
steatosis (or fat accumulation) while the progressive form of the disease, NASH is
characterized by steatosis in addition to inflammation, hepatocyte ballooning, and
fibrosis (8—11). NASH itself can progress to cirrhosis, Hepatocellular Carcinoma (HCC),
Cholangiocarcinoma (CCA), and even death. Specifically, NASH-induced HCC is
predicted to become the number one cause of liver transplant in the United States, and it
has become a public health concern due to the lack of treatment (9,12). Both NAFL and
NASH are independent of alcohol or drugs, leaving the induction of these diseases

mainly in metabolic disorders or genetic risk factors (5,8) (Figure 1).
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1.1.2.1 Incidence and risk factors

While the incidence of NAFLD in the general population is 25%, this percentage
can increase up to 90% in extremely obese populations (13). A geographical variation
has been identified in NAFLD where black ethnicity has a protective factor with the
lowest NAFLD prevalence of 14% while South America has the highest prevalence of
31%. Similarly in the United States, the prevalence of hepatic steatosis is higher in
Hispanics (22.0%-45.0%) while non-Hispanic blacks have the lowest prevalence (10%-
24%) (5,9,14). Although only a small percentage of NAFLD patients will have major
complications from CLD, the overall number of patients with end-stage liver disease
caused by NAFLD is dramatically increasing, demonstrated by the increase in the
percentage of liver transplants caused by NASH (15-17). One of the reasons for the low
percentage of liver-related complications is that cardiovascular disease is the most
common type of death (40%) in NAFLD patients, thus most patients will die of
cardiovascular complications before liver complications can progress further (9,10,18).

Another major factor that should be taken into consideration in NAFLD are sex
differences. NAFLD and its etiologies are more prevalent in men and pre-menopausal
women. However, after menopause, the rate of NAFLD in women significantly increases,
this has been associated with a protective mechanism related to estrogen against
metabolic syndrome progression. While it is known that sex can influence prevalence,
risk factors, and clinical outcomes in NAFLD; sex differences have not been addressed
as well as in other diseases; studies and clinical guidelines should include sex
differences, menopause status, and age to address current sex bias in the field (19).

Risk factors for NAFLD include genetic (ie., variants PNPLA3, TM6SF2) and

environmental factors (diets high in saturated fat and fructose and a sedentary lifestyle).



These factors can result in clinical features like obesity, type 2 diabetes mellitus,
dyslipidemia, and hypertension (5,9). The idea that NAFLD is linked to a genetic factor is
determined by the knowledge that the disease tends to be more prone in patients with a
family history of NAFLD and as previously mentioned, the prevalence is based on
geographic regions. Patatin-like Phospholipase domain-containing 3 (PNPLA3) is the
most characterized variant in NAFLD. PNPLA3 is highly associated with hepatic
steatosis specifically in Hispanics (5). Transmembrane 6 superfamily member 2
(TM6SF2) is another missense variant associated with increased fat content and
elevated serum levels of liver enzymes (5,14,20,21). Further studies continue to
determine the role and mechanism of these variants in NAFLD.

Overall, studies have elucidated many genetic variations in NAFLD, but these
variants only partially explain chronic liver disease outcomes according to ethnic
differences, suggesting that most likely these genetic risk factors are influenced by

environmental risk factors like obesity (5).

1.1.2.2 Screening and diagnosis

Most NAFLD patients do not present any significant symptoms, even when there
is disease progression, this affects severely the early detection and diagnosis of
NAFL/NASH (22). Serum-based- noninvasive biomarkers are considered the first tool to
screen for NAFLD. For hepatic steatosis identification, fatty liver index (FLI), visceral
adiposity index, NAFLD Liver Fat Score, and hepatic steatosis index (HIS) are some of
the panels used (23,24). However, their sensitivity is less than 80% for detecting greater
than 5% steatosis (the minimum percentage for NAFL diagnosis) (9). In addition, some
of these panels consider a Body Mass Index (BMI) greater than 30 to be positive for

NAFLD, which in some cases is not accurate as some NAFL/NASH patients are not
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obese (25). Biomarker panels for NASH have also been implemented but also with low
success, these panels consider elevated transaminases as the only decisive factors for
NASH disease, and it is known that some NASH patients might have normal levels of
these liver enzymes even with aggressive forms of the disease (9). Finally, biomarkers
for fibrosis seem to be helpful mostly for advanced fibrosis but are not reliable to detect
early fibrosis (9)(26).

The gold standard for NAFLD diagnosis is liver biopsies and while they provide a
complete histological assessment of all the characteristics of NAFLD, the current scoring
systems to provide a definitive diagnosis have several limitations, in addition, liver
biopsies can have sample variability according to what tissue is selected for analysis
(8,27).

Imaging modalities also present disadvantages for NAFLD diagnosis, including
the lack of correlations between the level of fat accumulation that is observed during
imaging with that observed in biopsies, they are also unable to distinguish NAFL from
NASH and there are difficulties to get accurate readings in highly obese patients
(8,9,26).

Overall, screening strategies for NAFLD are limited and the diagnostic strategies
have serious issues that inhibit their use for accurate detection and treatment of NAFLD.
To reduce the high rates of end-stage liver disease caused by NAFLD, more strategies

for early disease detection are urgently needed.

1.1.3 Primary Sclerosing Cholangitis (PSC)
Primary Sclerosing Cholangitis (PSC) is a chronic and progressive biliary
disease, characterized by severe inflammation, and fibrosis, with damage to the

intrahepatic and extrahepatic bile ducts (28). PSCs progression seems to be consistent
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from bile ducts stricture, biliary cirrhosis, portal hypertension, and progression to liver
failure (29,30). 10%-20% of PSC patients will progress to cholangiocarcinoma (CCA)

and PSC patients are considered the surveillance population for CCA diagnosis (31-33).

1.1.3.1 Incidence and risk factors

The incidence rate for PSC ranges from 0 to 1.3 per 1000,000 inhabitants/year,
and most patients diagnosed with PSC are between 30 and 40 years old (31). Males
have a two-fold increase in being diagnosed with PSC compared to females (34,35).

The precise etiologies for PSC are still not well understood. However, different
studies have reported that a combination of exposure to environmental factors and
genetic predisposition is required for disease development (32,36). Siblings of patients
with PSC have a 9-39-fold increase in PSC risk, confirming genetic predispositions. In
addition, a genome-wide study reported a strong association with specific human
leukocyte antigens (HLA), where pSC is associated with HLA class 1, 2, and 3 regions)
(33). PSC can also be categorized to be a progressive form of bowel disease, as 60%-

80% of patients with PSC have inflammatory bowel disease (IBD) (33,37).

1.1.3.2 Screening and diagnosis

About 50% of PSC patients are asymptomatic and most cases are diagnosed
accidentally from other non-related exams (34,35). Symptoms can vary from right upper
abdominal pain to fatigue, jaundice, and some weight loss (38). A cholestatic pattern in
liver biochemical tests with an elevation of the serum alkaline phosphatase is commonly
seen, and elevation of other transaminases is also common in PSC patients (33).

PSC diagnosis is based on the following criteria: 1. Increase serum alkaline

phosphatase levels for more than six months. 2. Cholangiographic findings of bile duct



structures by magnetic resonance cholangiopancreatography (MRCP), and 3. Exclusion
of causes of secondary sclerosing cholangitis (33).

Overall, screening and diagnostic strategies, are limited, and the criteria
previously mentioned do not apply to all patients. Strategies that can identify PSC

patients before disease progression are urgently needed.

1.2 Primary Liver Cancers

1.2.1 Hepatocellular Carcinoma

Hepatocellular Carcinoma (HCC) is the third leading cause of cancer-related
deaths worldwide and accounts for at least 90% of liver cancer cases (39,40). HCC risk
factors can vary based on geographical locations where Hepatitis B virus (HBV) is
reported mainly in Africa and Asia while Hepatitis C virus (HCV), excessive alcohol
consumption, and metabolic diseases like diabetes and nonalcoholic fatty liver disease
(NAFLD) have a higher incidence in Western countries (41). Sex differences also account
for the incidence, etiology, and treatments of HCC. The ratio between the prevalence of
HCC in men to women is between 2:1 and 4:1, validating a male-bias mechanism in this
cancer. Due to the significant incidence and mortality in males, studies have focused to
understand the sex-shared and sex-specific dysregulation of gene expression in HCC
(42). However, similar to the case in NAFLD, older females have a higher prevalence in
HCC and are most likely overlooked by the HCC surveillance guidelines, suggesting the
need for gender-specific screening based on specific clinical factors including age and
hormonal factors (43).

Early detection and treatment strategies for HCC are urgently needed, as the 5-

year survival rate for HCC remains less than 15% and new HCC cases continue to rise
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with more than 40,000 cases reported in 2017 (40,44,45). One of the biggest limitations
to improving patient prognosis and survival is the high level of heterogeneity in HCC,
including diversity in genetic aberrations and cell morphology, all of which are known to
affect the type of treatment and treatment response (39)(44). Treatment options include
tumor resection, liver transplant, and chemotherapy, all present with specificity limitations,
limited availability, and treatment resistance (46,47). Overall, there is a crucial need for
biomarkers that can detect the early stages of the disease and therapeutic strategies that
can address HCC heterogeneity in each specific patient.
In this dissertation, HCC is studied as an end-stage disease, where the main

goal was to study the liver disease progression up to cancer instead of characterizing
the type of cancer itself. Previous work by our group has focused on molecular signature

characterization specific to HCC serum and tissue (48).

1.2.2 Cholangiocarcinoma

Cholangiocarcinoma (CCA), also known as bile duct cancer is considered a rare,
but fatal malignancy where cancer cells form in the bile ducts of the liver (23,49,50).
CCA is heterogeneous cancer that can be classified into three primary subtypes based
on the tumor origin location: 1) intrahepatic CCA (iCCA), 2) perihilar CCA (pCCA), and
3) distal CCA (dCCA); pCCA and dCCA have been considered as extrahepatic CCA
(eCCA) (23,50,51) (Figure 2). Epithelial cells lining the bile duct, cholangiocytes are
thought to be responsible for the differentiation and epithelial cell malignancy that occurs
along the biliary tree and/or within the hepatic parenchyma (this is one of the factors that

will determine the subtype classification) (28,50).
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Figure 2. Schematic of the subtypes of Cholangiocarcinoma (CCA) based on the

anatomical location of the tumor. CCA can be classified as intrahepatic or extrahepatic

(including perihilar and distal) CCA.
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1.2.2.1 Incidence and Risk Factors

CCA is the second most common type of liver cancer after HCC, about 10-15%
of all primary liver cancers are diagnosed as CCA (52-54). iCCA and pCCA combined
account for more than 90% of all CCAs worldwide (50). Incidence for CCA is specifically
high in regions like South Korea, China, and Thailand (49).

Risk factors for iCCA include cirrhosis, chronic pancreatitis, NAFLD, diabetes
and obesity, congenital hepatic fibrosis, and alcohol consumption. While risk factors for
extrahepatic CCA (pCCA and dCCA) include primary sclerosing cholangitis (PSC), liver
fluke infection (priority in South-eastern Asia), diabetes and obesity, chronic pancreatitis,
and gout. The prevalence of risk factors like alcohol consumption, and NAFLD is

increasing, consequentially increasing the incidence of CCA (23,31,38,55).

1.2.2.2 Screening and diagnosis

iCCA patients are often asymptomatic in the early stages but can develop
symptoms like abdominal pain and in some cases, jaundice as the disease progresses
to more advanced stages. While patients with extrahepatic CCA can present with some
jaundice due to the biliary obstruction that characterizes pCCA and dCCA (31,50,51).
For all CCA subtypes, Carbohydrate antigen 19-9 (CA19-9) is the serum biomarker for
screening (49). However, the specificity for this biomarker is remarkably poor, due to
being elevated in different conditions, including pancreatic diseases (28,56,57).

Conventional imaging modalities like MRI, CT, and ultrasonography are used for
CCA diagnosis. Some work best than others according to the CCA subtype but overall,
there are still many disadvantages in differentiating subtypes, and detecting tumors due
to their location within the biliary tree. Histological analysis and pathologic confirmation

of a biopsy are required to make a definitive diagnosis for all CCA subtypes (50,51).
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1.3 N-linked Glycosylation

Glycosylation is one of the most common post-translational modifications
(PTMs), where a sugar molecule is covalently attached to other macromolecules, i.e.,
proteins or lipids. Protein glycosylation occurs in over 50% of all human proteins at the
cell surface and/or secreted proteins (58-60). The attachment of a sugar residue to the
protein has key biological roles like protein folding, stability, cell-cell communication,
signaling, and immune responses (61,62). Glycan structures, unlike proteins, are not
encoded by a DNA template, instead, glycans can have an extensive array of possible
combinations, making their characterization complex (63—65). However, the field of
glycosylation has been considered a promising field of study for clinical use, specifically
N-linked glycosylation (65—67). This class of glycosylation is determined by the addition
of oligosaccharide moieties or glycans at the Asparagine (Asn) residue of the protein
and occurs at the consensus sequence Asn—X-Ser/Thr, where X is any amino acid
except proline (68). While changes in N-linked glycosylation are normal to maintain
homeostasis in the cell, alterations in the expression of specific N-glycan structure
modifications have been observed during disease, including cancer; this valuable fact
has been exploited for the use of these modifications as promising biomarkers.

The studies presented in this dissertation focus on the characterization of N-
linked glycosylation for the elucidation of specific modifications in the progression of liver

disease to end-stage liver disease.

1.3.1 Processing and maturation of N-glycans
The N-glycan synthesis starts at the cytoplasmic side of the Endoplasmic
Reticulum (ER) with a pre-formed oligosaccharide precursor of 14 sugars

Glc3Man9(GIcNAc) (69). A 5-sugar core of the 14 residues is conserved on all secretory
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and membrane proteins, including 2 N-acetyl glucosamine (GIcNAc) and 3 mannose
(Man) residues. The 14 residues pre-formed precursor is then transferred to a lipid-like
molecule called dolichol phosphate, with GIcNAc being the first residue added to the
dolichol phosphate, followed by additional sugar residues added by a set of reactions in
the ER lumen. Once all the residues of the precursor are added to the dolichol
phosphate, the oligosaccharide is flipped to the ER lumen and transferred to the Asn-X-
Thr/Ser residue of the nascent proteins synthesized by the ribosome anchored at the
cytoplasmic side of the ER. Protein-bound N-glycans are remodeled in the ER and Golgi
by reactions catalyzed by glycosidases and glycosyltransferases. Glycosidases will
hydrolyze the glycosidic bonds in the glycan structure causing the removal of sugar
moieties while glycosyltransferases will build linear or branched N-glycans by adding
specific monosaccharide moieties to the glycoprotein. Activated forms of
monosaccharides are necessary for glycan synthesis, these are transferred from
nucleotide sugars like UDP-GIcNAc, UDP- GalNAc, GDP-Man, GDP-Fuc, and CMP-Sia
to acceptors like proteins or growing glycan structures. The glucose transporter (GLUT)
family is one of the types of sugar transporters that will transport specifically activated
sugars from the cytoplasm where most monosaccharide activation occurs to the Golgi
where glycosylation maturation continues, to finally add the activated monosaccharides
to the glycan (70). Calnexin and Calreticulin at the ER will ensure that only properly
folded and assembled proteins will be transported from the ER to the Golgi to finally be
released to the cell surface or their final cellular destination (70) (Figure 3). Overall, N-
glycan synthesis is an established mechanism that remodels N-glycan structures added

to the synthesized proteins on the Asn residue.
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The final N-glycome profile on a glycoprotein is modified by glycosyltransferases,
glycosidases, and transporters responsible for the biosynthesis of N-glycan structures
which can be affected based on the physiological and biochemical changes occurring

inside the cell.
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Figure 3. Schematic of the biosynthesis of N-glycans. The N-glycan synthesis starts

at the Endoplasmic reticulum (ER) and continues into the Cis, medial, and trans-Golgi.

OST (oligosaccharyltransferase), a-Glc I-lll (a-glucosidases), ER a-Man (ER a-

mannosidase) are all enzymes that help in the modification of the N-glycan structure.

EDEMs (ER degradation-enhancing a-mannosidase I-like proteins) and OS9 (lectin) will

collaborate for mannose trimming and degradation of the misfolded glycoprotein. Sugar

donors activated form UDP-glucose, UDP-GIcNAc, and GDP-Fuc will assist with the

nucleotide transport into the ER and/or Golgi. Glycosidases and transferases: GIcNAc-

transferase |-V (GnT-I-1V), 1,4 galactosyltransferases (Gal-T), a2,3 and a2,6

sialyltransferase, and Fucosyltransferases (FUTs) will further modify the N-glycans

structure throughout the Golgi finalizing with the addition of terminal sialic acids.
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1.3.2 N-glycan structure composition

During N-glycan synthesis and processing in the Endoplasmic Reticulum (ER)
and Golgi, glycan structures are modified by the addition and removal of sugar residues.
Eukaryotic N-glycans conserve the same core sequence at the Asparagine residue:
Man3GIcNAc2, that is, 3 mannose residues attached to the core N-glycan composed of
2 GIcNAc residues attached by N-glycosidic bonds. From these core structures, N-
glycans can continue to be modified into more complex, and matured N-glycans. These
have been divided into three main categories: 1) Oligomannose (referred here as high
mannose), which is the extension of only mannose residues from the core of the N-
glycan. 2) Complex (including bi-antennary, tri-antennary, and bisecting), where the
antennae after the mannose residue are initiated by a GIcNAc residue. 3) Hybrid where
a mannose residue extends from the Man a1-6 arm of the core, and one of Man a1-3
arm. In addition to these three types of N-glycans, there are specific monosaccharides
that can decorate and further modify any of these types of N-glycans: fucose (or
fucosylation) or sialic acid (sialyation) in humans (NeuAc) or animals (NeuGc) (Figure

4).
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Figure 4. Representative N-glycan structures classes and compositions. The core

of the N-glycan structure is characterized by two GIcNAc residues attached to three Man

residues. The core structure will then be modified into a high mannose, complex or

hybrid N-glycan. Complex N-glycans can be classified based on the number of antennas

as biantennary, bisecting, tri-antennary, or tetra-antenary. Complex and hybrid N-

glycans can be further modified by the addition of fucose, galactose, or sialic acid

residues. NeuGcs sialic acids are only present in mouse-origin samples.
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1.4 Glycomics and glycomic analysis

Glycomics is a comprehensive study that defines the structure of a glycan and its
functions (71). Cell surface glycan structures can be attached to glycoproteins,
glycolipids, and glycosaminoglycans and are produced by a cell type, tissue, biofluid, or
organism (72). The glycome can be affected by numerous factors: the transcriptome,
proteome, and/or environmental factors (65). Specifically, structure alterations in N-
linked glycans (those attached to the asparagine residue of the glycoprotein) have been
widely reported in response to many diseases, including cancer. Importantly, changes to
the state of the cell during different cellular processes can be reflected in the N-glycome
profile alterations at the cell surface; the analysis of these N-glycan structures (released
from their protein carriers) alterations offers great clinical use for biomarker, diagnostic,
and treatment strategies (73,74).

Methodologies to analyze N-glycosylation will vary according to the type of N-
glycan analysis anticipated, but common techniques for the analysis of biological
samples include the use of (1) lectins, carbohydrate-binding proteins that recognize
specific residues of the N-glycan structure, these are used in immunohistochemical
(IHC) or immunofluorescent (IF) assays; (2) High-performance liquid chromatography
(HPLC), size-exclusion chromatography; and (3) Liquid chromatography-coupled
tandem mass spectrometry (LC-MS/MS) (70)(75). While each of these strategies has
been valuable for N-glycan analysis, they also have limitations in specificity and
extensive preparation protocols. In addition, the complexity and non-linearity of N-glycan
structures have added challenges when characterizing N-glycan structures and

compositions (58).
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1.5 N-glycan alterations in liver disease

To address the lack of biomarkers for liver diseases (NAFL/NASH, HCC, and CCA),
and improve the rates of early detection, the field of N-glycobiology has identified
specific gene alterations as potential biomarkers. N-glycan madifications like
fucosylation and branching have been reported as cancer-associated alterations in

different liver diseases, and some are currently used as serum biomarkers (48,76-81).

1.5.1 Fucosylation

Fucosyltransferases are a subfamily of the large family of glycosyltransferases
formed by 11 types of enzymes (FUT1-11) (82,83) (Figure 5). Each FUT transfers an L-
fucose moiety from the GDP fucose donor to the acceptor substrate (i.e., glycoproteins,
glycolipids, or proteoglycans) with different linkages (84). The glycan modifications
catalyzed by fucosyltransferases are the addition of fucose residues, which is known as
fucosylation (82). Fucose alterations have been widely linked to different liver diseases
and are recognized to be clinically relevant alterations for biomarker use in HCC (68,76).
Serum glycoproteins develop abnormal glycosylation patterns during disease and
because most of them originate from the liver, they offer the advantage to be used as
biomarkers that can improve detection strategies at early stages and thus improve
treatment options (58,85).

Proteins like fucosylated (Fc) Fc-GP73d, Fc-AFP, Fc-1gG were found to be
hyperfucosylated in samples from patients with Hepatitis B-virus induced HCC (86).
Elevated levels of the oncofetal glycoprotein, alpha-Fetoprotein (AFP) have been used
as a biomarker to monitor liver disease progression but have been demonstrated to have
low specificity (87). Instead, core fucosylated AFP-L3 was found to be specifically

expressed in the serum of HCC patients, and glycoform L3 of the AFP protein also
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demonstrated to have the highest level of core fucosylation compared to other AFP
glycoforms. AFP-L3 has been approved by the US Food and Drug Administration (FDA)
as a biomarker for the early detection of HCC (88).

Fucosylation has also been reported to be elevated in NASH patients when
compared to a cohort of NAFL patients, specifically a tri-antennary, sialylated,
fucosylated N-glycan structure on glycoprotein alpha-1-antitrypsin. The mechanism for
this alteration was due to an inflammatory response based on the positive significant
correlation of FUT6 with iL-6 expression in this cohort (89). Similarly, glycoprotein
haptoglobin was also identified to be highly fucosylated in NASH patients relative to
patients with simple steatosis. In a biomarker panel of 3 N-glycans proposed to
distinguish between conditions, 2 N-glycans were fucosylated. The correlation discussed
for this difference in fucosylation was based on a higher level of lobular inflammation and
fibrosis in the NASH cohort (90).

Studies in CCA have also elucidated fucosylation-related alterations. A cohort
that included samples from extrahepatic CCA, benign bile tract disease, and healthy
control samples revealed that out of 13 N-glycans structures altered, one specific bi-
fucosylated tri-antennary N-glycan had the best performance to distinguish extrahepatic
CCA from the other groups (91). Fucosylated glycoprotein Fetuin-A was reported to
have the ability to differentiate CCA from those with PSC and was proposed to have
value in the surveillance of those at risk of developing CCA (92).

Overall, altered fucosylation in different liver glycoproteins or fucosylated N-
glycan structures is one of the most common madifications reported in many liver

diseases. Further studies would be needed to determine the type of fucosylation, the
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type of patients this modification would be specific to, and the usefulness of this

madification in a clinical setting.

FUTs 3,4,5,6,7,9

Outer-arm
Fucosylation

| Fucosylation
Glycoprotein

Figure 5. Schematic of the respective fucosyltransferases (FUTs) that catalyze the

addition of the fucose residue, resulting in outer-arm fucosylation or core fucosylation.
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1.5.1.1 Core Fucosylation

a1,6-Fucosyltransferse 8 (FUT8) is one of the most studied FUT members and is
considered a disease-associate alteration in the liver. FUT8 is the only
fucosyltransferase capable of adding a fucose product from GDP-fucose to the
innermost GIcNAC residue at the 1,6 linkage of the glycoprotein, forming a core
fucosylated glycan (70,93). (figure).

FUT8 upregulation has been reported in HCC tumor tissue, metastatic cell lines,
and cells with proliferative, migratory, and invasive characteristics (82)(94). Fut8 whole-
body deletion in a mouse model treated with liver-specific carcinogen diethylnitrosamine
(DEN) demonstrated more than 50% reduction of liver tumor incidence and significantly
reduced tumor growth in xenografts compared to controls, suggesting that Fut8 has an
oncogenic role in liver disease progression (94). However, Fut8 was demonstrated to be
required to maintain liver regeneration abilities and hepatocyte proliferation after 70%
partial hepatectomy (PH) (93). Similarly, in vitro studies using shRNA against Fut8
reported a decrease in cells with migratory and proliferative capabilities (82). One of the
mechanisms of how Fut8 can affect cells functions including EMT genes is based on the
ligand-receptor binding affinity between Epithelial Growth Factor (EGF) and its receptor
Epithelial Growth Factor Receptor (EGFR) consequentially affecting the phosphorylation
of downstream signaling cascades including C-met, ERK, and AKT levels (94,95).

Core fucosylation alterations have also been elucidated in CCA serum. A study
analyzed the N-glycan structural changes of CCA serum when compared to healthy
controls, a core fucosylated tri-antennary glycan was significantly altered, while high

mannose N-glycans were downregulated in the CCA cohort (80).
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Human livers diagnosed with NASH were reported to have elevated FUT8 gene
expression while genes with roles in N-glycan quality control and precursor synthesis
were downregulated in NASH livers compared to healthy or fatty livers (96). This study
concluded that NASH could obstruct N-glycosylation processing resulting in increased
FUT8 expression. Similarly, in a serum-based study looking at NASH, NAFL, and
healthy controls it was found that the N-glycan structure that could differentiate NASH
from the groups was a core fucosylated bi-antennary N-glycan (97). These studies

highlight the association between core fucosylation and early liver damage.

1.5.2 Branching

N-acetylglucosaminyltransferases (MGATs) are a family of five specific
glycosyltransferase glycoproteins (MGAT 1-5) (70) (Figure 6). Members of this family
catalyze the branching of structures seen in all types of N-glycans (70). Each adds GIcNAc
monosaccharides at different linkages during the initial steps of N-glycan processing to
the final branching on the mature glycoprotein. MGAT1 and MGAT?2 add the first GIcNAc
moieties in the Golgi apparatus in the initial steps of N-glycan processing and can be
further elongated by the addition of other moieties. However, MGAT3 adds a bisecting
GIcNAc that cannot be elongated. Finally, the third and fourth branches are synthesized
by MGAT4 and MGATS5 (68,70). Further elongation from GIcNAc branching by the addition
of their sugar moieties results in hybrid N-glycans. However, branching varies depending
on glycosyltransferase expression, localization of branching enzymes, the level of donor
substrates, and tissue-specific roles of glycosyltransferases (88). Dysregulation of the
branched N-glycan processing, MGATSs, and glycan structure upregulations has been

linked to a variety of cancers (98).
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that catalyze the addition of GIcNAc residues at different linkages of the N-glycan,

resulting in a bisecting N-glycan (left) or a tri- or tetraantenary N-glycan (right).
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1.5.2.1 Bisecting

N-acetylglucosaminyltransferase Ill (MGAT3) catalyzes the addition of a GICNAc
residue in B 1-4 linkage to the B- linked mannose already attached to the core of the N-
glycan (70). The addition of this GIcNAc residue on complex and hybrid N-glycans is
labeled as a bisecting N-glycan (70). The presence of MGAT3 inhibits the addition of
more GIcNAc residues by other glycosyltransferases that are responsible for extensive
branching such as MGATS, it is hypothesized that MGAT3 competes with other enzymes
to achieve this linkage (99,100).

Normal liver and hepatocytes express minimal MAGT3. However, MGAT3
expression in cancer varies and its role in cancer has been classified to be dependent
on the tissue context. In the liver, inhibition of MGAT3 in a tumor-induced mouse model
reduces liver tumors and progression (101,102). These results were explored further and
the mechanism for liver tumor reduction accounted for a reduction in cell proliferation
instead of cell apoptosis (103). A different study analyzed the effects of MGAT3 deletion
in a DEN-treated mouse model and in addition to tumor suppression as previously
reported, it was also found that haptoglobin was heavily glycosylated in the liver tumors
of experimental mice (104).

However, inhibition of MGAT3 in a polyoma middle T (PyMT)-induced breast
cancer model increased tumor growth and metastasis (105). Similarly, overexpressing
MGAT3 demonstrated suppression in lung cancer metastasis (106). In a cell-based
study, MGAT3 expression on EGFR was determined to inhibit EGFR/ERK signaling and
consequentially inhibit malignant phenotypes of breast cancer (100). Some of these
functions can be explained by the mechanism between MGAT3 and E-cadherin or other

cell adhesion molecules. E-cadherin can upregulate MGAT3 levels and the
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overexpression of MGAT3 retains E-cadherin at the cell surface, both mechanisms
which can promote cell adhesion (107,108).
Overall, the role of MGAT3 HCC models, further studies are needed to establish

the role of MGATS3, specifically in early and end-stage liver diseases.

1.5.2.2 Extensive branching

N-Acetylglucosaminyltransferase V (Mgat5 or GnT-V) catalyzes the final branching
step on the glycoprotein by the addition of a GIcNAc residue at the B-1-6-linked branch
from the a-1-3-linked mannose (70). Many studies have linked upregulated Mgat5 gene
expression and its glycan products $1-6 branching expression with metastasis, tumor
invasion, and tumor growth in different HCC experimental models, and is considered as a
disease signature for HCC (88,109-111). Studies in vitro further explored the association
between Mgat5 expression and activation of signaling pathways commonly involved in
cancer. PI3K/AKT signaling pathway was reported to be activated in HCC cell lines that
had a high expression of CD147/basigin and GnT-V (112). CD147/basigin is a tumor-
associated glycoprotein, heavily glycosylated with 1,6 GIcNAc branching modifications,
in this study, pathway activation was linked to growth factor TGF-B (112). Other in vivo
and in vitro studies have also linked Mgat5 upregulation with aberrant branching on EGFR
and activation of EMT-related genes (113,114). Mgat5 analysis in tissue has also revealed
similar findings; a study conducted in China with a cohort of 300 surgical specimens of
patients undergoing hepatectomy revealed higher mgat5 expression in tumor tissue
relative to non-tumor tissues and was associated with higher tumor classification, vascular
invasion, and poor survival (111). This study classified Magt5 as an independent
prognostic factor for survival and recurrence in HCC patients. Matrix-Assisted Laser

Desorption lonization (MALDI) N-glycan imaging mass spectrometry elucidated in situ
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elevated expression of complex branching specific to HCC tissue compared to normal or
cirrhotic tissue (76). This technology showed a direct association of branched glycans with
tumor phenotypes at a late stage of the disease.

The role of Mgat5 has been studied more extensively in chronic liver injury, but there
is some evidence of the disease mechanism in metabolic diseases like NAFL/NASH.
NASH inhibits N-linked glycosylation processing and results in altered Mgat5 gene
expression in human livers diagnosed with NASH compared to fatty or normal livers (96).
However, Mgat5 overexpression in a mouse model fed a diet high in fat and cholesterol
(HFHC) to induce NASH revealed a different response. Experimental mice developed less
serious hepatic damage compared to control mice fed the HFHC. Specifically, a significant
reduction in liver fibrosis was observed in experimental mice compared to control, this
defense mechanism to inhibit NASH was explained by dysfunction in Hepatic Stellate
Cells (HSCs) to express collagen when inducing steatohepatitis (115). The defense
mechanism can be associated with Mgat5's roles in metabolism and its ability to effectively

use and metabolize the excess of nutrients during high-caloric diets (116).

1.6 MALDI-IMS overview

Matrix-Assisted Laser Desorption lonization (MALDI) is a soft ionization
technique developed in the 1980s and is based on the conversion of analytes into ions
by the addition or loss of protons (117). This is dependent on the use of a matrix, an
energy-absorbent, organic compound that is mixed, spotted, or sprayed with the sample
of choice. Upon laser irradiation, the matrix absorbs energy and transfers a portion to the
analyte resulting in ionization. The sample now embedded in the matrix can be ionized
with a laser beam, where the matrix will absorb most of the energy and be released from

the surface (117,118). The matrix will transfer some of this energy to biomolecules in the
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sample resulting in their ionization and desorption and creating singly protonated ions
with minimal disruption to the sample of interest. These protonated ions are then
separated based on their mass-to-charge (m/z) ratio. The correct selection of MALDI
matrices is the critical factor to obtain better sensitivity, resolution, moderate matrix
background, and signal-to-noise (S/N) ratio (119,120). Some of the matrices commonly
used according to the biomolecule (proteins, oligosaccharides, lipids, or peptides) of
interest include a-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxy benzoic acid
(DHB), and 1,5-diaminonaphthalene (DAN).

lonized ions are then detected and measured by a mass analyzer, where ions
will be applied kinetic energy by the electrical field and ions will travel through a drift tube
and get separated by their different m/z values, heavier molecules will have a higher
travel time relative to smaller molecules. Different types of mass analyzers include Time
Of Flight (TOF) mass analyzers, Quadrupole (QTOF) mass analyzers, and ion trap mass
analyzers. The ideal mass analyzer is selected according to the mass range, cost,
speed, resolution, and sensitivity needed for the study. TOF mass analyzers are the
most common type for biological applications including N-glycan analysis (117).

Finally, a detector at the end of the drift tube will measure each ion’s flight time,
and this information is transferred to a software package for analysis. The information
generated from MALDI-MS is displayed in a vertical graph where m/z ratios are on the x-
axis and the relative intensity is presented on the y-axis of the graph. Each bar in the
graph will represent the m/z ratio that was elucidated based on their travel time and the
length of the bar will represent the relative intensity of the ion. m/z ratio values can then

be identified based on libraries generated from previous identifications (75,117,118,121).
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While coupling MALDI-TOF and MS has provided an ample amount of
information specified in its ability to analyze complex mixtures and generate
understandable spectra, this still requires lengthy sample purifications and derivatization
protocols (122). Instead, MALDI-TOF MS was coupled with imaging mass spectrometry
(IMS) in 1997, and provided spatial information on the ions of interest within a biological
tissue sample (118,123). One of the most valuable advantages of MALDI-IMS is that it
can provide in-situ distribution of molecular information of the analyte of interest on the
surface of the tissue section, this is of great value for clinical translational studies, where
any disease human samples can be analyzed for the identification of biomarkers,
diagnostic, and treatment strategies. MALDI-IMS works independently of antibodies or
other labeling techniques and provides hundreds of analytes that can be identified from
molecular imaging of post-translational modifications, lipids, and/or metabolites, all at a
high resolution from a single tissue section and experiment (75).

Overall, the principle of MALDI-IMS is based on the coupling of three main
techniques, (1) MALDI, (2) MS, and (3) IMS, where their combination provides a wide
variety of advantages with clinical value, sample preparation, identification of analyte,
specificity, and spatial analysis/identification of different biomolecules while also

circumventing the disadvantages of their individual use.

1.6.1 MALDI-IMS for N-glycan analysis

MALDI-IMS has been incorporated for the quantitative and qualitative analysis of
in situ of N-linked glycosylation of human and mouse model tissues and biofluids
(77,124-126). MALDI-IMS N-glycan analysis works based on the same principle as
previously mentioned, with the incorporation of exoglycosidase enzymes during sample

preparation for the release of N-glycans from glycoproteins allowing their instrument
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detection (127). One of the most common exoglycosidases used for N-glycan release is
the bacterial enzyme peptide-N-glycosidase F (PNGase F), this enzyme will remove
oligomannose, hybrid, and complex N-glycans attached to the Asparagine (Asn) residue.
Since this enzyme functions as an amidase, where releasing the N-glycan attached to
the nitrogen of Asn and converting Asn to aspartic acid (Asp) will provide the opportunity
to elucidate sites of glycosylation based on the amino acid sequence before and after
the treatment with the enzyme (70). A second commonly used enzyme is
Endoglycosidase F3 (Endo F3), characterized by specificity in releasing bi and tri-
antennary core fucosylated N-glycans between the two GIcNAc residues within the core
of the N-glycans (128). The use of Endo F3 allows for the identification of only core
fucosylated N-glycans, catalyzed by the enzyme previously mentioned, FUT8. Mass
spectrums generated from MALDI-IMS will consist of m/z ratio values that are
representative of specific N-glycan structures with their respective relative abundance.
Proposed N-glycan structures are identified based on the mass of monosaccharide
residues of the N-glycan structure and according to the possible combinations according
to the N-glycan biosynthetic pathway. Generated data can be analyzed using a software
package where mass spectra and corresponding 2D heatmap images are included for
simultaneous analysis. m/z values that correspond to specific N-glycan structures can be
selected for further analysis and their relative intensity can be visualized using a color
gradient scale in the corresponding 2D heatmap images. In addition, MALDI-IMS
provides valuable clinical translational information, where 2D heatmap images that
correlate to specific N-linked glycoforms can be overlayed with different
immunohistochemical stains to elucidate the N-glycan alterations with histopathological

alterations in the tissue (Figure 7). Spatialomics N-glycan characterization tissue
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imaging overlayed with histological disease-related characteristics can provide
information on possible targets for disease biomarkers and treatment (124)(129).

The use of MALDI-IMS for the study and characterization of N-linked
glycosylations provides information about the localization, distribution, structure, and
relative abundance of hundreds of N-glycoforms within the preparation of a single tissue

section.
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Figure 7. MALDI-IMS sample preparation workflow for paraffin-embedded tissue
samples using exoglycosidases PNGaseF and/or EndoF3, followed by matrix application
and finally imaging samples. Tissue sections can be stained for histopathological
analysis after the MALDI-IMS protocol.

33



1.6.2 Mouse to human N-glycan studies relevance

Mouse models for biomedical research, specifically for liver-related studies, are
the preferred species due to their anatomical, physiological, and genetic similarities to
humans (130,131). The use of animal models has allowed researchers to induce a wide
variety of human diseases that can mimic many of the characteristics observed in
humans. Other advantages of using animal models include access to an unlimited
number of samples, control of experimental conditions, fast breeding, and small size
(130). Mouse and human livers have very similar functions like nutrient processing,
protein production, and detoxification, but there are some specific differences like
location, number of lobes, and generation of fibrous connective tissue, and while these
differences are taken into consideration in experiment planning and data analysis, these
are considered small differences in quantitative research relative to the many other
similarities between species (132,133).

The applicability of N-linked glycosylation studies in mice to processes observed
in humans has been reported in different cell types and tissues, confirming the relevance
of using animal models to elucidate N-glycan-related modifications in humans (134—
136). Similarly, other studies in different transgenic mouse models have reported
important findings in the function of individual N-glycans, classes of N-glycans, and N-
glycan-related genes in different cells, tissue, and organ functions
(101,105,113,115,137-141). N-glycan structures, N-glycome alterations, and N-glycan-
related mechanisms are known to be conserved from mouse to human (64,142).
However, there is an important exception in the type of sialic acids that are expressed in
mice and humans. Humans have a unique inability to form NeuGc sialic acid, due to a

germline inactivating mutation in the enzyme that converts NeuAc to NeuGc (CMP-
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NeuAc hydrolase), this results in a difference in the type of sialic acid in mouse (NeuGc)
and humans (NeuAc) (134,143).

Overall, the use of mouse models for N-glycan-related studies can be considered
ideal models to provide great advancements in comparative research by elucidating
mechanisms, target genes, and other modifications that could be of interest to human

disease clinical strategies.

1.7 Broad Overview

In conclusion, CLDs can include a wide variety of diseases that are also
considered risk factors for the progression of primary liver cancers. Many patients with
CLDs do not present any symptoms and are diagnosed at the late stages of the disease.
In addition, to the silent progression of early liver diseases, current screening strategies
to identify early diseases are also lacking. These limitations result in the diagnosis of
liver disease at very later stages like cirrhosis and cancer. The ideal solution would be to
identify biomarkers with high sensitivity and specificity to be used to screen a population
of patients with risk factors for the respective CLD.

N-liked glycosylation is a common post-translational modification that can get
altered by different internal and external factors, these alterations at the cell surface are
also known to expose the status of the cell based on any molecular changes. The idea
that N-glycan structure alterations are occurring at the cell surface involves a wide
variety of N-glycan-related enzymes like glycosidases, glycosyltransferases, nucleotide
donors, and transporters. Many of these enzymes have proved to be needed for
development, cell homeostasis, proliferation, tissue regeneration, etc. While the role of
some of these genes has also been studied in a liver context, the impact of many of

these N-glycan modifications is still not understood in liver disease and much less in the
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progression from CLDs to primary liver cancers. This research gap is in part due to (1)
limitations in experimental models, current models are not able to mimic specific stages
of liver disease and reliable transgenic models for gene-targeted investigations are
limited. (2) identification of the best N-glycan gene to target and study, N-glycan studies
have reported alterations in different N-glycan genes, and many have been labeled as
disease-related modifications, but from this many modifications is challenging to identify
a single modification that could be inducing the disease. (3) common N-glycan
techniques, require extensive sample preparation, and while many of these techniques
have provided important information for the field, there is now a need to expand this
analysis and identify a more complete N-glycan profile that can also be relevant for
clinical use.

MALDI-IMS for N-glycan analysis offers a valuable advantage not only in the
identification of a complete N-glycan structures profile but also in the ability to determine
the origin of these modifications within the tissue. MALDI-IMS requires minimal sample
preparation that does not require homogenization of the sample allowing for the
maintenance of morphological information. Representative images of each N-glycan
structure modification can be overlayed to histological information (i.e, fibrotic,
inflammation, tumor areas) and elucidate the spatial localization of modifications in
tissue.

The ideal solution for the lack of biomarkers for progressive liver diseases and to
address the high rates of end-stage liver disease is the elucidation of biomarkers that
can identify early liver diseases. Currently, N-linked glycosylation modifications are used

in the clinic for liver cancers and have been demonstrated to be a promising field for
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biomarker discovery. However, further research is needed to identify N-glycan genes of
interest that could be having a role in the different stages of liver disease progression.

To address, the research gaps previously mentioned, we hypothesized that by
leveraging MALDI-IMS N-glycan analysis in a controlled experimental mouse model for
the different liver stages, we could identify specific N-glycan modifications according to
the liver disease to be targeted for further elucidation of their liver-specific roles. The use
of MALDI-IMS would allow for the in-situ analysis, which is important due to the many
cellular processes taking place during liver disease progression, the identification of the
specificity of an N-glycan to a cellular process and/or cell type would provide vital
information for deciding the best modification to target.

Diet and carcinogen-inducible mouse models were chosen with specific time
points that would recapitulate different stages of liver disease progression. N-glycan
analysis by MALDI-IMS coupled with histological information by immunohistochemistry
and/or pathological annotations would provide specific modifications that could be
involved in the progression of the liver disease, Finally, the N-glycan-related gene
responsible for this modification would be targeted in an in vivo model for further
elucidation of their liver-specific role. In general, the characterization of N-glycan
modifications in liver disease progression, from CLD to liver cancer, and the generation

of an in vivo model for mechanistic investigation are described in this dissertation.
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Chapter 2: Hypothesis
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2.1 Introduction

The current prevalence of chronic liver disease (CLD), including all etiologies and
all disease stages, is estimated to be 1.5 billion worldwide, with non-alcoholic fatty liver
disease (NAFLD) accounting for 59% of these cases, driven by high obesity rates (2).
NAFLD includes a spectrum of different liver complications, such as steatosis,
inflammation, and fibrosis; all of which are known to be risk factors for the progression to
end-stage-liver diseases often in the form of Hepatocellular Carcinoma (HCC) and
Cholangiocarcinoma (CCA).

N-linked glycosylation is one of the most common post-translational modifications
(PTM) where N-glycan structures are added to the cell surface or secreted proteins at
the Asparagine (Asn) residue. N-liked glycan modifications, specifically core
fucosylation, have provided great value for the elucidation of specific alterations that
occur in cancer. In addition alterations in glycosylation have played roles as biomarkers
for liver cancers, AFP-L3 for HCC, and CA19-9 for CCA.

Fucosyltransferase 8 (FUT8), which catalyzes core fucosylation, has been linked
to increased fibrosis and has been classified as an HCC N-glycan signature
(58,76,87,144). However, few studies address the role these N-glycan modifications play
during disease progression to liver cancer, especially during NAFLD up to liver cancer
formation. A major reason for this is the lack of controlled models where we can track
and recapitulate different stages of liver disease while also identifying spatially, the origin
of the N-glycan modifications through the progression of the disease.

To address current limitations, we propose to study all stages of liver disease
progression (steatosis, inflammation, fibrosis, end-stage disease, and liver cancer) and

identify N-glycosylation signatures and their origin. We will use human samples and
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established diet and carcinogen-induced mouse model systems coupled with in situ N-
glycan imaging methods to characterize N-glycan alterations at each stage of the
disease. N-linked glycosylation is known to be a dynamic process and is modified in
response to the state of the cell affected by environmental insults (i.e., diet, metabolic
syndromes), similarly, these same insults are risk factors for NAFLD. Thus, we
hypothesized that N-linked glycosylation is altered during early liver damage and
throughout the progressive disease. The proposed research will (1) identify specific N-
glycan modifications that could be useful for biomarkers strategies, (2) precisely define
localized spatiotemporal N-glycosylation alterations, with a focus on core fucosylation,
as correlated to pathologically defined regions, and (3) elucidate N-glycan modifications
that should be targeted in vivo for mechanistic studies. Overall, the proposed study will
provide fundamental information on liver disease progression in the context of N-linked

glycosylation for biomarkers and therapeutic strategies.

2.2 Specific Aims

Specific aim 1 will characterize the N-glycan profile in Nonalcoholic Steatohepatitis
(NASH) and determine the relevance between N-glycan changes in mouse models and
human disease. Diet-induced mouse models and human NASH liver biopsies will be
analyzed for N-glycosylation alterations. Similarly, the N-glycan origin within the tissue
will be correlated to histopathological changes. The completion of this aim will result in a
full N-glycan characterization of NASH taking into consideration the histological changes

in mice and humans. This will represent the first such study of this kind.

Specific aim 2 will characterize the temporal changes in N-glycosylation from early liver

disease to liver cancer. Established NASH and HCC-induced mouse models will be used
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to induce different stages of liver disease by selecting specific time points, which will
allow for the examination of liver disease progression. CCA will also be addressed in this
aim by the use of human tissue and serum since the induction of CCA in a mouse model
has been challenging. Another important goal of this aim is to correlate the
histopathological changes to N-glycosylation alterations in each stage of disease,
including fibrosis, inflammation, and tumor development. Our proposal will be able to
correlate previously established N-glycan modifications to temporal liver disease
changes from a normal liver up to liver fibrosis and/or HCC/CCA. Completion of this aim
will provide a complete characterization of all stages of liver disease for the discovery of

N-glycan signatures as biomarkers.

Specific aim 3 will develop a liver-specific in vivo approach to study N-linked core
fucosylation. Fut8 will be targeted for conditional deletion in the liver, using a Cre/Lox
system under the Albumin promoter. This aim focuses on the generation of the first and
only hepatocyte-specific deleted Fut8 mouse model to elucidate the role of Fut8 in liver
diseases. Completion of this aim will be a critical advancement in the fields of molecular
biology, glycobiology, and pharmacology to provide important knowledge on the value of

FUT8 to be used as a biomarker or target in different types of cancers.

2.3 Goals and impact

The overall goal of this study is to identify and elucidate the role of N-glycan
signatures, specifically core fucosylation during different stages of NAFL/NASH and HCC
progression. Current models to study N-glycosylation changes in the liver rely mostly on
human serum and HCC tissue samples which are often limited and do not allow to answer

specific questions. The proposed study uses an in vivo approach to address unanswered
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biological questions and generates an in vivo model to study the importance of core
fucosylation/FUT8 in the liver. It is noted that the floxed FUT8 mouse could also be used
to generate cell-specific deletions that may be of great value in other cancers, outside of
the liver (145-147). That is because alterations in core fucosylation have been observed
in many other cancers but have not been examined using a murine knock-out model. A
long-term goal is to solve the lack of early diagnostic and treatment strategies for HCC by

exploring FUT8 as a clinically relevant strategy.

2.4 Research Strategy

2.4.1 Significance

Chronic Liver Diseases (CLD) accounted for 1.32 million deaths in 2017, affecting
440,000 females and 883,000 males worldwide (3). Non-alcoholic Steatohepatitis (NASH)
is the most common etiology for CLD, followed by hepatitis B and C virus (HBV and HCV),
and chronic alcohol consumption. Very common pre-existing conditions like obesity or
Type |l diabetes are major risk factors for NASH. Non-Alcoholic Fatty Liver (NAFL) is the
first stage of the disease characterized by hepatic steatosis followed by the progressive
form, NASH characterized by hepatic inflammation, and fibrosis (148,149). Without
intervention, in some patients, NASH can progress to cirrhosis and potentially
Hepatocellularlar Carcinoma (HCC) or Cholangiocarcinoma (CCA) (49,148,150). Indeed,
the high rate of NASH patients is increasing the incidence rate for primary liver cancer,
consequently increasing liver transplant cases and liver disease-related deaths (33,149).
To improve current treatment and diagnostic strategies, a greater molecular
understanding is needed in the formation and progression of progressive liver diseases.
Due to the limitations in the treatment strategies for advanced-liver diseases, the best

approach for improving outcomes in those with liver disease is early disease detection.
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However, currently, there are no direct noninvasive markers for NASH at any of the stages
of the disease.

The field of N-linked glycosylation has offered to be a promising strategy since
immune responses, cell proliferation, and cell signaling activation are related to N-glycan
alterations (70,72,74,98). N-linked glycosylation has been demonstrated to be helpful in
blood-based biomarkers for HCC and CCA (79,91,151-153) and we have previously
shown that alteration in N-linked glycosylation can be observed in patients with NASH.
However, most NASH N-glycan-related studies, including our own (77,89,97) do not take
into consideration the different disease characteristics and instead address NASH as a
complete disease. Additionally, the progression from NASH to primary liver cancer is not
addressed. Therefore, this proposal is significant in that it will be the first study to couple
N-glycan in situ imaging with the induction of all stages of liver disease in a controlled
manner to characterize N-glycan alterations at each stage and correlate this to the
disease-related characteristics within the tissue. This characterization will identify N-
glycan signatures that could be used as biomarkers for the detection of a specific stage of

liver disease and address the lack of strategies for early detection.

2.4.2 Approach
Specific aim 1: Characterize the N-glycan profile in human and mouse
Nonalcoholic Steatohepatitis (NASH)

We and others have established that during liver diseases like fibrosis, CCA, and
HCC, N-glycan structures are significantly altered (48,76,80,91,154). In addition, we
have demonstrated that these N-glycan modifications are specific to histopathological
areas of tissue, such as fucosylation and extensive branching in tumor vs nontumor

areas in HCC (48,76). Here, we aim to address the research gap in the knowledge of N-
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glycan alterations in early liver diseases, like NASH. As mentioned before, NAFLD
includes liver events like steatosis, inflammation, and fibrosis, we propose the use of a
NAFL/NASH diet-induced mouse model with human NASH samples to identify N-glycan
modifications at each of these events by a novel mass spectrometry technique, matrix-
assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI). The use
of MALDI-MSI will allow studying in-situ N-glycan modifications in liver tissues, this is
accomplished by the use of enzymes to release N-glycans followed by matrix application
allowing the N-glycans to maintain their localization to then be ionized and measured by
mass spectrometry. Once imaging is complete, the same tissue slide will be processed
for Hematoxylin & Eosin (H&E) staining to overlay the 2D heatmap images produced by
the analysis and correlate glycan changes to histopathological changes. The completion
of this aim will 1. Elucidate N-glycan alterations in NASH before there is evidence of
cancer. 2. Addresses the clinical relevance of using NAFLD mouse models by using the

use of mouse and human tissues.

Specific aim 2: Characterize N-glycosylation changes in liver disease progression:
from early liver disease to primary liver cancers.

Specific aim 2.1: Characterize the temporal changes in N-glycosylation in NASH
and HCC-induced mouse models.

N-glycosylation modifications like fucosylation, sialylation, and branching have
been characterized in different types of liver diseases (79,90,97,153,155). The
correlation of these modifications with different characteristics of the disease has
provided insight into biomarker discovery. However, the specific timing of when these

modifications occur during liver disease progression is still unknown. In general, current
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reports lack information on the N-glycan modifications in the progression from a healthy
liver to CLD to end-stage liver diseases. Due to these limitations, we propose the use of
NASH and/or HCC mouse models, where stages of liver damage are possible by the
collection of samples at different time points (from normal liver to severe liver
damage/HCC). We propose to use paraffin-embedded liver tissues to do a full N-glycan
analysis profile throughout the tissue and specific to in situ pathological changes by
MALDI-MSI. For this aim, we propose to use wild-type male C57BL/6J mice fed a
Western Diet (WD, 40kcal% fat and 20kcal% fructose) to induce NASH and
Diethylnitrosamine (DEN) hepatocarcinogen treatment 50mg/kg to induce HCC. Two
different models will be induced 1. NAFL/NASH model (Timepoints: day 0, month 2,
month 4, month 6, and month 9) 2. NASH-induced HCC model (Timepoints: day O,
month 4, and month 11.5). Timepoints are hypothesized to represent a healthy liver, the
beginning of liver damage, moderate liver damage, and severe liver damage. The
completion of this sub-aim will 1. Elucidate N-glycan signatures with each stage of liver
damage: steatosis, inflammation, fibrosis, and tumor formation within the same study, 2.
Identify the first N-glycan alterations responsive to early liver damage, and 3. Determine
if the modifications observed in cancer can be detected before cancer develops.
Specific aim 2.2: Identify promising biomarker strategies based on N-
glycosylation changes in Cholangiocarcinoma tissue and serum.

NASH has been identified as a risk factor for the development of
cholangiocarcinoma (CCA), specifically intrahepatic cholangiocarcinoma (iCCA)
(23,156,157). Since NASH is on the rise, most likely leading to an increase in CCA
cases, biomarker strategies for CCA are urgently needed. Cancer-associated

glycoprotein CA19-9 is the established serum-based biomarker for CCA, but lacks
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specificity and is altered in other types of cancers and bile duct diseases. Here, we
propose the use of N-glycan structures on these glycoproteins, instead of the use of the
glycoproteins themselves for biomarker discovery. Due to the limitations of inducing
iCCA in a mouse model, we will use human CCA tissue and serum for N-glycan analysis
and biomarker identification. Tissue samples from patients with iCCA, HCC, other liver
conditions, and healthy will be analyzed for N-glycan imaging by MALDI-IMS.
Simultaneously, a serum sample set including the same groups will be analyzed for the
N-glycan modifications identified in the serum using a serum-based N-glycan imaging
method. N-glycan information identified in tissue and serum will be analyzed in
combination with clinical information to obtain the best biomarker strategy that can
distinguish patients with CCA from patients with other types of liver diseases. The
completion of this sub-aim will (1) elucidate the biomarker clinical value of N-glycan
alterations identified in tissue and their correlation to what is observed in serum, (2)
identify specific N-glycan modifications to be used as promising biomarker strategies for
the detection of iCCA.

Overall, based on the identification of specific N-glycan structures, aim 2 will
provide information on glycosyltransferases responsive to the first liver insults and
identify potential targets for further investigations on their role in the initiation and

progression of liver disease.

Specific aim 3: Generation of an in vivo approach specific to the liver to study N-
linked core fucosylation.
As previously mentioned, fucosylation, specifically core fucosylation, catalyzed

by the enzyme Fut8 is one of the most common N-glycan alterations observed in liver
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diseases (82,153,158,159). Previous work demonstrated a reduction in liver tumor
incidence, formation, and decreased cell proliferation in a Diethylnitrosamine (DEN)
treated whole body Fut8 knockout mice (94). Based on these results, Fut8 was proposed
as a prognostic marker and therapeutic target for HCC. This study initially established
the involvement of FUT8 in HCC (94). However, mice with Fut8 deletions suffered
significant phenotypic alterations including embryonic lethality, limiting the identification
of FUTS8 liver-specific functions (160). This model has also never been made available to
the wider scientific community and has remained in the country in which it originated,
Japan. We propose the generation of a hepatocyte-specific Fut8 knockout mouse model
by the LoxP/Cre strategy. To generate a conditional Fut8 knockout, exon 9 will be
flanked by two LoxP sites, and an Albumin Cre-mediated excision will result in a
hepatocyte Fut8 deletion. Mice will be genotyped by PCR using established primers to
confirm a hepatocyte-specific deletion after Albumin-Cre breeding (FUT8"). Following
the completion of aim 1, we expect to have obtained a liver-specific conditional deleted
Fut8 model. Since Fut8 expression is low under normal conditions in the liver, we expect
no breeding issues or lethal phenotypes in the Fut8”-model. Future studies using this
model would be used to determine if alterations in FUT8 and core fucosylation
previously reported are a byproduct or driver of liver damage when used in a liver

disease-related model.

2.4.3 Conclusions

We believe that the successful completion of these three aims will allow us to
have a deeper understanding of the N-linked glycosylation changes that occur in the
progression of liver disease. Including a correlation of these alterations to

histopathological changes in liver tissues will provide greater insight into the role they
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play in the pathology. Based on the proposed aims, we aim to address a lack of
information in areas that are vital to help the field advance in terms of biomarker
identification for early and advanced liver disease and also the role these glycans play in
disease progression. The completion of this proposal will open opportunities for the field
to study N-glycosylation and cancer taking a mechanistic approach and advancing
toward clinically relevant strategies. A very important advantage of the generation of a
Fut8” mouse model in Aim 3, is that this mouse model could be used for any desired
tissue deletion with the use of the Cre-excision model to study different types of cancers

in which Fut8 has been associated, including pancreas, breast, and colon.
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Chapter 3: Experimental mouse models to investigate liver diseases
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3.1 Liver disease induction

Due to the overwhelming high rates of chronic liver disease diagnoses worldwide
and the lack of predictive and diagnostic tools for early detection of liver disease, the use
of animal models has become a crucial tool to gain more insight into the mechanisms of
disease, elucidate possible therapeutic targets and/or to test novel drugs. The wide
variety of options to induce liver injury provides the ability to investigate the
pathophysiology of a specific type of liver damage based on the goal of the study.
Current experimental animal models are capable of imitating diseases like alcoholic and
non-alcoholic steatohepatitis, advanced chronic liver disease, hepatocellular carcinoma
(HCC), and cholangiocarcinoma (CCA) (161-172). This chapter will focus on the
different types of mouse models available based on liver disease, focusing on the liver

diseases mentioned throughout this dissertation.

3.1.1 Mouse models for Non-alcoholic Fatty Liver Disease (NAFLD)

The experimental model selected to study NAFLD will depend on the stage of the
disease of interest: that is early stages like fatty liver disease (NAFL), the progressive
form of the disease nonalcoholic steatohepatitis (NASH), or a full spectrum of the
disease (NAFLD). It is important that the chosen method can induce similar risk factors
to what is observed in humans (i.e., obesity, type 2 diabetes, metabolic disorders) and a
similar histological profile according to the type of liver injury including steatosis,

inflammation, and fibrosis.

3.1.1.1 Diet inducible models
One of the most common methods to induce any of the stages of disease
mentioned above is overnutrition. Different combinations of oral administration of diets

with high caloric contents have proven to induce most of the stages of the disease.
50



Dietary models focus on Ad libitum feeding of a high-fat diet (HFD), choline or
methionine-deficient diet (CDD or MDD), fructose, and/or a combination of diets. Table 1
provides an overview of NAFLD-diet-induced models commonly used and the level of
the disease each can induce.

Normal diets available at mouse facilities for colony maintenance have a calorie
content of 10kcal% of fat. To induce very early stages of fatty liver disease, an HFD is
used, characterized by more than 60 kcal% of fat contents. Feeding this diet for at least
20 weeks has been demonstrated to induce mild steatosis with minimal inflammation
and fibrosis. Similarly, a diet high in fructose might induce some hepatocyte ballooning
and mild fibrosis but no steatohepatitis. HFD and high fructose diets by themselves are
considered to not be appropriate models of NASH(162).

To induce a more advanced stage of NAFLD and most likely achieve a full
spectrum of the disease, diet combinations have been demonstrated to be the best
models. A western diet (WD) or a “fast-food diet” characterized by 40% energy fat, 12%
saturated fat, and 2% cholesterol in addition to fructose is a successful dietary model for
NAFLD(168,173-178). In humans, a western diet tries to recapitulate highly processed
diets, fast foods, sugar-sweetened beverages, and a lack of fruit and vegetables. Similar
to the effects observed in humans, a WD is known to induce obesity, insulin resistance,
high levels of steatosis, inflammation, and fibrosis by 25 weeks of feeding. One limitation
of this diet is that it does not completely recapitulate the diverse fat sources and
micronutrients that are normally included in a human WD diet. However, a WD is a well-
established method capable of inducing NAFLD clinically and histologically.

A second diet combination accepted to induce NAFLD is choline and methionine-

deficient diets (CDD or MDD). Since choline is required for the export of triglycerides via
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very low-density lipoprotein (VLDL) packaging, deficiency causes steatosis. Similarly,
methionine is an essential amino acid and an intermediate in the synthesis of S-
adenosylmethionine and glutathione, deficiency causes oxidative stress leading to
inflammation and fibrosis (179). The combination of CDD/MDD has been demonstrated
to induce high levels of steatosis, inflammation, and fibrosis by 10 weeks of feeding. One
limitation of these diets is that mice do not develop obesity or insulin resistance and mice
can suffer from Cachexia within 8 weeks of feeding, which is not a relatable phenotype
observed in humans (168,177).

Another method commonly used for mice to ingest high caloric contents is by
adding cholesterol, fructose, or trans-fat to their water in addition to the chosen high-
caloric diets. Different percentages of these additives are used and trying to replicate
what is equivalent in humans has been a challenge when using this method (168).

Overall, the idea of the success of diet combinations to induce a full
pathophysiological profile including fibrosis is based on nutritional intervention in addition
to a proinflammatory hit.

While some dietary models can be strain-dependent, most studies that are diet
based only have been done using C57BL/6J mice, as this strain is known to be
susceptible to diet-induced obesity and type 2 diabetes (161). Sex differences have also
been established in primary NAFLD between males and females. Human NAFLD
prevalence is known to be higher in men than women, specifically premenopausal
women. This can be explained by an estrogen protective mechanism that protects the
liver from fibrosis in NAFLD. Studies in postmenopausal women or those with estrogen
deficiency have been associated with severe liver fibrosis (180). Similar sex differences

have been observed in mouse models in different mouse strains and under different diet
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combinations, correspondingly, male mice are preferred to be used when the main goal
of the study is to induce the full spectrum of NAFLD (181). However, the idea that the full
spectrum of the disease can be recapitulated only in male mice should also be
considered a limitation of the model since further research is still needed to understand
why there is a higher prevalence of NAFLD and risk of advanced disease in post-
menopausal women (13,182). Overall, female mice should still be incorporated in
NAFLD studies to address hormonal and genetic intrinsic differences, and for these in

vivo studies to be relevant in pre-clinical studies.

3.1.1.2 Chemical inducible models

Based on the idea that the progression of NAFLD is driven by multiple
environmental factors throughout life that could be inducing liver disease-a “multiple-hit”
theory, this is recapitulated in a mouse model by the combination of inducing obesity by
diet in combination with a chemical agent. Table 1 provides an overview of NAFLD-
hepatotoxin-induced models commonly used and the level of the disease each can
induce. Carbon Tetrachloride (CCL.) is a potent hepatotoxin agent known to induce
oxidative stress to the liver, and lipid peroxidation leading to inflammation and resulting
in a necrotic response with steatosis (183). CCls administration in multiple doses by
peritoneal injection by itself induces fibrosis but no obesity and is not considered a
NALFD model, instead if used in combination with a high caloric intake has been
demonstrated to induce chronic oxidative stress leading to inflammation, hepatocyte
ballooning, apoptosis, and finally stage 3 fibrosis at 12 weeks (184). Treatment with CCl,4
is considered a good model to study liver fibrosis with characteristics that resemble
human liver fibrosis including liver regeneration, fiber formation, and collagen type 1a1

expression (185,186). A model that can induce a high level of fibrosis is valuable
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because one of the main challenges with other mouse models is the inability to
recapitulate the same level of fibrosis as what is observed in humans. Discontinuation of
CCl4 doses will regress fibrosis while long-term use can worsen histological profiles of
the disease (165,184). Overall, CCLsworks as a potentiator and accelerator of the
effects of diet leading to the full progression of liver disease, including liver cancer. One
of the disadvantages of this model is the lack of research on the effects and role of CCls-
derived metabolites in terms of human NASH pathogenesis (168).

The use of Streptozotocin (STZ), a commonly used Type 2 diabetes model, in
combination with an HFD has been useful as a NAFLD model. STZ is a glucosamine-
nitrosourea derived from Streptomyces achromogenes that has toxicity specifically to
pancreatic B cells (187). Administration of this agent intraperitoneal or subcutaneously
after birth leads to chemical inflammation and the destruction of pancreatic islets.
Disease-related factors can worsen with time, at 4 weeks there is simple steatosis and

by 8-12 weeks progressive pericellular fibrosis has been reported (166).

3.1.1.3 Genetically inducible models

Mouse models with mutations in appetite-regulating genes like leptin-deficient
(ob/ob), deficient leptin signaling (db/db), and Apolipoprotein deficient (ApoE™) are some
of the most used models for early liver disease and NAFLD. These models will develop
steatosis under a normal diet, while high-caloric diets will lead to NASH. One of the main
differences and advantages of these genetic models relative to dietary models is their
ability to develop a higher level of obesity and their propensity to metabolic
complications similar to what is observed in humans. However, each model has their
limitations: ob/ob model will only develop steatosis even in an HFD for up to 52 weeks,

db/db model requires an MCD to promote steatohepatitis with fibrosis, and ApoE-/-
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model does not always reproduce pathobiology of NASH(162). Table 1 provides an
overview of NAFLD-genetically modified-induced models commonly used and the level
of the disease each can induce. Overall, choosing the correct genetic model will depend

on the NASH profile desired including metabolic implications.
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Table 1. Overview of mouse models for Nonalcoholic fatty liver disease (NAFLD).

This table was adapted from reviews (162,168,183)

Models

40% S1929S1/svim

for Duration/treatmen Obesit Steatosi Inflammatio fibrosi NAS Comments
NALED t y s n s H
_ Very NASH after 36-
HFD At least 20 weeks Y mild N low N 50 weeks of
exposure
16-24 weeks plasma
High fructose (normally used in Y mild N N N triglyceride and
combination) glucose levels
A greater
amount of
. . . cholesterol
WD 25 weeks Y high high high Y relative to
human
Diet consumption
models No metabolic
4-10 weeks . . . features were
CDD/MDD advanced disease N high high mild Y seen in human
NAFLD
HED + ) ) _ Fructos_e a_idded
£ 16-30 weeks Y high mild mild Y to drinking
ructose
water
Cholesterol
HED + ) ) _ content is_ not
16-20 weeks Y high mild mild Y physiologically
cholesterol
relevant to
humans
12-52 weeks Derived
HFD in diet and . ’ . metabolites
HFD + CCls agent by i.p or Y high high high Y have unknown
inhalation roles in NASH
Do not mirror
Chemica the etiology and
| models 8-12 weeks nag;rslArgit'ory
HFD + STZ STZ treatment to Y high high high Y Steatosis and
neonatal mice . :
inflammation
decrease over
time
Needs a
second
. stimulus
((I)‘S/‘z)tt')r_],_) 4-12 weeks Y high N N N (chemical or
diet) for the
development of
NASH
Needs a
second
Leptin stimulus
receptor gene 4-12 weeks Y high N N N (chemical or
Genetic (db/db™) diet) for the
development of
models NASH
When
Aﬁ"&%‘;’g?,‘f' 12 weeks Y mild N N N Coqﬂgexi}’lv'th
develop NASH
16 weeks Only if
(steatohepatitis)-36 combined with
DIAMOND weeks (fibrosis) HFD and
mice Inbred isogenic Y high high high Y glucose/fructos
+ HFD strain: e in drinking
60% C57BI6/J water will

develop NASH
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3.1.2 Mouse models for primary liver cancers

Progression from NAFLD to advanced chronic liver diseases like cirrhosis are
some of the main risk factors for the development of disease to liver cancer.
Hepatocellular Carcinoma (HCC) and Cholangiocarcinoma (CCA) are considered the
main primary liver cancers. An ideal experimental mouse model for induction of
HCC/CCA should be able to mimic a full immune cell response, and chemokine
signaling, and recapitulate genetic mutations. Another important factor is that mouse
models should develop tumors rapidly while also maintaining the histological features

observed in the respective cancer.

3.1.2.1 Chemical inducible models

One of the most common strategies for liver cancer induction is the use of
hepatic substances, these allow for the characterization of the full liver disease
progression, that is from initiation, promotion, and progression(188). Table 2 provides an
overview of liver cancer-hepatotoxin-induced models commonly used and the level of

the disease each can induce

3.1.2.1.1 Diethylnitrosamine (DEN)

Hepatic carcinogen Diethylnitrosamine (DEN) is a well-established method for
inducing liver cancer in mice. The irreversible effects of DEN can vary according to the
dosing, age of injections, administration frequency, administration route, and
combinations with diet or other chemical agents.

DEN is metabolically activated in hepatocytes by enzymes of the cytochrome
P450 family leading to different DNA modifications and generation of reactive oxygen
species (ROS) to finally induce oxidative stress and DNA damage (188,189). This

process leads to the alteration in the expression of genes involved in stress responses
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that will stimulate hepatocellular purinergic receptors. Finally, the increased proliferation
of hepatocytes with DNA damage mutations will predispose the liver to HCC (190).

Different studies have administered DEN intraperitoneal injections at 2 weeks of
age at a concentration of 25mg/kg body weight and have reported HCC by 8-10 months
(188). A combination of DEN and a high-caloric diet like an HFD can promote tumor
development by inducing cell damage and oxidative stress and activating pro-fibrogenic
signaling and tumor-promoting cytokines(188). This will provide the advantage of a
major progression of disease while also allowing to study of HCC in the background of
NAFLD which is known to be one of the major inducers of HCC incidence in humans.
Tumor incidence when using DEN doses ranging from 25mg/kg up to 100mg/kg in
combination with HFD at 2 weeks up to 8 weeks of age can vary from 3 months up to 10
months (188). The idea of administering DEN treatment at juvenile age like 2 weeks old
is due to the high hepatocyte proliferation rate at this stage leading to a rapid increase of
affected cells (188).

One of the main differences between DEN-induced tumors in mice and humans
is that the genetic pathway and transcriptomic profile are different from what is seen in
HCC humans. Mouse HCC tumors that are induced by a single dose of DEN
administrations are known to be mutated in 80% in H-ras or B-raf and 20% in Egfr. While
transcriptomic analysis of human HCC tumors has identified expression signatures in
HBYV, TP53 signaling, and WNT or AKT pathway activation (191). However, H-ras and B-
raf have been associated with metastasis and poor prognosis in human HCC. A very
important similarity of DEN-induced HCC tumors to human tumors is their histological
comparison in their heterogeneous microenvironment, low and high-grade dysplastic

nodules, and HCCs identification grade 1 to 2 (188).
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DEN-induced HCC can also be dependent on mouse strains, FVB or C3H/HeJ
are known to develop HCC 2-3 months earlier after DEN administration, relative to
C57BL/6, BALBI/c, or 129 (192). Like HCC prevalence in humans, DEN-induced HCC is
gender-dependent, about 30% of females treated with DEN for long periods will develop
HCC, while 100% of males will develop HCC. The mechanism that explains this
protective mechanism has accounted for hormonal changes in females where
androgens will stimulate interleukin-6 (IL-6) production in Kupfer cells while this
mechanism is inhibited by estrogens. Induction of pro-tumorigenic transcription factors
NF-kB and STAT-3 are known to result from an increase in IL-6 in male mice (193-195).
Maintaining a consistent mouse strain, age, and sex are important factors to avoid
experimental variability that would not be related to the experimental goals.

Models to induce HCC are more established relative to CCA, DEN in
combinations with Thioacetamide (TAA) and bile duct ligation have been used to induce
CCA. However, these models have demonstrated a higher incidence of HCC, limiting the
study of CCA subtypes, similarly, bile duct ligation is considered a demanding procedure

and not considered a well-established method (196).

3.1.2.1.2 Phenobarbital (PB)

PB is commonly used for the initiation of liver carcinogenesis in combination with
DEN treatment. The mechanism of PB to induce tumor incidence is by increasing the
expression of cytochrome p450 complexes resulting in the activation of mutagenic
metabolites (197). PB is more commonly used in combination with DEN, with the idea to
support two-step liver carcinogenesis. This combination has also been helpful when
DEN is administered in adult mice, where hepatocyte proliferation is infrequent, and PB

can reinforce toxicity and induce tumor incidence.
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3.1.2.2 Genetically inducible models

Some of the most commonly used strategies include genetically engineered
mouse (GEM) models: with constitutive gene expression systems and/or conditional and
inducible gene expression systems. GEM allows the investigation of the role of a specific
gene, alterations in a signaling pathway related to apoptosis, proliferation, and
angiogenesis during the progression of cancer, and even allow for elucidation of the
target gene in development. These systems are based on modifications of the
expression of oncogenes, and tumor suppressor genes. Constitutive transgenic mouse
models where the mutation is present throughout the body were one of the first
strategies to evaluate liver cancer. However, this model can suffer from embryonic
death, is not specific to the tissue of interest, and fail to mimic the process of
tumorigenesis. While the use of conditional expression systems can circumvent most of
those disadvantages and is preferably used in liver cancer models (198). Table 2
provides an overview of liver cancer-GEM-induced models commonly used and the level

of the disease each can induce.

3.1.2.3 Implantation models

Implantation models are one of the most widely used models to induce liver
cancer formation, this method is based on the implantation of HCC/CCA cell lines or
tumor tissue fragments. The recipient mice could be a syngeneic tumor model
(implanted sample originated from the same strain as the recipient mice), or more
preferably a xenograft model (recipient mice are immunodeficient). Immunodeficient
mice have a deficiency of T lymphocytes and impaired T and B cell function, this model
has been the preferred strategy because it allows the use of any origin cell line and

tumor tissue (i.e., HCC human cell lines, carcinogen-induced tumors, or tumors from
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GEM models). However, this model is not useful when the interest is in an immune
response profile.

Since immunotherapy has demonstrated some success in HCC patients, a more
reliable method to understand immune profile responses is allograft models. This model
is not the same as the syngeneic model, instead, murine cell lines or tumors are
implanted into immunocompetent mice. A second model that allows the study of a full
immune response in tumor development is humanized mouse models. In these models,
human immune cells (haematopoietic stem cells and precursor cells isolated from fetal
cord blood) are engrafted into immunocompromised mice to induce a human immune
system and are then injected with HCC tumor cells. Humanized models allow to study of
immunotherapy-related responses but they are difficult to establish and have a risk in the
engraftment of the human immune system (170). Table 2 provides an overview of liver
cancer-implantation-induced models commonly used and the level of the disease each
can induce.

Implantation models can be divided between ectopic (subcutaneously injection in
any site) or orthotopic (injection into the same site from where the implanted material
was derived) sites. Ectopic injections are inexpensive, have rapid tumor formation, and
can easily measure tumor size non-invasively but are not useful for microenvironmental
studies, while orthotopic injections are better for metastatic studies and provide tumor
microenvironment information, these are also preferred for liver cancer studies(172).
Overall, the use of implantation models varies depending on the origin of the graft and

host and the anatomical location of the implantation (198).
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Table 2. Overview of mouse models for primary liver cancers. This table was
adapted from reviews (163,170,172,196).

profile as in primary
patient tumor

Models for Duration
primary liver /treatment Type of liver cancer Comments
cancer /strain/sex
12-15 days of age o A higher concentration
Diethylnitrosamine i.p. (25 mg/kg) _l\/lqre than_80/o HC.C of DEN is required in
(DEN) C57Bl/6 incidence in males in older mice (4-5 weeks
8-10 months
male of age)
2 weeks of age
i.p. (25 mg/kg) L . . .
DEN + HED HED chow pellets HCC' incidence in Mice dev_elop NAFLD
males in 8-10 months associated HCC
C57BI/6
male
DEN: 4 weeks of age .
Chemical DEN + 100mg/kg (i.p.) HCC incidence in 7 M;ﬁgﬂggg iingoi;(éc
models Phenobarbital (PB) PB: daily dose 0.07% months :
AR animals
(in drinking water)
800 mg/L in drinking iCCA incidence in 16— | Model limited primarily
TAA water
22 weeks to rats
Sprague-Dawley rats
Induced liver fluke
infection Also induces
Dimethylnitrosamine 0.0025% DMN in 100% CCA incidence | gastrointestinal tumors,
(DMN) drinking water in 15 weeks skin, lung, and
Syrian Golden hematopoietic tumors
Hamsters
Tissue-specific Alb-Cre o L .
c-myc model C57BL/6 X CBA/J 65% HCC mcnaence at Mqtatlons are present
males 20 months durlng embryogenesis,
MT promoter a time-controlled
P : 50% HCC incidence in deletion would be
TGF-a CD1 strain .
males less than 12 months prefer_red_to avf0|d
activation o
0/- 0,
E2F-1 Tissue-specific Alb-Cre iefcﬁ(fr?cs ;(?LCZ: compensatory
C57BL/6 X CBA/J pathways.
) months
Genetic Mice also develop
models Smadd4 and Pten Tissue-specific Alb-Cre CCA tumor HCC tumors. Tumors
model Smad4.and Pten development by 4-7 develop in the absence
embryonically lethal months of age b :
of inflammation
The model mimics
— symptoms of human
Kras actl_vatlon and Well-differentiated iCCA (jaundice and
Kras-Pten model Pten deletion with Alb- ) d
Cre iCCA by 46 days weight loss)
Lethal by 46 days of
age
e The host needs to be
HCC/CCA cells are HCC/(.:CA' High tumor immunocompromised.
- . . incidence,
injected directly into L The model cannot
: . reproducibility, and S ;
the liver (orthotopic) mimic an immune
modest cost
response
iCCA: Similar The host needs to be
morphology, histology, | immunocompromised.
. PDX model (human and PDX models can be
Implantation . : . -
models Xenograft models tumors) immunohistochemical expensive, low-rate

efficacy, and time-
consuming

CCA organoids
Primary CCA grown in
3D in vitro culture-
“tumoroid”

High engraftment rate
with high tumor
incidence. Similar
histological profile of
the primary CCA they
were derived from

Models do not mimic
inflammatory and
stromal
microenvironments
during in vitro or in vivo
growth
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3.1.3 Conclusions

Based on the previous studies presented here, there is a wide variety of models
that can be used for studies related to NASH/NAFLD and primary liver cancers. For the
studies presented in this dissertation, the main goal was to use NASH and HCC mouse
models that would allow the investigation of the progression of liver diseases, specifically
NAFL, NAFLD, and NAFLD-induced HCC. For studies related to only fatty liver disease,
a High Fat Diet (HFD) was selected, this diet was used to investigate very early liver
damage, like steatosis. For studies, where the goal was to observe a more advanced
disease like NASH/NAFLD, a high caloric-combination diet, western diet (WD) was
chosen to induce a full spectrum of disease. As mentioned before, this diet induces
metabolic alterations and all histological changes that are commonly seen in human
NASH/NAFLD. For studies related to NAFLD-induced HCC, hepatotoxin
Diethlynitrosamine (DEN) was used with a combination of a western diet. This model
has been used to induce hepatic tumors in at least 80% of mice, in addition to the profile
of NAFLD (steatosis, inflammation, and fibrosis). Different treatment time points were
assigned according to the level of disease desired, based on previous literature, we
hypothesized the induction of fatty liver, NASH, NAFLD, chronic liver disease, and HCC.
Since previous studies have reported that sex hormones, menopausal status, and
reproductive information are influencers in the effects caused by diet and carcinogens
(19,194,199-201). In this initial study, we focused on male mice to induce effects that
were only dependent on treatments and analyze molecular changes at each stage
induced by these factors only. However, further studies should include female mice to
evaluate their protective mechanism in all stages of liver disease. Finally, we used

C57BL/6 mice instead of genetic models to induce liver diseases, since C57BL/6 mice
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are an established strain and to avoid other effects that could affect our analysis due to

an unknown relationship between gene deletion and N-linked glycosylation.
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Chapter 4: N-Linked Glycosylation characterization in Nonalcoholic

Steatohepatitis in Mouse and Human
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4.1 Introduction

Non-Alcoholic Fatty Liver Disease (NALFD) affects about 25% of people in the
United States, as the liver manifestation of the metabolic syndrome, is expected to
continue rising along with obesity(9). NAFLD is defined as an excess of fat stored in the
liver, (>5%) without any non-metabolic causes, e.g., alcohol or viral hepatitis(14). While
NAFLD is most often considered a common and benign condition, about a third of
patients with NAFLD progress to NASH, a silent liver disease distinguished from NALFD
by the presence of inflammation, hepatocyte injury, and fibrosis (167,202) which has
become the number one cause of liver transplant in women in the United states and the
second leading cause in men(203). About 10-15% of NASH patients progress to
cirrhosis and/or HCC (204). Currently, there are limitations for NAFLD/NASH diagnosis
as liver biopsy continues to be the standard to distinguish fatty liver disease from
advanced stages of disease like NASH (97,203). Changes in the N-glycan profile of a
glycoprotein can occur in response to genetic and environmental factors including
NAFLD/NASH(205). Glycosylation is one of the most common post-translational
modifications, with more than 50% of proteins being glycosylated (58,206). Many of
these glycoproteins are known to have functions in the regulation of signaling pathways,
protein folding, and immune responses (70,207). The addition of oligosaccharide
moieties or glycans at the Asparagine (Asn) residue of the cell surface or secreted
protein is known as N-linked glycosylation (68,70,208). Terminal N-glycan modifications
like increased fucosylation, branching, and sialyation are considered disease-signatures
and have been linked to gastrointestinal and liver disease including liver fibrosis, liver
cirrhosis, NAFLD/NASH, gastric cancer, colorectal cancer and HCC (88,205,208,209).

Similarly, glycosyltransferases and glycosidases that add and remove specific

67



monosaccharides, respectively have also been identified to be upregulated in various
diseases (68,76,88,144,209).

Alterations in N-glycosylation with disease progression have been exploited in
the clinic with the use of glycosylated Alpha-Fetoprotein (AFP) in serum as an HCC
biomarker and have demonstrated an immense potential to be used as diagnostic and
therapeutic biomarkers for other liver diseases including metabolic disease like
NAFLD/NASH. Similarly, research has focused on using the serum to identify N-glycan
modifications or glycoproteins with clinical relevance to differentiate between stages of
simple steatosis and NASH (89,90,97,204,210). However,
the origin of these N-glycan modifications within liver tissue is poorly understood; NASH
is a progressive disease known to start with liver steatosis and progress to severe liver
damage caused by advancing stages of fibrosis (7,18). The ability to identify the
histopathological origin of N-glycan modifications would be of great value for biomarkers
development.

To address the lack of information on in-situ N-glycosylation modifications, we
utilized the advantages of matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI-IMS) to quantitively and qualitative study of the localized N-glycan
changes on NAFLD/NASH mouse models and NASH human paraffin-embedded liver
tissue.

In our NAFLD/NASH mouse model we identified a complete N-glycan profile
where the level of liver disease was driven by diet; since the daily excess of calories in
processed foods, especially those high in fructose can induce severe liver injury
resulting in NAFLD/NASH (22,177,211-214). Moreover, we validated our findings

through the analysis of human liver biopsies of patients with NAFLD/NASH and report a
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correlation of fucosylated glycan structures with the level of fibrosis based on the N-
glycan expression and fibrotic histopathological tissue. Here, we characterize the N-
glycome alterations and their origin in NAFLD and NASH tissue. The N-glycan
madifications and their correlation to histopathological profiles of the disease reported
here could contribute to non-invasive serum biomarker development in early liver

diseases like NAFLD and NASH based on fibrosis.

4.2 Methods

4.2.1 Diet and mouse model

All animals received humane care according to the criteria outlined in the Guide for
the Care and Use of Laboratory Animals. Animal studies were approved by the
university’s Institutional Animal Care and Use Committee (IACUC). Mice were housed
and maintained under normal husbandry conditions Experimental mice (10" generation
FVB/NT) were fed standard chow until weaning (21 days of age). Male mice were
randomly selected at weaning and placed in each group for respective diets. Three types
of diets were fed ad libitum: Low-Fat diet with 10 kcal% of fat, high-fat diet with 60 kcal%
of fat (Research Diets), and western diet with 40 kcal% of fat, 40 kcal% of fructose, and
2% cholesterol (Research Diets-D09100301). Mice were sacrificed and tissue was
harvested at 18 months of age. Dissected livers at necropsy were frozen in liquid
nitrogen and/or frozen in dry ice-cooled heptane or fixed in 10% formalin for histology.
Abnormalities were based on observations upon euthanasia and tissue collection, no
scoring system was used for this analysis. Tissue abnormalities detected by observation
and measurement were quantified to determine the level of damage induced by the
respective diets in whole liver tissue and other major tissues. A tissue abnormality was

considered when the tissue had discoloration, lesions, lipidosis, or increased in size.
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4.2 Histology and scoring

Formalin-fixed paraffin-embedded (FFPE) mouse tissues were processed and
stained for Hematoxylin and Eosin (H&E) (Cancer Diagnostics) and Masson’s Trichrome
stain (Polysciences Kit 25088) using standard protocols. Heptane-frozen liver tissues
were used for Oil Red O staining (ORO, VWR kit 95027-208) to quantify lipids. Blinded
histopathological analysis by an independent pathologist in H&E staining was done
following the scoring systems explained in Table 3. For immunohistochemistry, an
antibody against CD3 (Abcam 16669) was used following the manufacturer’s
instructions. Quantifications were done using the Vectra Polaris Imaging system. For
Picrosirius red (PSR) staining, polarized view images were taken with a 20x objective
and quantified using the image analysis Nikon software. Mouse liver tissues used for
mass spectrometry studies were first processed for glycan analysis protocol followed by
H&E staining. Human NASH biopsies used for steatosis analysis were given a fibrosis
score of 0 by an independent pathologist and considered low steatosis if no lipid droplets
were observed in the whole tissue scan and considered high steatosis if lipid droplets
were observed. Images, where whole tissues were analyzed with specific stains, were

scanned using Hamamatsu Scanner and exported from Hamamatsu NDP software.

4.2.3 RNA Extraction and qPCR

RNA was extracted from snap-frozen liver tissues-from an 18-month-old cohort
for gPCR using TRIzol reagent protocols. RNA was separated from the solution after
chloroform treatment, next RNA was precipitated with isopropyl alcohol, and finally,
isolated RNA was washed in 75% ethanol and the RNA pellet was resuspended in
Hypure water. cDNA was synthesized by reverse transcription using random hexamer

primers and gScript cDNA SuperMix. gPCR reaction was performed on a QuantStudio™
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5 Real-Time PCR System (Thermo Fisher) using SYBR-green Supermix (Bio-Rad).

Reactions were normalized to Gapdh using the AACt method. Primer sequences:

Fut8 CAGGGGATTGGCGTGAAAAAG
CGTGATGGAGTTGACAACCATAG
Gapdh CGGTGTGAACGGATTTGGC

TTTGATGTTAGTGGGGTCTCGC

4.2.4 Human biopsies

The study involving human samples was approved by MUSC’s Institutional
Review Board and met all guidelines set forth by the 1975 Declaration of Helsinki for
good clinical practice. A convenience sample of 51 NASH liver FFPE biopsy specimens
that represented the full range of fibrosis stages was analyzed. Biopsies were assessed
for fibrosis by an independent pathologist using the NASH Clinical Research Network
(CRN) scoring system. Samples were divided by fibrosis scores (FS): 8 samples with FS
0, 8 samples with FS 1, 9 samples with FS 2, 15 samples with FS 3, and 11 with FS4.
Fibrosis was also assessed using histomorphometric analysis of the collagen area as
described (215). In brief, PSR staining was performed on formalin fix liver biopsies and
collagen content was quantified by the area percent In Image J (National Institutes of

Health) (216).

4.2.5 Enzymes and Reagents

Trifluoroacetic acid, Harris-modified hematoxylin, and a-cyano- 4-
hydroxycinnamic acid (CHCA) were obtained from Sigma- Aldrich. HPLC grade
methanol, ethanol, aceto- nitrile, xylene, hydrogen peroxide, and water were obtained

from Fisher Scientific. Recombinant peptide N-glycosidase F (PNGase F PRIME™) and
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endoglycosidase F3 (Endo F3 Prime™) were provided by N-Zyme Scientifics
(Doylestown, PA). Both enzymes were expressed and purified as previously described

(128,217).

4.2.6 Tissue Preparation for MALDI-IMS

FFPE liver tissues from mice and human livers (biopsy specimens) were
processed using standardized glycan imaging workflows of matrix-assisted laser
desorption ionization mass spectrometry imaging (MALDI-IMS) as described (124). In
brief, after sample dewaxing and antigen retrieval steps, samples were treated for
enzymatic release of N-glycans by treatment with PNGase F PRIME™ using an M5 TM
Sprayer (HTX Technologies LLC). Next, tissue slides were incubated at 37°C for 2 hours
in prewarmed humidity chambers followed by desiccation before a-cyano-4-
hydroxycinnamic acid (a-CHCA) matrix application. For analysis of core fucosylated
glycans, Endo F3 Prime™ was applied first and analyzed as previously described
(128,218). In brief, the slides were placed in 100% ethanol for removal of the matrix and
then placed in a series of dilutions of ethanol (95 and 70%). Next, the slides were placed
in a high-pH cleaning solution (10 mM Tris, pH 8.98), HPLC grade water, then a low-pH
cleaning solution (citraconic buffer, pH 3), and then HPLC grade water again. The slides
were then desiccated and dried. Following the cleaning, the tissues were then prepped
for PNGase F PRIME™ application by following the same tissue preparation and glycan
imaging protocol as previously described; however, the dewaxing and antigen retrieval
steps were omitted, beginning with enzyme application on the tissue with Endo F3
Prime™. Finally, samples were imaged using: (1) A timsTOF Flex trapped MALDI-
QTOF mass spectrometer (Bruker Daltonics) (m/z 500—4000) operating in a positive

mode for mouse liver tissues and human NASH biopsies with Endo F3 Prime™
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treatment; images were collected at 100 um raster with 200 laser shots per pixel. Images
and (2) A RapifleX TissueTyper MALDI TOF mass spectrometer (Bruker Daltonics) (m/z
600-3,500) operating in a positive ion mode for human NASH biopsies with PNGase F
PRIME™ treatment only; images were collected at 50 um raster with 200 laser shots per

pixel.

4.2.7 Data Processing and Analysis

Data analysis was done in SCILS Lab 2020 imaging software (Bruker) for
analysis of the mass range m/z 500 to 4000. SCiLS-generated N-glycan spectra were
normalized to the total ion count (ICR Noise Reduction Threshold = 0.95), which were
then matched within £5 ppm against an in-house database of known N-glycans
generated using GlycoWorkbench and GlycoMod for annotation (63), or to MS/MS data
previously done by our group (219). Maximum mean values for each m/z value were
used to examine the quantitative and spatial expression of glycan changes based on the
type of diet and disease stage. All data obtained by MALDI-IMS were correlated to FS
previously established by pathology. In our glycan analysis by MALDI-IMS, structural
assignments of glycan structures were made based on mass values and rules of glycan
synthesis. Specifically, a chemical composition of four or more N-acetyl hexosamine
(HexNAc) was assumed to be tri-antennary glycans while more than four N-acetyl
hexosamine (HexNAc) with two N-acetylgalactosamine (GalNAc) were considered

bisecting glycans.

4.2.8 Experimental Design and Statistical Rationale
A total of 40 mice were used in the NAFLD/NASH mouse model, mice were
divided as follows: LFD: 16 mice, HFD: 14 mice, and WD: 9 mice. To determine the

significance of liver abnormities compared to no abnormalities, a Chi-Square test was
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used. Mouse liver tissue stainings (ORO, and PSR) and immunohistochemistry (CD3)
used 3-8 mice per diet. Pathologist scoring assessment (lipid accumulation,
inflammation, and fibrosis) used: LFD: 16 mice, HFD: 12 mice, and WD: 8 mice. A
Mann-Whitney test was applied to determine if there were significant changes between
diets. All human NASH biopsies were from patients treated at South Carolina hospitals
during a time range of 1-3 years. Our research laboratory obtained all samples at the
same time and processed them for MALDI-IMS experiments within 2 months of receiving
them. Samples were deidentified and an identification number was given to each sample
based on the order they were registered in our laboratory database. In addition, all files
were loaded into a single analysis file and normalized to the total ion count of all runs
independent of different acquisition times between samples.

For MALDI-IMS N-glycan experiments, mouse n=3-5 and human n=51. SCIiLS
Lab was used to generate maximum mean values for all tissues after normalizing glycan
intensity values to total ion current, which were subsequently exported to statistical
software for analysis. SCILS analysis was performed by groups/treatments: Mouse
tissue samples, human biopsies (PNGase F PRIME™), and human biopsies (EndoF3 +
PNGaseF). For Endo F3 Prime™ analysis, the maximum mean value was normalized to
the natural logarithm of a number (LN). A total number of 11 NASH biopsies were used:
3 with an FSO0, 5 with an FS2, and 6 with an FS4. All of the maximum mean values here
were based on the intensity of the whole tissue instead of specific regions or
colocalization analysis. The fibrosis scores correspond to the entire tissue slide based
on the scoring system done by an independent pathologist before any of the MALDI-IMS
experiments were done. To determine statistically significant changes in glycan

expression for all analysis presented here, maximum mean values were evaluated using

74



a Mann-Whitney test assuming nonparametric distribution where a p-value less than

0.05 was considered statistically significant.

4.3 Results

4.3.1 Mouse NASH phenotypes

To examine NALFD and NASH in vivo, mice were fed three different diets
including the following (162,173,177,213,214,220): (1) a low-fat diet (LFD) with 10 kcal%
of fat, a high-fat diet (HFD) with 60 kcal% of fat, or a Western diet (WD) with 40 kcal% of
fat, 40 kcal% of fructose, and 2% cholesterol; these diets were started at weaning and
mouse livers were harvested at 18 months of age. Diets high in fat are known to induce
a NAFLD phenotype, while high-fat diets combined with fructose have been reported to
additionally induce inflammation and fibrosis consistent with NASH (167,183,212). Mice
fed a WD had a higher number of liver abnormalities (defined in Methods) than mice fed
a HFD or LFD, while mice fed a HFD had more abnormalities in other tissues (i.e.,
enlarged spleen, eyes, and pancreas masses) (Figure 8A and 8B). Several age-related
abnormalities were also observed in mice fed a LFD (such as enlarged bladder and
corneal opacity) (Figure 8B). In addition, mice fed a HFD gained more weight over the
18-month period compared to WD and LFD (Figure 8C). When liver weight was
normalized to total body weight (221), the liver/body weight ratio was significantly
increased in mice fed a WD compared to the control diet and a HFD (Figure 8D).

Lipid accumulation, inflammation, and fibrosis were measured by specific
staining of liver tissue and blinded gualitative scoring using the University of Pittsburgh
Medical Center (UPMC) histological system for components of NAFLD activity score

(NAS) and fibrosis staging (222) (Table 3).
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Table 3. University of Pittsburgh Medical Center (UPMC) histological system for
components of NAFLD activity score (NAS) and fibrosis staging

<5%
5%-25%
25%-50%
>50%

W= (O

number of no foci
inflammatory | <2 foci/200x
foci per field |2-4 foci/200x

of view >4 foci/200x

w N = |O

FO-no fibrosis None 0
F1A-mild
perisinusoidal
fibrosis in
zone3 only
F1B-moderate
perisinuscidal
fibrosis in zone
3 only
F1C-portal or
periportal
fibrosis only
F2-
perisinusocidal
fibrosis in
combination
with portal or
periportal
fibrosis
F3-bridging
fibrosis Massive 4
F4-cirrhosis

Mild 1

Moderate
2

Moderate
3
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Oil Red O (ORO) quantification revealed that mice fed a WD had approximately
twice as much liver steatosis as mice fed a HFD (p < 0.05, Figure 9A) and mice fed a
HFD developed significantly more steatosis than those receiving the LFD (p < 0.05,
Figure 9A). Qualitative histologic assessment based on the percentage of steatosis was
modified from the UPMC/NAS scoring system where 0=<5%, 1=5%-25%, 2=25%-50%,
and 3=>50% confirmed this finding. Over 50% of mice receiving a WD had a score of 3,
while mice fed a HFD had a score of 1 and 2 (Figure 9A). Hepatic inflammation was
quantified by immunohistochemistry (IHC) to detect a cluster of differentiation (CD) 3, a
marker of T-cell activation (223), which was elevated in mice with NASH phenotypes
(Figure 9B) (Since inflammation is a phenotype observed primarily in NASH and not in
NAFLD, only WD was used for this analysis using the LFD as the control diet). More
than 60% of mice fed a WD had more lobular inflammation than those fed a LFD (Figure
9B). Finally, liver fibrosis was quantified by picrosirius red (PSR) staining combined with
polarized imaging as well as Masson-Trichrome staining. Mice on a WD developed more
fibrosis than those on the HFD (Figure 9C and Figure 10A). A very similar pattern was
observed by pathology using the fibrosis stage scoring system by UPMC(222). At least
50% of the mice fed a WD had a fibrosis score of 4 representing bridging fibrosis and
some cirrhosis while at least 90% of mice in a HFD had a score of 3 representing portal
and/or periportal fibrosis (Figure 9C). In addition, liver fibrosis observed in a WD was
associated with an upregulation in the mRNA levels of Collal, known to be a prominent
extracellular matrix protein produced in abundance in hepatic fibrosis (Figure 10B). In
aggregate, the data demonstrates that in the mouse models, a HFD appears to induce
NAFLD, while a diet high in fat and high sugar, typical of a WD, induces a NASH

phenotype.
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Figure 9. A Western diet induces NASH-like phenotypes. A, lipids were visualized by
Oil Red O (ORO) staining in frozen sections. (n = 3 per diet). Percent of mice scored by
the level of hepatic steatosis. (LFD n = 16, HFD n =12, and WD n = 8). B, CD3
immunohistochemistry quantification (n = 3—4 per diet). Percent of mice scored by the
level of hepatic lobular inflammation. (LFD n =16, HFD n = 12, and WD n = 8). C,
picrosirius red (PSR) staining in paraffin-embedded tissue using a microscope polarized
view. (n = 7 per diet). Percent of mice scored by the level of hepatic fibrosis (LFD n = 16,
HFD n = 12 and WD n = 8). Scoring systems are specified in supplemental Fig. S1A.
Scale bars: 100 um. Bars represent the mean £SEM, *p value <0.05 versus control
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4.3.2 NAFLD and NASH upregulate specific N-glycan structures

To characterize the N-glycan modifications induced by NAFLD/NASH in our
mouse model, we used Matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI-IMS) technology and N-Glycosidase F (PNGase F PRIME™)
enzyme for specific cleavage of N-glycan structures from the glycoprotein at the
Asparagine (Asn) residue. Paraffin-embedded liver tissues were processed following
standard protocols as in Methods (9,32) (Figure 11A). MALDI-IMS revealed that livers
from mice fed the HFD and WD had upregulation in N-linked glycan modifications when
compared to livers from mice fed a LFD. A HFD induced glycan modification in high
mannose (i.e., 1905.476 m/z) and complex (i.e., 1663.582 and 2174.769 m/z) glycans.
Livers from mice receiving a WD had an increased intensity specifically in hybrid (i.e.,
1622.557 m/z), complex branched glycan, and in certain fucosylated N-linked glycan
(i.e., 2174.769, 1809.755, 2393.954 m/z) compared to livers from LFD mice (Figure 11A,
11B). In addition, representative images demonstrated the specificity of N-glycan
structures in each tissue and revealed a higher expression of fucosylated glycans
around portal triads of WD liver tissue (Figure 11C). Furthermore, due to the
upregulation of fucosylated glycan structures, we investigated the effects of a WD in N-
glycan fucosylation by gene expression of Fucosyltransferase 8 (Fut8), the main enzyme
capable of adding a core fucose structure and more commonly studied in HCC. Fut8
increased expression had a correlation with advanced liver disease in mice fed a WD
(Figure 11D). Overall, N-glycosylation profiles appeared to be altered as a function of
diet. A list of all N-glycans reported in this analysis and representative structures can be

found in Table 4.
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Figure 11. NAFLD and NASH upregulate specific N-glycan structures. A, workflow
for tissue preparation for N-linked glycan analysis across tissue for spatial information by
matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-IMS)
using time of flight (TOF) instruments (top). Labeling system and types of N-glycans
structures. Structural assignments of glycan structures were made based on the
composition of HexNAc, where more than four HexNAc were considered tri-antennary
while more than four HexNAc with limited number of galactoses were considered

bisecting (bottom). B, maximum mean value of m/z with changes between diets
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generated by SCiLs analysis software. m/z values correspond to N-glycan structures. (n
= 3-5 mice per diet). C, representative images of N-glycans structures upregulated
(1809.635 m/z, 2174.771 m/z and 1905.635 m/z) with histopathological correlation of
fucosylated glycans in portal triad areas shown by pic- rosirius red (PSR) staining. D,
MRNA expression by gPCR for fucosyltransferase 8 (Fut8) normalized to Gapdh. (n =3
per diet). Bars represent the mean +SEM. HFD, high-fat diet; LFD, low-fat diet; NAFLD,

nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; WD, Western diet.
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Table 4. Observed mass (m/z values) with the theoretical values, hexose compositions,
and proposed glycan structure for the 18-month-old mouse cohort. Observed mass values
are representative from low fat diet.

Observed Theoretical Mass Glycan Structure Proposed

Mass (m/z) Mass (m/z) Error Glycan
933.319 933.317 2.678 Hex3HexNAc2+ 1Na "mel

1079.374 1079.374 -0.278 Hex3dHex1HexNAc2 + 1Na TH:
1095.370 1095.369 0.730 Hex4HexNAc2 + 1Na wael®
1136.402 1136.396 5.279 Hex3HexNAc3 + 1Na el |
1241.415 1241.427 -10.069 Hex4dHex1HexNAc2+ 1Na Pt
1257.422 1257.422 -0.477 Hex5HexNAc2 + 1Na e
1282.452 1282.454 -1.637 Hex3dHex1HexNAc3+ 1Na neel,
1298.448 1298.449 -0.847 Hex4HexNAc3 + 1Na ey
1339.474 1339.475 -0.671 Hex3HexNAc4 + 1Na neely
1403.474 1403.480 -3.990 Hex5dHex1HexNAc2+ 1Na T
1419.473 1419.475 -1.197 Hex6HexNAc2+ 1Na e
1444.502 1444.507 -2.907 Hex4dHex1HexNAc3 + 1Na mEel
1460.501 1460.502 -0.273 Hex5HexNAc3+ 1Na e
1485.532 1485.533 -0.673 Hex3dHex1HexNAc4+ 1Na e
1501.526 1501.528 -1.465 Hex4HexNAc4+ 1Na el
1542.555 1542.555 0.259 Hex3HexNAc5 + 1Na et
1581.527 1581.528 -0.316 Hex7HexNac2 + 1Na s’
1606.537 1606.559 -13.818 Hex5dHex1HexNAc3+ 1Na ey
1622.557 1622.554 1.170 Hex6HexNac3 + 1Na Ha;'::s (
1647.586 1647.586 -0.182 Hex4dHex1HexNAc4 + 1Na el o
1663.582 1663.581 0.601 Hex5HexNAc4+ 1Na nmol ]
1688.611 1688.613 -1.125 Hex3dHex1HexNAc5 + 1Na rocs
1704.606 1704.607 -0.762 Hex4HexNAc5+ 1Na e
1743.582 1743.581 0.860 Hex8HexNAc2 + 1Na el
1773.578 1773.579 0563 | MexddHexdHextAcNeuGel | L
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1809.635 1809.639 -2.210 Hex5dHex1HexNAc4 + 1Na mme i
1825.634 1825.634 0.000 Hex6HexNAc4+ 1Na el Dl
1850.677 1850.665 6.322 Hex4dHex1HexNAc5 + 1Na ——t
1866.674 1866.660 7.232 Hex5HexNAc5+ 1Na s
1905.635 1905.633 0.997 Hex9HexNAc2 + 1Na LY
1928.688 1928.645 22.295 Hex6HexNAc3NeuGcl + 1Na L
1953.647 1953.676 14843 | HexddHexdhextAcalenGel L
1971.676 1971.692 -8.013 Hex6dHex1HexNAc4 + 1Na e
1992.650 1992.653 1.505 Hex5HexNAc4NeuGcl + 2Na =we] o0
1995.656 1995.703 -23.249 Hex4HexNAc5NeuAcl+ INa CEEA
[
2012.705 2012.718 -6.359 Hex5dHex1HexNAC5 + 1Na " (E
Fy e
Pa e
2028.706 2028.713 -3.351 Hex6HexNAc5 + 1Na wne mo
0
2067.681 2067.686 -2.466 Hex10HexNAc2 + 1Na e
2069.695 2069.740 -21.451 Hex5HexNAc6 + 1Na Ha<h
2100.732 2100.734 -1.237 HeXSdHe”HfﬁgAcmeUACH T
2101.738 2101.755 -7.945 Hex5dHex3HexNAc4+ 1Na e
2122.706 2122.724 gs26 | HOxodRexdHextAcANeuAct ..,
|
2157.755 2157.756 -0.509 Hex5HexNAc5NeuAcl+ 1Na " Q
" e
| JRE
2158.752 2158.776 -11.024 Hex5dHex2HexNAc5+ 1Na -e e .
’)—h:_:
2174.769 2174.771 -0.965 Hex6dHex1HexNAc5+ 1Na pmel mo
=0
2179.723 2179.745 -10.505 HexSHexNACSNeuAcl + 2Na | ==«a
2231.769 2231.793 -10.708 Hex6HexNAc6+ 1Na LK g
2277.767 2277.782 6.585 HeXBdHe“Hel’,‘\l'\;AC‘lNe“GCl T el
2319.809 2319.809 0.301 Hex6HexNAcSNeuAcl+ INa | == -




2320.802 2320.829 -11.461 Hex6dHex2HexNAC5+ 1Na

2341.768 2341.798 12767 Hex6HexNAC5NeuAcl + 2Na

2393.840 2393.845 2339 Hex7HexNAC6 + 1Na

2465.858 2465.866 13.568 HEXGdHe“Hf;\‘I';ACSNe“AC“

2487.848 2487.856 3496 | HexodrextHextAcoNeuAct +

2539.912 2539.903 3.582 Hex7dHex1HexNAc6+ 1Na

2905.013 2905.035 -7.814 Hex8dHex1HexNAc7+ 1Na "= -)___E
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4.3.3 N-glycosylation modifications in human NASH

To confirm N-glycan modifications observed in our in vivo model based on disease
progression, human liver NASH biopsies were analyzed for N-linked glycans. NASH
biopsies were scored using the NASH CRN fibrosis scoring (FS) system: FS 0, FS 1, FS
2, FS 3, and FS 4 (Table 5). Patients across fibrosis stages exhibited abnormal
aminotransferase levels (consistent with hepatocellular injury typical of NASH), but as
expected, these liver test abnormalities did not appear to be associated with the level of
fibrosis (Table 6). In-situ glycan analysis was done as previously mentioned in our

mouse model.
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Table 5. NASH CRN system for fibrosis scoring with description and number of
samples in each group. Some patients had more than one biopsy (sample) collected

. . Number
Fibrosis _—
Group Description of
Score
samples
FS O 0 No fibrosis 8
1(1a) Mild perisinusoidal fibrosis
FS1 1(1b)  Moderate perisinusocidal fibrosis 8
1 (1c) Portal/periportal fibrosis
FS2 5 Perlsmgsmdal gnd portal/ 9
periportal fibrosis
FS3 3 Bridging fibrosis 15
s 4 Cirrhosis 11

Table 6. Patient clinical information from NASH biopsies. Some clinical information
was not obtained for all patients.

Fibrosis Score 0 1 2 3 4
Number of patients 8 8 10 12 11
Age (mean, SD) 60(6.4) 53(12.6) 58.5(8.0) | 63(6.6) | 58(19.5)
Gender (M/F) 0/7 5/3 2/8 6/5 4/6
BMI (kg/m?) (mean) 35 32 32 33 32
Biluribin total (mg/dL)
(mean) 0.41 0.62 0.54 0.69 0.73
AST (U/L) (mean) 28 38 51 51 32
ALT (U/L) (mean) 37 63 64 48 48
Alk Phos (U/L) (mean) 90 83 81 85 85
INR (mean) 0.97 0.96 1.02 1.04 1.03
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Initially, we examined those patients with no fibrosis (FS 0) but with low or high
steatosis (defined in Methods) and compared their glycan profile (Figure 12A).
Consistent with what was observed in animals fed a HFD or WD, increased levels of the
overall glycan profile, specifically, high mannose glycan and complex/fucosylated
glycans were observed in the biopsies of patients with high steatosis, but no evidence of
fibrosis (Figure 12A). Indeed, as representative images show, these N-glycans were
altered specifically in areas with the highest levels of steatosis, suggesting an effect
upon N-linked glycosylation.

Next, we examined N-glycosylation changes specific to fibrosis scores for all
patients. Fibrosis was also assessed using histomorphometric analysis of collagen area
(Figure 13A). Upregulation in fucosylated glycan structures correlated with patients with
all scores of fibrosis (Stages 1-4). However, the greatest increase in fucosylation was
observed in patients with more advanced fibrosis (FS3 and FS4) (Figure 12B).
Representative images show the specificity of the high intensity of these fucosylated
glycans to specific regions of the tissue. Fibrosis score correlations were specific to
fucosylated glycans as high mannose glycans, had no significant changes when
analyzed by fibrosis stages (Figure 12C). Representative images show that the regions
within the tissue where there is an increase in the intensity of high-mannose structures
are different from that observed in fucosylated images. To further explore the specificity
of glycan structures to pathological regions within the tissue, we used 2D heatmap
representative images of N-glycan structures and compared them with Pico Sirius Red
(PSR) staining images to demonstrate N-glycan changes occurring at specific
histopathological areas of the tissue, specifically fibrosis. Since some of the major glycan

modifications observed were fucosylation and high mannose structures, we focused on
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histopathological changes in tissue occurring where these glycan structures were
expressed at high intensity. A representative liver specimen with a fibrosis score of 4
was selected that included some steatosis and high levels of fibrosis to demonstrate the
expression specificity of glycan structures within the tissue. The higher intensity of
fucosylated glycans was primarily expressed in fibrotic areas while high mannose
structures were expressed in fatty areas or non-fibrotic areas (Figure 12D). Overall, we
elucidate the origin of N-glycan modifications by its specificity with histopathological
changes like fibrosis and steatosis. A list of all N-glycan structures and their
representative structures is in Table 7. Figure 13B describes the tissue selection method
for MALDI-IMS imaging in NASH biopsies. Table 8 details the order organized by groups

in which the MALDI-IMS data was acquired.
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Figure 12. N-glycosylation modifications in vivo are validated in human NASH
biopsies and correlate with fibrosis score and histo- pathological changes in
tissue. (A) maximum mean value of m/z of patients scored an FS 0 but classified as low
or high steatosis (left). Representative H&E and 2D heatmap images of 1663.575 m/z
and 1905.630 m/z (right). Bars represent the mean £SEM. (B) maximum mean value of
m/z of fucosylated (red triangle) glycans with significant changes between fibrosis scores
generated by SCiLs analysis software (left). 0 versus FS 1, FS 2, FS 3 or FS 4. Mann-
Whitney test. (C) maximum mean value of m/z of high mannose glycans with changes
between FS Representative PSR and 2D heatmap images of 1809.638 m/z and

2174.775 m/z (right). Bars represent the mean £ SEM, *p value < 0.05 FS generated by
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SCilLs analysis software (left). Representative PSR and 2D heatmap images of 1743.687
m/z and 1905.630 m/z (right). Bars represent the mean +SEM. D, PSR staining from
patient with a fibrosis score of 4 with representative images of 2D heatmap showing
changes in glycan intensity based on histopathological events in the tissue. Zoom in
pictures represent fibrotic (red staining) and/or fatty areas of tissue that correlate with
fucosylated (left) or high mannose structures (right) increased intensity. FS, fibrosis

score; H&E, hematoxylin and eosin; PSR, picrosirius red.
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Figure 13. (A) Collagen Proportionate area percent quantification of Picrosirius Red
(PSR) staining by fibrosis score. (B) NASH biopsy with no 2D heatmap intensity (from
Figure 2A) of any glycan showing how the tissue is selected for imaging. Zoom in image

shows as space between the tissue and where the tissue was selected for imaging
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Table 7-Observed mass (m/z values) with the theoretical values, hexose compositions,

and proposed glycan structure from analysis of NASH patient biopsies.

Observed

Mass 'I[Ahaesc;r((agij)l II\EAﬁZSr Glycan Structure Pg)lsg:re]d

(m/2)
1079.373 | 1079.374 | 1.759 | Hex3dHex1HexNAc2 + 1Na e
1095.378 1095.369 7.487 Hex4HexNAc2 + 1Na s
1136.403 | 1136.396 | 5.808 Hex3HexNAc3 + 1Na el
1257.417 | 1257.422 | 4.293 Hex5HexNAc2 + 1Na va et
1298.452 1298.449 2.773 Hex4HexNAc3 + 1Na ey
1339.466 | 1339.475 | 6.643 Hex3HexNAc4 + 1Na —eell
1419.466 | 1419.475 | 6.622 Hex6HexNAc2 + 1Na e
1444508 | 1444507 | 0.900 | Hex4dHex1HexNAc3 + 1Na LR
1460.506 | 1460.502 | 2.738 Hex5HexNAc3 + 1Na .
1542.553 | 1542.555 | 0.906 Hex3HexNAc5 + 1Na et
1581.528 | 1581.528 | 0.063 Hex7HexNac2 + 1Na s’
1622.565 | 1622.554 | 2.896 Hex6HexNac3 + 1Na "*41:15
1647.589 | 1647.586 | 1.760 | Hex4dHex1HexNAc4 + 1Na et
1663.575 | 1663.581 | 3.847 Hex5HexNAc4+ 1Na et h
1688.621 | 1688.613 | 4.915 | Hex3dHex1HexNAc5 + 1Na —
1704.603 | 1704.608 | 2.932 Hex4HexNAc5+ 1Na ——
1743591 | 1743581 | 5.735 Hex8HexNAc2 + 1Na R
1809.638 | 1809.639 | 9331 | HexsdHex1HexNAc4 + 1Na el
1825.632 1825.634 1.149 Hex6HexNAc4+ 1Na el
1850.667 | 1850.665 | 0.811 | Hex4dHex1HexNAc5 + 1Na —
1866.652 | 1866.660 | 4.392 Hex5HexNAc5+ 1Na i
1891.692 | 1891.692 | 0.000 | Hex3dHex1HexNAc6+ 1Na
1905.630 | 1905.633 | 1.626 Hex9HexNAc2 + 1Na el
1955.694 | 1955.697 | 1.380 | Hex5dHex2HexNAc4+ 1Na e
1971.692 | 1971.692 | 0.000 | Hex6dHex1HexNAc4 + 1Na Teeae
1976.662 1976.666 2.276 Hex5HexNAc4NeuAcl + 2Na el
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1996.716 | 1996.723 | 3.856 | Hex4dHex2HexNAC5+ INa <,
2012.713 | 5012718 | 2.583 | Hex5dHex1HexNAc5 + 1Na seeat
2028.713 | 2028.713 | 0.295 Hex6HexNAC5 + 1Na e
2067.683 | 2067.686 1.305 Hex10HexNAc2 + 1Na e
2069.753 | 2069.740 | 6.281 Hex5HexNAC6 + 1Na T
2122714 | 2122.724 | as22 | HexSdHexiHexNAcaNeuAcl | ,..ez0,
+ 2Na
2158.776 | 2158.776 | 0.277 | Hex5dHex2HexNAc5+ 1Na _—— -
2174.775 | 2174771 | 1.655 | Hex6dHex1HexNAc5+ 1Na e
2215790 | 2215798 | 3.384 | Hex5dHex1HexNAc6+ 1Na ceeTi
2231.793 | 2231.793 | 0.000 Hex6HexNAc6+ 1Na o2
2976.718 2976.718 0.000 | Hex6dHex1HexNAc5 + 1SO4 T“:
+ 2Na ‘
- ')_._(,)
2320.824 | 2320829 | 2.240 | Hex6dHex2HexNAc5+ 1Na IS
2341.783 | 2341.798 | 6.477 | Hex6HexNAc5NeuAcl +2Na | **<,=-
2377.838 | 2377.850 | 5.046 | Hex6dHex1HexNAc6+ 1Na s
2393.850 | 2393.845 | 1.754 Hex7HexNAc6 + 1Na RO
2487.845 | 2487.856 | 4542 | HexbdHexiHexNACSNeuAcl | ...:2:
+ 2Na “woe
2539.901 | 2539.903 | 0.708 | Hex7dHex1HexNAc6+ 1Na e
2905.003 | 2905.035 | 2.788 | Hex8dHex1HexNAc7+ 1Na pee
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Table 8. Order in which MALDI-IMS data was acquired, samples were prepared and ran
for MALDI-IMS experiments randomly. Samples are organized by groups in this table for
a better description of the order (i.e., samples in Group 1 were prepared and ran first,
followed by samples in group 2, etc.). ID: identification number given to each sample
based on the order they were registered in our laboratory database.

ID Group ID Group
Fibrosis Score Fibrosis Score

0 20 1 3 12 2
0 21 1 3 14 2
0 22 1 3 15 3
0 23 1 3 26 3
0 24 3 3 27 3
0 40 3 3 28 2
0 41 3 3 29 2
0 42 3 3 30 2
1 18 2 3 31 1
1 19 1 3 44 3
1 36 3 3 52 2
1 37 3 3 53 2
1 38 3 3 54 2
1 39 1 3 55 2
1 47 1 3 58 1
1 48 1 4 1 1
2 8 2 4 2 1
2 16 3 4 3 1
2 17 2 4 4 2
2 35 2 4 5 2
2 34 2 4 12 2
2 45 1 4 25 2
2 46 2 4 60 2
2 50 2 4 61 2
2 51 2 4 62 2

4 63 2
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4.3.4 Core fucosylated N-glycan modifications are specific to fibrotic areas in
human NASH

Alterations in fucosylation described here, are known to occur at different
linkages of the glycan structure and are catalyzed by a family of Fucosyltransferases
(FUTs 1-11). The specific fucose linkages are of interest as fucose residues attached in
an alpha-1,6 linkage, or core fucosylation catalyzed by FUTS8 is the most reported
modification in severe liver damage (82,147). Since the MALDI-IMS method utilized in
this study is unable to identify the specific fucose linkages of the particular glycans with
only the use of the PNGase F PRIME™ enzyme. We implemented the use of the
enzyme Endo F3 Prime™ to further identify the nature of the fucosylation observed in
Figure 11. Endo F3 Prime™ has a preference to cleave core-fucosylated glycans (Figure
14A) (128). The cleavage of Endo F3 Prime™ between the two core N-
acetylglucosamine residues results in a mass shift of 349.137 a.m.u for core fucosylated
glycans compared to N-glycans released by only PNGase F PRIME™. Treatment with
the enzyme Endo F3 Prime™ revealed eight main glycans found to be core-fucosylated
with altered intensity based on the fibrosis scores (Figure 14B and Table 6).
Representative images of the intensity of core fucosylated glycans in tissue show that
these structures are expressed throughout the tissue at early fibrotic stages (FSO and
FS2) but as the disease progresses and fibrosis increases core fucosylated glycans are
expressed only in fibrotic areas and at a very low intensity or not present at all in non-
fibrotic areas (Figure 14C). However, core fucosylated hybrid (1581.528 m/z and
1460.500 m/z) and core fucosylated bisecting (1745.500 m/z) glycans were not present
in fibrotic areas, instead these were highly present in non-fibrotic areas and/or steatotic

areas (Figure 15). To further explore and confirm the expression of non-core fucosylated
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glycans we added treatment with PNGase F PRIME™ after Endo F3 Prime™ treatment.
We analyzed high mannose glycan intensity and show that there was a significant
decrease in these structures with a high fibrotic score, suggesting these structures to be
more abundant in steatotic tissues instead of fibrotic tissue (Figure 14E). Treatment with
both enzymes revealed that 1809.500 m/z and 2539.901 m/z are mainly core
fucosylated since these glycans had a lower intensity and a different expression pattern
in the tissue compared to the core fucosylated form, suggesting having some terminal
fucosylation. The 1850.665 m/z glycan had a similar intensity at similar areas as the core
fucosylated form, suggesting it also has a terminal fucosylated form. As mentioned
before, high mannose glycans were consistently expressed in non-fibrotic areas
(1419.472 m/z and 1905.637 m/z). Finally, 1663.584 m/z biantennary glycan was
expressed throughout the tissue, which is expected as this glycan is commonly found in
different types of tissue at high levels (Figure 14D). Overall, we found a significant
positive correlation between core fucosylated glycans: (1501.509 m/z, r=0.7656,
p=0.0023 and 1663.586 m/z, r=0.6055, p=0.0248) and a negative correlation in high
mannose glycans: (1905.632 m/z, r=-0.7852, p= 0.0049 and 1743.585 m/z, r=0.5349,
p=0.0790) based on the fibrosis scores (Figure 14F). Our results suggest that core

fucosylated glycans could have a role in disease progression, specifically in fibrosis.
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Figure 14. Core fucosylated glycans are specific to fibrotic areas in human NASH
biopsies. (A) cartoon description of Endo F3 Prime cleavage site on core fucosylated
(red triangle) glycans. (B) maximum mean value normalized to the natural logarithm (LN)
of m/z values of core fucosylated glycans with significant changes between fibrosis
scores 0 (n=3), 2 (n=5), and 4 (n = 6) generated by SCiLs analysis software. A core
fucosylated glycan will have a mass shift with Endo F3 Prime treatment, (PNGase F
PRIME mass shifts): 1298.445 m/z (1647.589 m/z), 1460.500 m/z (1809.638 m/z),
1501.509 m/z (1850.667 m/z), 1663.586 m/z (2012.713 m/z), 1743.581 m/z (2092.718
m/z), 1745.581 m/z FS 2 or FS 4. Mann-Whitney test. (C) representative Picrosirius red
(PSR) staining and 2D heatmap images of the expression pattern of core (2094.771
m/z), 1825.632 m/z (2174.775 m/z), and 2190.765 m/z (2539.901 m/z). Bars represent

the mean + SEM. *p value < 0.05 FS 0 versus fucosylated glycan structures in NASH
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biopsies with a score of 0, 2, and 4 where red staining is representative of fibrotic areas.
(D) representative 2D heatmap images of the expression pattern of terminal fucosylated,
high mannose, and complex glycans with PNGase F PRIME treatment after Endo F3
Prime treatment. (E) maximum mean value normalized to LN of m/z values of high
mannose glycans with significant changes between fibrosis scores 0, 2, and 4 generated
by SCiLs analysis software with PNGase F PRIME treatment after Endo F3 Prime
treatment. (F) Spearman correlation plots between glycan structures and fibrosis scores,
where each data point represents a patient. Core fucosylated glycans: 1501.509 m/z
(1850.667 m/z) and 1663.586 m/z (2012.713 m/z) and high mannose glycans 1905.630

m/z and 1743.591 m/z. FS, fibrosis score; NASH, nonalcoholic steatohepatitis.
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Figure 15. 2D heatmap images of core fucosylated glycans with EndoF3 treatment
in NASH biopsies. PNGaseF mass shift: 1930.6656m/z, 2092.7184m/z, and

2094.7718m/z.
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4.4 Discussion

Alterations in glycosylation have been reported in metabolic diseases like fatty
liver disease, diabetes, and NASH(89,96,204,224,225). The use of serum glycan
markers is the most common method to identify specific N-linked glycan alterations that
can be utilized for biomarkers strategies in fatty liver disease and NASH(90,97).
However, the elucidation of liver-specific modifications and the origin in tissue of these
glycan modifications is not well studied. In this study, we characterized the N-glycan
profiles in NAFLD/NASH mouse models and human NASH biopsies and show that
alterations of complex/fucosylated and high mannose structures are the main
modifications observed in liver tissue. The correlation of histopathological liver damage
with specific N-glycan structures that have been linked to liver cancer formation and
metastasis suggests the possibility that these N-glycan structures could be useful to
detect patients that might progress to cirrhosis or HCC.

While it is known that glycosyltransferases and glycan-processing enzymes are
required for many biological functions in the liver like development and liver
regeneration, alterations in metabolic diseases and cancers also suggest an oncogenic
role for tumor formation and metastasis (4,42,48). For example, gene alterations of
fucosyltransferases have also been reported to be upregulated in HCC (68,69,158,226).
Similarly, altered glycosylation profiles in branching, sialyation, and fucosylation are
known to be glycan signatures in liver, colon, and pancreatic cancer (58,129,227,228).
Previous data from our group demonstrated that increased branching and fucosylation
levels, correlated with a reduction in survival time in HCC patients (76). Here, we study
early liver damage in this case NAFLD/NASH, and similarly, find a significant alteration

of complex/fucosylated glycans and high mannose glycans that correlates to fibrotic and
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fatty areas within the tissue. It is important to note that the level of fibrosis observed
between our study models was significantly lower in our mouse model. It is well-known
that fibrosis induction in diet-based mouse models that can mimic human fibrosis has
been a limitation without the use of chemical-based agents (164).

Fucosyltransferases (FUTs) 1-11 are the main glycosyltransferases able to
catalyze the addition of a fucose residue to different linkages within the
glycoprotein(84,208). For example, the isoform L3 of serum glycoprotein alpha-
Fetoprotein glycoform (AFP) has core fucosylation alterations in its glycosylation site and
is currently used as an HCC biomarker (85,229,230). In our study, we observed
significant changes in fucosylation from early stages of the disease, suggesting that core
fucosylation could be a driver of liver damage in NASH. Further studies are needed to
determine if these were catalyzed by FUT8 and to determine the role of other N-glycan
transporters in NASH.

Our data suggest that advanced liver disease correlates with high expression of
fucosylated and/or core fucosylated glycan structures that may be detectable in the
serum and act as biomarkers of disease progression. This is important because even
though NAFLD/NASH are considered early liver damage, diagnostic options are very
limited (10,11). Patients can suffer from undetected/undiagnosed NASH and be
diagnosed at very late stages of the disease with cirrhosis or HCC (14). Our results
demonstrate that alterations in fucosylation can be explored for promising strategies for
early detection.

One unique advantage of this study is that all glycan imaging analysis was
performed using a MALDI-TOF system which can be clinically accessible and is

currently being used in some centers. This instrument allowed us to observe and
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guantify specific glycosylation changes that correlated nicely with spatial
histopathological changes like fibrosis, considered to be one of the most important
features of disease progression associated with increase mortality and liver-related
complications (231) .

To conclude, we were able to verify that the mouse model used here matched
the human disease, validating this model for other NASH studies investigating
glycosylation. This study coupled conventional laboratory techniques with mass
spectrometry glycan imaging techniques to identify a typical N-glycan liver tissue profile
in mouse and human NAFLD and NASH. In vivo studies and human biopsies with low
level of fibrosis demonstrated that N-glycan changes can be detected at early stages of
disease before liver damage is visible in a pathological assessment. Overall, this study
elucidates the N-linked glycosylation alterations in-situ and suggests that disease
progression, specifically fibrosis could be the main driver of core fucosylated glycans in
NAFLD/NASH, but further studies would be needed to validate the role of N-

glycosylation on extracellular proteins in fibrotic tissue.
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Chapter 5: N-linked glycosylation alterations identify NAFL before histological

annotations.
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5.1 Introduction

Liver disease can be caused by a variety of factors including obesity, type 2
diabetes, metabolic disorders, viruses, and genetic variants (9,149). One of the first
signs of disease in the liver is Non-alcoholic fatty liver (NAFL), characterized by a
steatotic liver, which is known to be one of the most common types of liver damage
affecting a high percentage of the population (8). While NAFL is considered a benign
liver injury with minimal symptoms, if left untreated, it can progress to non-alcoholic
steatohepatitis (NASH) when there is severe inflammation and fibrosis, in addition to
steatosis (149). The full scope of NAFL and NASH, both induced independently from
alcohol and/or drugs is known as Non-alcoholic fatty liver disease (NAFLD). With liver
disease progression, liver injury is considered to be reversible by improving lifestyle
habits related to diet and physical activity (232). However, NAFLD is considered a silent
disease where patients are asymptomatic during its progression, causing diagnosis to be
made often at the late and irreversible stages of the disease. After NAFLD, liver disease
can progress to cirrhosis, Hepatocellular Carcinoma (HCC), and Cholangiocarcinoma
(CCA) (11,16). Advanced liver disease diagnoses are on the rise due to the
overwhelming high rates of obesity and other metabolic diseases (2). In addition, NASH-
induced HCC is estimated to become the main cause of liver transplants in the US and it
has become a public health concern (10,203). Currently, there are serum-based
noninvasive biomarkers to identify NAFLD, HCC, and CCA, however, these lack
specificity and sensitivity (27,44,203,233). The gold standard for the diagnosis of these
liver diseases varies between imaging strategies, histological and pathological analysis,
liver biopsy using a scoring system, and/or a combination (13,26,44,52). However, these

have presented some disadvantages, making their use for a definitive diagnosis in the
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clinic challenging. Overall, there is an urgent need to find reliable biomarker options that
can identify specific stages of liver disease or at least signs of progressive liver disease.
Due to the heterogeneity of all liver diseases previously mentioned (NAFLD,
HCC, and CCA) and of the liver organ itself, multiple genetic changes, epigenetic
changes, and microenvironmental factors have been categorized as risk factors for liver
diseases and their progression (4,234). Glycobiology is a field that has been considered
for providing molecular information, specifically in the alterations of N-glycan structures
and how these can correlate with diseases (66,72,153,208). N-linked glycosylation is
one of the most common post-translational modifications on proteins, where specific
sugar residues are added to the glycoprotein, this N-glycan structure attachment occurs
at the Asn reside of the glycoproteins (70). While N-linked glycosylation has many
biological roles, like protein folding, cell signaling, and immune response, it is also used
in the clinic as a biomarker for liver cancers: AFP-L3 for HCC and CA19-19 for CCA
(57,153,229). N-linked glycan alterations have been widely studied in different liver
diseases, including cirrhosis, HCC, fatty liver, and NASH (73,77,154,204). Different
modifications have been identified such as fucosylation, sialylation, and, extensive
branching. However, these studies have focused on characterizing the N-glycan-related
changes at a specific stage of liver disease progression (78,90,97). It is important to
understand these alterations with time in the context of liver disease because it is known
that the glycome can be altered by environmental factors affecting the role of N-glycan-
related enzymes and N-glycan structures according to disease over time (71,73). In
addition, knowing if these glycan modifications come before or after pathological

alterations will help identify the roles they play in disease progression.
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In this study, we followed the progression of NAFL, NASH, and advanced liver
disease in a mouse model to characterize the N-glycan changes occurring over time.
Here, we provide a full profile of N-linked glycan structures throughout the progression of
liver diseases induced by environmental factors, elucidate the origin of these
modifications in situ and identify modifications with promising use for liver disease

screening.

5.2 Methods

5.2.1 Diet and mouse models

All animals received humane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals. Animal studies were approved by the
university’s Institutional Animal Care and Use Committee (IACUC). C57BL/6J male mice
were purchased from Jackson laboratory at weaning age. Mice were given about 10
days after arrival at our facility for acclimation before any studies started. All studies
described here, started when mice were at 4 weeks of age and were separated
randomly into respective groups and time points. The diet study included two groups a
normal chow (Research Diets), and a western diet (40 kcal% Fat, 20 kcal% Fructose
and 2% Cholesterol) (Research Diets D09100310). A total of 48 mice were used: day O:
3 mice/group, month 2: 3 mice/group, month 4: 6 mice/group, month 6: 6 mice/group,
and month 9: 6 mice/group. For the diet/carcinogen study, a total of 31 mice were used:
day 0: 3 mice/NC DEN and WD DEN (the mice in the NC and WD were the same used
in the diet study) month 4: 3 mice/group, and month 11.5: 3 mice for NC, NC/DEN, WD;
and 4 mice for WD/DEN. Mice were fed ad lithium. Histological and scoring of NALFD
characteristics was done by an independent veterinary pathologist using H&E staining of

the liver tissue section, following an established scoring system (235). Veterinary
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pathologists scored mice independently and provided at least 5 scores (from 5 different

fields) per sample, scores were averaged for mice in the same group.

5.2.2 Tissue processing for MALDI-IMS

Liver tissue was harvested at respective timepoint processed for formalin-
fixation, flash frozen, and serum was collected. Tissue blocks were cut into 5um sections
and processed for N-glycan MALDI-IMS following previously published protocols (124).
In summary, paraffin-embedded tissues were first heated at 60°C for an hour, followed
by dewaxing steps including xylene, ethanol, and water washes. Next, tissues were
taken thru antigen retrieval for 20 minutes at 95°C in citraconic buffer pH 3.0. Tissues
were cooled down by buffer exchange to water slowly to avoid any tissue loss. To cleave
N-glycans, PNGaseF prime was sprayed using an HTX sprayer and tissues were left
incubating at 37 °C for two hours. Finally, tissues were sprayed with CHCA matrix.
Samples were imaged using A timsTOF Flex trapped MALDI-QTOF mass spectrometer
(Bruker Daltonics) (m/z 500—4000) operating in a positive mode 6.2.4 Data processing

and analysis.

5.2.3 Data analysis

Data generated from MADI-IMS experiments were processed using analysis
software SCILS Lab 2020 imaging software (Bruker). SCiLs-generated N-glycan
spectras were normalized to the total ion count (TIC). N-glycan structure annotations for
each m/z (mass to charge ratio) value were made based on an in-house database of
known N-glycan generated using GlycoWorkBench and GlycoMod for annotation or to
MS/MS data previously done by our group (217,236). Maximum mean values for each

m/z value corresponding to a specific N-glycan structure were normalized to the total
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amount of m/z values per sample. Overall, the relative intensity of each m/z value was

used for N-glycan quantifications.

5.2.4 IHC Multiplex

Liver tissues were processed after necropsy for formalin fixation. Formalin-fixed
embedded tissues were cut at 5um sections and processed for multiplex
immunofluorescence using the Roche method for various markers within the same
tissues. Markers used here included: anti-aSMA, anti-CD3, anti-F480, and anti-CD8a,;
using DAPI as the nuclear counterstaining. Stained slides were imaged using the Vectra

Polaris Automated Quantitative Pathology Imaging System (PerkinElmer, Inc.).

5.3 Results

5.3.1 Diet and chemically induced liver disease progressive mouse model

To study the full progression of liver disease, liver injury was induced by diet
and/or carcinogen treatment (173,176,178,235,237). Mice were harvested at different
time points hypothesized to represent different stages of liver disease: from early liver
injury (Month 2) to advanced liver disease Month 9 and cancer-like characteristics
(Month 11.5). Liver disease progression was studied in two different studies: 1) a diet-
inducible NAFL/NASH study, where groups in this study included a normal chow (NC)
and a western diet (WD), where timepoints were established based on the stages of
disease including Day 0, Month 2, Month 4, Month 6, and Month 9 (Figure 16A). 2) a
chemically inducible advanced liver disease study in the background of NALFD, which
was a combination of diet and a carcinogen dose. The carcinogen used was
Diethylnitrosamine (DEN), commonly used in liver-related studies to induce liver tumors

(188). Thus, this study included the combination of diet and DEN: NC, NC/DEN, WD,
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and WD/DEN. Timepoints for this study included Day 0, Month 4, and Month 11.5
(Figure 16B). Mouse weights were collected every week for both studies (during nine-
month and eleven-and-a-half-month time points) and liver tissue, and serum was
harvested at the respective time point. Figure 16C shows the weight changes in the diet
study, and as expected mice in the WD gain significantly more weight throughout the
study compared to mice fed an NC. Liver pictures harvested at necropsy demonstrate
that liver injury in mice fed a WD can be observed at a time point of two months,
similarly, liver pictures at Months 4, 6, and 9 demonstrate continuous liver damage
including, liver enlargement, discoloration, and rounded edges (Figure 16D). In the
diet/carcinogen study, mice in the WD and WD/DEN had a very consistent weight gain
until approximately 32 weeks whereas mice in the WD/DEN had a subtle weight
decrease, and a more significant weight drop at 40 weeks compared to the WD (Figure
16E). While it is known that mice treated with DEN can lose weight, we hypothesize that
this weight loss might be due to the severe liver damage these mice were enduring
during this time point, which has been observed by others using this carcinogen (238).
Necropsy liver pictures for the diet/carcinogen study had a similar pattern of liver
damage to what was observed in the diet study, in addition to a significant number of
nodules and stiff liver in the WD/DEN at time point 11.5. Liver from mice fed an NC in
combination with the carcinogen also had a minimal liver injury relative to those fed the

WD/DEN, this suggests that a WD is a strong inducer of liver disease (Figure 16F).
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Figure 16. Mouse livers in a western diet developed severe progressive liver
damage. (A) Diet-inducible NAFL/NASH study overview (B) Chemically inducible
advanced liver disease study in the background of NALFD overview, (C) Mouse weights
in diet study throughout 9 months, (D) Necropsy pictures taken at harvesting for each
respective timepoint (diet study), (E) Mouse weights in diet/carcinogen study throughout
11.5 months, (F) Necropsy pictures taken at harvesting for each respective timepoint

(diet/carcinogen study).
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Next, to confirm that liver disease was successfully induced, and to confirm the
level of diseases, veterinary pathologists performed histological scoring utilizing the
same predictor factors used clinically for NAFLD diagnosis (macrosteatosis,
microsteasotis, inflammation, fibrosis). In addition, hyperplasia was also scored, since
this is an abnormal change in normal cells prone to becoming cancer cells. Table 9 lists
the specific description used for histological analysis. For the diet study, as Figure 17
shows, at month 2, some mice started showing signs of steatosis, at month 4 there was
a significant increase in steatosis with some not significant inflammation and
hyperplasia, at month 6 high levels of steatosis continued in addition to inflammation in
more mice, and by month 9 all of the predictor factors were increased in mice fed a WD,
suggesting a full spectrum of NAFLD (Figure 17A).

Based on histological scoring and histological changes observed, we proposed
labeling the time points by the disease status observed. That is, in the diet study, even
though there were minimal histological changes at month 2, in the prognostic factors we
measured, livers were enlarged, and mice were obese, which is consistent with what is
observed in humans with NAFLD. For months 4 and 6, there were significant levels of fat
accumulation, consistent with what is seen in NAFL in humans. Similarly, at month 9, we
were able to observe all the prognostic markers elevated, which is consistent with NASH
in humans. We concluded that this diet study was able to induce the intended disease,
and thus represents an appropriate model for the study of NAFL/NASH(Figure 17B).

For the diet/carcinogen study, at month 4, mice in the WD and WD/DEN also had
a higher level of steatosis with no other histological reports made for the other factors.
However, by month 11.5, all of the prognostic markers were present for mice in the WD

and WD/DEN, including fibrosis. Mice in the NC/DEN had elevated levels of steatosis,
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and some inflammation, which could be accounted to the DEN treatment and aging.
While mice in the WD, and WD/DEN had the higher level in all these factors, specifically
WD/DEN, which had the highest level of macrosteatosis, inflammation, and fibrosis,
which are the factors linked to more advanced diseases (Figure 17C).

In the diet/carcinogen study, as in the other study, month 4 demonstrated what
is commonly seen in NAFL while month 11.5 had all the prognostic factors of NASH, in
addition to other histological changes that are observed in advanced liver disease and
those with a possible progression to HCC. We concluded that this diet/carcinogen study
was able to induce the intended diseases and propose this as a NASH/advanced liver

disease study (Figure 17D).
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Table 9. Scoring system used by veterinary pathologists for liver tissues in both

studies

Timecourse study of the progression of liver diseases induced by diet and

carcinogen treatment (NAFLD scoring and tumor burden

Objective used 10x

Fields 5 fields per lobe, chosen randomly

Macrovesicular steatosis, Microvesicular
Scoring steatosis and hypertrophy | steatosis, hypertrophy scored at (0=<5%, 1=5-

33%, 2=33-66%, 3=>66%

Scoring inflammation 0,1=0.5-1 foci, 2=1-2 foci, 3=>2 foci

Scoring fibrosis Binary scoring (yes/no)

Hypertrophy could be originating from
Notes
macrosteatosis
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Figure 17. Pathological scoring revealed NAFL, NASH, and advanced liver disease
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changes observed in a diet/carcinogen study
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5.3.2 Characterization of N-linked modifications in NAFLD progression

To characterize the N-linked glycan profile in liver disease progression, we used
Matrix-Assisted Laser Desorption lonization (MALDI) Imaging Mass Spectrometry (IMS).
We were first interested in the full N-glycome characterization of NAFL/NASH
progression based on the type of N-glycans that were identified in all samples. Analysis
was based on the following types of N-glycans: high mannose, fucosylation, extensive
branching (non-fucosylated), bisecting (non-fucosylated), bi-antennary (non-
fucosylated), tri-antennary (non-fucosylated), and hybrid (non-fucosylated). Figure 18A
outlines the N-glycan structure distribution for all groups; out of all the N-glycans
identified in all samples, 44% N-glycans were fucosylated, 9.8% were high mannose,
and 11.4% were bi-antenna (non-fucosylated). Other N-glycans had a less than 10%
distribution. We furthered our analysis based on the relative intensity of each structure
according to the group and stages previously proposed, the N-glycan types that were
changing between groups included high mannose, fucosylated, and bi-antennary (non-
fucosylated) N-glycans. At the obesity/some liver damage stage, there was an increase
in high mannose, but no changes in fucosylated glycan or biantennary glycan with the
WD. However, at more advanced stages (NAFL and NASH), diet induced a decrease in
high mannose structures with an increase in fucosylated and bi-antennary N-glycans
(Figure 18B). It is important to note, that relative to early liver damage in the WD,
fucosylated N-glycans increased while high mannose N-glycans slightly decreased. This
suggests the importance of fucosylation in the development and during liver injury
(Figure 18B).

Based on the different distribution of fucosylated and high mannose N-glycans

we focused on these to further analyze if there were any changes based on disease
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stage. Analysis of all high mannose N-glycans grouped revealed a decrease in these
structures in the WD and this was consistent at all disease stages starting at proposed
NALF (months 4 and 6) up to proposed NASH (month 9) (Figure 18C). Analysis of all
fucosylated N-glycans groups revealed an increase in these glycans also starting at
NAFL up to NASH (Figure 18D). Figure 18E, tracks single high mannose and
fucosylated N-glycan structures at each stage of the disease and confirms the trend
previously observed. In addition, it demonstrates how early these specific modification
start in liver disease (month 4). Overall, N-glycan modifications can be detected very
early in liver disease progression and their alterations are consistent with the disease

progression.
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Figure 18. N-glycan modifications can be detected from early liver disease up to
NASH. (A) Distribution of N-glycan types in the diet study, (B) Distribution of N-glycan
modification within timepoint and diet, (C) Relative intensity of all high mannose N-
glycans between diet, (D) Relative intensity of all fucosylated N-glycans between diet,
(E) Relative intensity quantification of individual high mannose and fucosylated N-

glycans at each time point.
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5.3.3 Characterization of N-linked modification in advanced liver disease
progression in the background of NAFLD

A very similar analysis was done with the NALFD/advanced liver disease study
and as with the other study, the N-glycan types identified in these samples were
fucosylated high mannose, and bi-antennary (Figure 19A). When analyzing their relative
intensity according to groups and stages, the high mannose downregulation with diet
and upregulation of fucosylated N-glycans with the WD and WD/DEN was consistent,
including at the lastest timepoint (Figure 19B). A very similar trend of high mannose and
fucosylated N-glycans was observed. When analyzing the sum of all high mannose
(Figure 19C) and fucosylated (Figure 19D) N glycans, a decrease, and increase,
respectively were observed. Figure 19E includes an analysis of single N-glycans with
disease progression, this analysis confirms the trend of decreasing high mannose and
increasing fucosylated N-glycans even at an advanced liver disease. Similar to the
analysis in the NAFL/NASH study, bisected fucosylated and sialylated N-glycan
structure was also found to be altered at an advanced liver disease stage in the WD and
WD/DEN. This analysis suggests the expression of fucosylated and high mannose N-

glycan are consistently modified in the progression of liver disease.
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Figure 19. N-glycan modifications can be detected from early liver disease to
NAFLD and up to advanced liver disease. (A) Distribution of N-glycan types in the
diet/carcinogen study, (B) Distribution of N-glycan madification within timepoint and
diet/treatment, (C) Relative intensity of all high mannose N-glycans between treatment,
(D) Relative intensity of all fucosylated N-glycans between treatment, (E) Relative
intensity quantification of individual high mannose and fucosylated N-glycans at each
time point.
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5.3.4 Histological and disease characteristics correlations

To take advantage of the spatial N-glycan profiling advantage MALDI IMS offers,
we were interested in the pathology associated with the N-glycan modifications
identified. We were specifically interested in the WD/DEN group since these mice had
significant liver enlargement, liver discoloration, and nodules in multiple lobes at
necropsy and had all of the characteristics of early liver disease and advanced liver
disease based on the pathological scoring analysis. Veterinary pathology annotated
H&E scans with all of the histological modifications observed, and while no HCC was
diagnosed from these livers, hepatocyte hyperplasia was identified, suggesting that if
these mice were left longer most likely they would have developed HCC. Annotations
made on these samples also confirm that we are seeing very late stages of liver disease
progression (Figure 20A). We overlayed these annotations with MALDI-IMS data and
identified N-glycan structures that were specific to the annotations made by pathology.
High mannose, bi-antennary, bisecting, and double fucosylated N-glycan structures were
specific to areas annotated as nodules while single fucosylated N-glycans were more
specific to areas outside of the nodules (Figure 20A). Next, we overlayed the MALDI IMS
images, H&E, and immunohistochemistry (IHC) multiplex images to further analyze the
immune cell profile and fibrosis changes in the WD/DEN group. This analysis revealed
that N-glycan modifications are not specific to immune cell populations, CD4, CD8, or
macrophages or fibrosis marker, a-Smooth muscle actin (aSMA) (Figure 20B-D) which
lay outside the areas of the major N-glycans described. This suggests that while
inflammation and fibrosis are one of the main characteristics of disease progression, N-
glycan modifications are independent of the histological characteristics analyzed here

and should be explored further for their origin with other types of cell populations.
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Figure 20. N-glycan modifications identified correlated with histopathological
areas but are independent of immune cell populations (A) H&E staining of mice in
the WD/DEN treatments (top panel), representative images of N-glycans structures for
each tissue (bottom panels), (B-D) H&E scans, MALDI-IMS representative image, and
IHC multiplex images of same tissues as in A. bottom panels are snapshots at 20x

magnification for each cell marker.
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5.4 Discussion

N-linked glycosylation has been previously exploited for the identification of
serum biomarkers for advanced liver diseases like cirrhosis or hepatocellular carcinoma,
specifically using glycoproteins with specific N-linked glycan modifications (91,229).
Similarly, some studies have also identified N-glycan structure modifications in the
serum of NASH patients (89). A research gap with these prior studies is that the initiation
and the changes with time of these N-glycan modifications are still unknown. More
specifically, previous studies did not address if the N-glycan modifications observed in
cirrhosis or HCC can also be identified with minor liver injury. Elucidation of this timing in
N-glycan structures would help identify possible N-glycan modifications involved in
disease progression and promising biomarkers for the identification of early liver
disease. In this study, we investigated the timing of N-glycan modifications with liver
disease progression of early liver injury, NAFL, NASH, and advanced liver disease using
MALDI-IMS N-glycan analysis coupled with pathology analysis. Overall, we concluded
that N-glycan modifications start at very early stages of liver disease, even before
histology analysis can identify liver injury and these same N-glycan modifications can be
detected at advanced stages of the disease. Our results suggest that N-linked
glycosylation, specifically fucosylation might have a role in disease progression.

Diet and carcinogen Diethylnitrosamine (DEN) treatments used in this study
induced the expected level of liver disease. However, mice treated with the combination
of diet and DEN carcinogen did not lead to the development of HCC. We hypothesized
this might be due to a late start of DEN treatment, which in our studies was at 4 weeks
old, instead of the common model of DEN injections at 2 weeks old. However, based on

histological analysis by pathology, we still consider that the level of diseases that were
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induced in both studies (a diet-inducible NAFL/NASH study and a chemically inducible
advanced liver disease study in the background of NALFD) were consistent with what is
observed clinically (obesity, steatosis inflammation, fibrosis, and weight loss at advance
disease) and was relevant for N-glycan characterization.

The opposing trend of N-glycan modifications between high mannose and
fucosylated N-glycan structures that were observed in both studies could be explained
by alterations in the N-glycan processing pathway, where fucosyltransferases could be
overtaking and inducing some of the disease phenotypes observed while high mannose
N-glycans are decreasing with disease due glycoproteins involved in diet/carcinogen
processing being modified further into branched and fucosylated structures. To further
explore these findings, the expression of glycosyltransferases and N-glycan processing
genes should be investigated further.

An unexpected finding in this study was that at day O in both studies, we found
slight N-glycan alterations. While these were not statistically significant, there are still
some changes within groups. It is important to note that the main difference within the
group is that mice were left in the respective treatment for at least 4 hours and harvested
after-within the day 0-time point. we hypothesized that this might be a very early
response to diet in terms of the metabolic processing of glucose intake present in a high-
caloric diet. It is also important to note that the trend of upregulation/downregulation
between fucosylated and high mannose structure was more significant in mice in the WD
relative to mice in the WD/DEN. Suggesting that the use of a carcinogen might induce a
different mechanism of disease and that a high-caloric diet by itself is enough to observe

an N-glycan profile that is consistent with advanced liver disease.
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Importantly, we elucidated that N-glycan modifications can be observed at very
early stages of the disease. Based on pathology scoring analysis, the earliest significant
liver tissue injury (steatosis and inflammation) that can be observed by histology is at
month 6. However, our N-glycan data demonstrated that N-glycan modifications start
with a slight trend at month 2 and become significant by month 4. IHC multiplex imaging
of immune cell populations and fibrosis markers confirmed that the origin of these N-
glycan modifications is independent of an inflammatory and fibrotic response
histologically.

To conclude, this study identifies the N-glycan modifications during stages of liver
disease progression, we report that N-glycan modifications can be observed at the early
stages of the disease, even before histological analysis can identify tissue injury. This
study suggests N-glycan modifications should be considered useful as early disease
markers and could also be playing a role in liver disease progression to inflammation,

fibrosis, and advanced liver disease characteristics.
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Chapter 6: Analysis of N-linked glycan alterations in tissue and serum reveals
promising biomarkers for intrahepatic Cholangiocarcinoma
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6.1 Introduction

Cholangiocarcinoma (CCA) is an epithelial cancer arising in the biliary mucosa
lining the ducts that carry bile from the liver to the small intestine (49). CCA is the second
most common type of liver cancer after hepatocellular carcinoma (HCC) and is a highly
lethal cancer (50). CCA is classified based on the anatomic location into intrahepatic CCA
(iCCA), perihilar CCA (pCCA), or distal (dCCA) subtypes (51). Cholangiocarcinomas
frequently consist of small nests of epithelial cancer cells surrounded by dense stromal
regions of cancer-associated fibroblasts, immune cell populations, and extracellular
matrix. In addition, glandular formations are also a histologic characteristic of
cholangiocarcinoma (239). CCA risk factors can be subtype-specific: Diabetes, obesity,
smoking, chronic viral hepatitis, cirrhosis, chronic pancreatitis, and chemical exposure
have been linked to iCCA compared to other subtypes (28,50,51). Other risk factors have
been associated with geographic regions, where primary sclerosing cholangitis (PSC) is
the most common risk factor in Western countries and liver fluke infection in Southeast
Asia (28). Despite advances made so far in understanding the risk factors and biological
mechanisms of the disease, a definitive diagnosis of CCA at an early stage continues to
be challenging. For CCA diagnosis, a combination of diagnostic methods is necessary
and a biopsy should be performed when feasible and taken into consideration for the final
diagnosis (51). Conventional diagnostic techniques do not account for the heterogeneity
of the tumor location, size, and pathological and cellular characteristics (49,50).
Consequently, there is an urgent need for improved biomarkers and treatments for CCA.
Glycosylation, one of the most common post-translational modifications, regulates
biological functions including cell-cell communication, protein folding, and receptor

signaling (49,70). Dysregulation in glycosylation has been reported in many cancers,
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including CCA (49,80,91,240). N-linked glycosylation is the addition of glycan structures
to the glycoprotein at the asparagine residue. This process occurs through a well-
established biosynthetic processing pathway in the endoplasmic reticulum (ER) and Golgi
apparatus. The composition of these N-glycan structures is influenced by the abundance
of glycosyltransferases and glycosidases, which add and remove monosaccharides,
respectively, as well as the availability of nucleotide-monosaccharide donors (70,84). N-
glycan alterations like fucosylation (addition of a fucose residue), sialyation (addition of a
sialic acid residue) and complex branching (addition of a GIcNAc residue) have well-
established associations with many different cancers, including HCC (227,241-243).
Alterations in fucosylation can be classified as (1) core fucosylation or (2) outer-arm
fucosylation. Fucosyltransferases (FUTs 1-11) catalyze the addition of the respective
fucose residue at a specific linkage of the N-glycan structure. FUT8 is the only enzyme
capable of adding a fucose residue at the a1-6 linkage of the N-glycan structure (known
as core fucosylation). While the remaining FUTs can add fucose residues at different
linkages on the antenna of the N-glycan structure (known as outer-arm fucosylation). Due
to the many biological roles, N-glycosylation is responsible for, N-glycan structures can
also be altered in healthy tissue. We have previously reported N-glycan alterations like
high mannose, and bi-antennary N-glycans with limited fucosylation and branching in
healthy liver tissue (76). N-glycosylated antigens have been widely used as biomarkers
for different types of cancers: alpha-fetoprotein (AFP) for HCC, prostate-specific antigen
(PSA) for prostate cancer, and Carbohydrate Antigen 19-9 (CA19-9) for CCA. However,
the low specificity of CA19-9 reduces its clinical utility, and a higher-performing biomarker
for CCA is urgently needed. Previous research has identified alterations in the abundance

and/or N-glycosylation of certain serum or plasma glycoproteins that are correlated to liver
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damage caused by CCA and CCA tumor progression (49,80,240). We, and others, have
previously correlated changes in glycosylation in the tissue and serum of individuals with
the development of HCC (68,76,78,154,244-247). However, it is unclear if a similar
change would be observed in the other major type of liver cancer, CCA.

To address this gap, we utilized matrix-assisted laser desorption ionization
(MALDI) imaging mass spectrometry (IMS) for the characterization of the N-glycan-related
molecular changes occurring in tissue and serum. A total of three cohorts were analyzed,
consisting of two tissue cohorts: a discovery cohort (=104 cases) and a validation cohort
(n=75), and one independent serum cohort consisting of patients with iCCA, HCC, or
benign chronic liver disease (n=67). Finally, we use the identified N-glycomic profiles for
the development of a potential biomarker that could distinguish iCCA from other types of

liver damage (75,248).

6.2 Materials and Methods

6.2.1 Tissues and Tissue Microarrays

Initial analysis was performed using normal liver tissue (HUFPTO74),
hepatocellular ~ carcinoma  (HCC) tissue (HuCAT081), and intrahepatic
cholangiocarcinoma (iCCA) tissue (HUCAT086) (Biomax, Inc., Rockville, MD). H&E stains
of each tissue were annotated by a pathologist with the tumor, adjacent to the tumor, and
fibrotic regions. Subsequently, analysis was performed using a tissue microarray (TMA)
(#LV2081, Biomax, Inc) that contained 208 cores with 103 cases (duplicated cores per
case): consisting of fifty HCC, twenty iCCA, one clear cell carcinoma cyst, five metastatic
HCC (spleen, chest wall, cerebrum, costal bone, and lymph node), two hepatic cyst, eight
tissues with cirrhosis and dysplastic nodules, ten hepatitis infected tissues, two adjacent

normal tissues, and six independent normal tissues. The cores were 1.0 mm in diameter
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and validated by pathology. The validation tissue cohort TMA (DLV753, US Biolab,
Rockville, MD) contained 75 cases with 75 cores: forty-five cases of HCC, twenty-three
cases of ICCA, two cases of mixed carcinoma, and five cases of normal liver tissue. Cores
were 1.5 mm in diameter and validated by pathology. All tissue samples were formalin-
fixed paraffin-embedded (FFPE) cut into a 5 ym thick section and unstained before

analysis.

6.2.2 Serum samples

Samples were from 30 patients with ICCA, 17 samples with primary sclerosing
cholangitis (PSC), and 20 patients with other liver diseases but not iCCA or PSC saw at
Mayo Clinic, Rochester, MN between January 2000, and May 2010. Peripheral blood was
collected from each participant at the time of the office visit before treatment. Sera were
stored at -80°C. The following data elements were abstracted from the medical record:
demographics (age, gender, ethnicity, race, weight, height), medical history, etiology of
liver disease, laboratory data including CA19-9 and AFP, and imaging results (US, CT, or
MRI). Histopathology results and radiologic findings from the medical records of all
patients were reviewed to ascertain the diagnosis of iCCA and identify tumor location. The
diagnosis of iCCA in all patients was confirmed by histopathology. The anatomic location
of cholangiocarcinomas were categorized as “intrahepatic” if the mass lesion arose within
the hepatic parenchyma and did not extend to or involve the secondary branches of the
biliary trees as demonstrated either by computerized tomography imaging, magnetic
resonance imaging or endoscopic retrograde cholangiopancreatography findings. The
etiology of liver disease was based on the laboratory, imaging, and histopathology results

and the judgment of the treating physician. For patients with viral hepatitis, anti-HCV
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antibody, serum HCV RNA, HBYV surface antigen, HBV e-antigen, and HBV DNA levels

were recorded.

6.2.3 Enzymes and Reagents

Trifluoroacetic acid, Harris-modified hematoxylin, and a-cyano- 4-hydroxycinnamic
acid (CHCA) were obtained from Sigma- Aldrich. HPLC grade methanol, ethanol, aceto-
nitrile, xylene, hydrogen peroxide, and water were obtained from Fisher Scientific.
Recombinant peptide N-glycosidase F (PNGase F) PRIME™ and endoglycosidase F3

Prime™ (Endo F3) were obtained from N-Zyme Scientifics (Doylestown, PA).

6.2.4 Tissue preparation for MALDI-IMS

Unstained FFPE tissue slides were processed using standardized N-glycan
imaging workflows of matrix-assisted laser desorption ionization mass spectrometry
imaging (MALDI-IMS) as described (76,127) Briefly, tissues were heated at 60°C for 1
hour and cooled to room temperature before deparaffinization. The slides were washed
with xylene to remove the paraffin and then rehydrated using a series of water and ethanol
washes. Antigen retrieval was performed using citraconic anhydride (Thermo Scientific)
as the buffer and placed in a decloaker for 30 minutes. The buffer was then cooled to room
temperature and buffer exchange was performed to replace the slides in 100% water. To
release the N-glycans, an M5 TM-Sprayer™ Tissue MALDI Sample Preparation System
(HTX Technologies, LLC) was used to spray 0.5 mL of 0.1 ug/ul aqueous solution PNGase
F PRIME™ (N-zyme Scientifics) as previously described (76,217). To elucidate the core
fucosylated N-glycan profile, we treated the validation TMA with the enzyme Endo F3
Prime™, which preferentially cleaves core-fucosylated N-glycans between the two core
N-acetylglucosamine residues and results in a mass shift of 349.137 m/z for core

fucosylated N-glycans compared to N-glycans released only by PNGaseF (29). Following
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the spray of the respective enzyme, the slides were placed in a humidified chamber and
incubated at 37°C for 2 hours. Slides were then desiccated and dried before matrix
application. The matrix was assembled using a-cyano-4-hydroxycinnamic acid (0.042 g
CHCA in 6 mL 50% acetonitrile/49.9% water/0.1% TFA) and sprayed using the same M5

TM-Sprayer™.

6.2.5 Serum preparation for MALDI-IMS

Serum samples were processed for N-glycan analysis as previously described
(126). Briefly, 1 ul of serum was diluted in 2 ul of sodium bicarbonate (100Mm, pH 8.0).
After mixing, 1 ul was spotted on a hydrogel-coated slide. Serum samples were spotted in
triplicate and a blank well was always included in the same slide as the serum samples.
Spots were left to immobilize onto the slide at room temperature for 1 hour and washed a
total of three times with Carnoy’s solution and one time with double distilled water.

PNGase F PRIME™ and matrix were sprayed for tissue samples described above.

6.2.6 N-Glycan Imaging using MALDI-IMS

All tissues and serum samples were imaged using a timsTOF Flex MALDI-QTOF
mass spectrometer (Bruker Daltonics) (m/z 500—-4000) operating in a positive mode.
Focus Pre TOF parameters were set as followed: transfer time 120.0 pys and pre-pulse
storage 25.0 ps. For whole tissues (normal, HCC, and iCCA) and TMAs images were
collected at 100 um raster. For serum samples, images were collected at 150 um raster.

All images were collected at 200 laser shots per pixel.

6.2.7 Data Processing
Data analysis was done in SCiLs lab 2021 imaging software (Bruker) for analysis

of the mass range m/z 500 to 4000. SCiLs-generated N-glycan spectra were normalized
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to the total ion count (TIC). N-glycan structure annotations for each m/z (mass to charge
ratio) value were made based on an in-house database of known N-glycan generated
using GlycoWorkBench and GlycoMod for annotation or to MS/MS data previously done
by our group (63,219). For tissue, the maximum mean value of each m/z was extracted
and used to calculate the relative intensities for each of the N-glycan peaks identified. For
serum analysis, the following steps were applied to the extracted maximum mean value
data: a blank well was included in the experimental plan and was subtracted from each N-
glycan. Only N-glycans present in at least 80% of the samples were used for analysis. The
standard sample was used to create normalization factors for each N-glycan on each slide,
where the intensity of the individual slide’s standard was divided by the average intensity
of the standards across all slides for each N-glycan. Each slide’s N-glycans were then
multiplied by the corresponding normalization factor and the glycan intensities were
converted to the relative intensity. A list of all N-glycans identified in tissue and serum can

be found in Supplementary Table 1.

6.2.8 Statistical analysis

N-glycan data was explored with a boxplot and scatter plot (outliers were included).
Descriptive statistics were presented as mean values +/- standard deviation unless
otherwise stated. Statistical inference between two groups was applied with a t-test or
Mann-Whitney test based on the distribution of the data, normality of data was checked
by the Shapiro-Wilk test. To explore the statistical inference of associations between
outcomes with glycans, we applied logistic regression for a binary outcome, ordinal logistic
regression, tree analyses, and random forest algorithm for multiple ordinal outcomes (data
not shown). Logistic regression was also used to derive the rate of change and

corresponding p-value of each glycan change from those without iCCA to those with iCCA
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in both TMA and serum. Receiver operating characteristic curves (ROC curves) were built
to assess the discriminating ability of individual glycans or panels of glycans. The Area
under the ROC curve (AUC) was also chosen as a criterion in each step of feature
selection to remove noninformative glycans or redundant glycans during optimization.

To alleviate the bias of feature selection, we applied various methods such as step-wise
logistic regression, Lasso algorithm, correlation filter, random forest algorithm for feature
selection to optimize the combination of glycans, and cross-validations (Leave-one-out
cross-validation (LOOCYV) and 3-fold CV) were further applied during feature selection to
avoid bias (249). Based on the robustness, interpretability, and suitability for the glycan
panel structure of interest, we chose a logistic regression model to build a predictive
algorithm with selected features. The relative importance of the chosen glycans in the
algorithm was derived. The performance of the predictive algorithm was explored by
apparent validation (classification) and LOOCV. AUC was calculated, its standard error
was derived using a bootstrap method with 2000 iterations, and the 95%CI of AUC and
corresponding p-value were derived from the standard error. Statistical comparison
between two AUCs was performed using Delong’s test.

Cluster analysis was also applied to explore the similarity of the data structure of
the glycans of interest based on statistical distances. Tanglegram (Cophylo plot) of serum
and TMA were plotted to explore the congruence of the two dendrograms (250,251).
Principal component Analysis (PCA) was used for further exploring glycan data structure
based on its variation-covariance (information of each glycan), biplots of selected glycans
of serum and TMA are provided for visual inspection in the relationship of principal

components.
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Statistical analysis was performed by Graph Pad Prism 9.0 software package (Graph Pad,

Inc, San Diego CA.) and R (version 4.1, https://www.r_project.org)

6.2.9 Study approval

Human serum samples were obtained from the Mayo Clinic Hepatobiliary
Neoplasia Registry and Biorepository under an IRB-approved protocol. This study was
approved by Mayo Clinic Institutional Review Board and met all guidelines set forth by
the 1975 Declaration of Helsinki for good clinical practice. All participants provided

informed consent for this study.

6.3 Results

6.3.1 N-glycan alterations correlate to histopathological changes

To elucidate the in-situ N-glycan changes that occur in iCCA tissue, we utilized
MALDI-IMS methodology. Relative intensities across each tissue are presented via a heat
map of individual m/z (mass to charge ratio) values, where blue is low abundance and red
is high abundance. Here, m/z values are representative of specific N-glycan structures.
In Figure 21, specific N-glycans that are altered with the development of iCCA, and HCC
are shown based on the histopathological changes annotated by a pathologist. N-glycans
at m/z 1809.646 and 2012.717 (bi-antennary and bisected fucosylated N-glycans,
respectively) were predominantly expressed in iCCA tissue, specifically in the tumor
region while in the HCC tissue, these were present in only the fibrotic areas within the
tumor region (Figure 21A-B, and 19E). However, an N-glycan at m/z 2393.840 (complex
highly branched N-glycan) was highly expressed in HCC tissue compared to iCCA and

was also expressed in the tumor region of ICCA tissue but at a lower intensity (Figure 21C
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and 19E). Finally, an N-glycan at m/z 1905.630 (high mannose N-glycan) did not show a
definitive localization to the histology of iCCA or HCC tissues (Figures 20D and 20E).

Figure 22A-B includes H&E staining scans for the iCCA and HCC tissues used. Overall,
we demonstrate by MALDI-IMS that the origin of specific N-glycan modifications can

change based on the type of liver cancer or the histopathological changes in each tissue.
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Figure 21. Bisected and biantennary fucosylated structures are highly expressed in
iCCA tumor. Representative images of the relative intensity of biantennary fucosylated
N-glycan (1809.646 m/z). (A) bisected fucosylated N-glycan (2012.717 m/z). (B)
tetraantennary branched N-glycan (2393.840 m/z). (C) high mannose N-glycan (1905.630
m/z). (D) proposed N-glycan structures at the bottom correspond to the respective m/z
value (observed mass). (E) H&E staining. Tumor regions are outlined in red, normal areas
are outlined in black, and fibrotic regions are outlined in blue. Intrahepatic
Cholangiocarcinoma (iCCA), and Hepatocellular Carcinoma (HCC). For N-glycans, red
triangle, fucose; blue square, N-acetylglucosamine; green circles, mannose; yellow

circles, galactose.
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Figure 22. Hematoxylin & Eosin (H&E) staining of (A) Intrahepatic
Cholangiocarcinoma (iCCA) tissue, 10x (right) and 40x (left) magnification images from
respective areas of the tissue, and (B) Hepatocellular Carcinoma (HCC) tissue, 10x
magnification images from respective areas of the tissue. Tumor regions are outlined in

red, normal areas are outlined in black and fibrotic regions are outlined in blue.
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6.3.2 Bisected fucosylated N-glycan alterations are specific to iCCA patients in
tissue

To determine whether the N-glycan alterations previously identified in iCCA tissue
could be observed in a larger set of tissue samples, we examined a discovery tissue
microarray (TMA) consisting of a total of one-hundred-four tissue cores: fifty HCC, twenty
iCCA, one clear cell carcinoma cyst, five metastatic HCC (spleen, chest wall, cerebrum,
costal bone, and lymph node), two hepatic cysts, eight tissues with cirrhosis and dysplastic
nodules, ten hepatitis infected, two adjacent normal tissues, and six independent normal
tissues. Figure 23A-E shows representative images from this discovery TMA (TMA 1)
demonstrating the N-glycan changes from MALDI-IMS N-glycan imaging data. As Figures
23 A-C show, specific N-glycans at m/z values of 1850.667 (presumed bisected N-glycan
with one fucose residue), 1996.720 (presumed bisected N-glycan with two fucose
residues), and 2158.791 (presumed bisected N-glycan with two fucose residues and with
an additional galactose residue) were found primarily in iCCA tissue (Figure 23A-C). In
contrast, N-glycan at m/z 2393.824 was specific to HCC tissue when compared to iCCA
or normal samples (Figure 23D). Additionally, N-glycan at 1905.644 followed a similar
trend as in Figure 21, where it was expressed in all groups with a decrease in the iCCA
samples compared to other groups (Figure 23E). Normal tissue was associated with high
mannose N-glycans, and bi-antennary type N-glycan with and without terminal sialic acid,
with limited levels of fucosylation and branching, as we have observed before (76).
Next, we used a second TMA (TMA 2) for validation which consisted of a total of seventy-
five tissue cores: forty-five HCC, twenty-three iCCA, two mixed HCC-ICCA, and five
normal liver tissues (Figures 22F-J). We identified the same N-glycans in our validation

TMA as in our discovery of TMA in iCCA tissues. As before, bisected fucosylated N-
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glycans at m/z values of 1850.667, 1996.720, and 2158.791 are significantly increased in
iCCA as compared to the other groups (Figure 23F-H), while N-glycans at 2393.824 and
1905.644 are either not elevated or under-expressed in iICCA (Figure 23I-J). Each N-
glycan alteration from the two TMAs was further analyzed by comparing their relative
intensity in iICCA tissue to non iCCA tissue which included normal, and other liver diseases
(described in TMA 1). As figure 23K-M show, bisected fucosylated N-glycans were
significantly altered in the iCCA tissue (Figure 23K-M) while complex highly branched and
high mannose N-glycans were significantly decreased in iCCA tissue (Figure 23N-0). H&E
staining of each TMA and Clinical information with the diagnosis for each core for small
duct and large duct classifications is provided in Figure 24A-B, respectively. While only N-
glycan changes between iCCA, HCC, and normal tissues are detailed here, Table 10

details N-glycan changes in other types of liver diseases present in TMA 1.
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FIGURE 23. Bisected fucosylated N-glycan alterations are specific to patients with
iCCA in tissue—analysis in a discovery and validation tissue cohort.
Representative images of the relative intensity of bisected/triantennary single
fucosylated N-glycan (1850.667 m/z). (A) double fucosylated N-glycan (1996.720 m/z).
(B) double fucosylated with a galactose N-glycan (2158.791 m/z). (C) tetraantennary

branched N-glycan (2393.824 m/z) N-glycan (D) and high mannose N-glycan (1905.644
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m/z) in TMA 1 (E). This TMA includes two cores per patient: 50 HCC, 20 iCCA, and 6
normal hepatic tissue. OLD: other liver diseases. (F—J) same N-glycans as in A—E but
analyzed in a second independent validation tissue cohort (TMA 2). This TMA includes
one core per patient: 45 HCC, 23 iCCA, and 5 normal hepatic tissue. (K-O) relative
intensity quantification of both TMAs comparing Icca (n = 43) v non iCCA (n = 108).
Each point in box plots represents a patient. The mass defect used for each m/z value is
based on TMA 1 run. The asterisk indicates statistical difference (Mann—-Whitney, P <
0.001), and error bars represent the SD. Darker red colors represent a higher intensity
for the specific glycan while more blue tones represent less intensity. For N-glycans, red
triangle, fucose; blue square, N-acetylglucosamine; green circles, mannose; yellow

circles, galactose.
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Figure 24. TMA H&E stainings and patient demographics. (A) TMA H&E staining

with an outline that specifies the diagnosis for each core for TMA 1 (left) and TMA 2

(right). Mixed carcinoma: HCC and iCCA. Small (yellow) and large (purple) ducts

classifications for each TMA. (B) Patient demographics for A. TMA 1 and B. TMA 2.
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Table 10. Table details other pathology diagnoses included in TMA 1 with the proposed
structure for the N-glycans highly expressed in each. These modifications are

characterized based on 1-2 patients.

Pathology Diagnosis Proposed structure
Metastatic HCC (spleen) TresEe e i
Clear cell carcinoma N emo
me’ o
Metastatic HCC (cerebrum) Com mEe
T
Metastatic HCC (lymph node) a0
| B BN :: <4
Metastatic HCC (chest wall) pme ™0 |
L o e J|
o0 -
Metastatic HCC (costal bone) nmell, *“q
H—0<:::_Q:—< I—I—.’\._H.j —
Hepatic Cyst ey g [T e L
me
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6.3.3 Bisected core fucosylated N-glycan alterations are specific to iCCA patients
in tissue

TMA 1 and TMA 2 representative images from two different bisected N-glycans
each with two fucose residues (Figure 25B, 25C, and 25G, 25H) demonstrated a higher
specificity to ICCA tissues relative to Figure 23A and 23F which is also a bisected N-glycan
with only one fucose residue. Based on this observation, we were interested to elucidate
the origin of this fucosylation, that is core fucosylation or outer-arm fucosylation (Figure
25A). We hypothesized that the specificity of bisected double fucosylated N-glycans in
iCCA tissues was most likely due to core fucosylation since FUT8 and core fucosylation
have been the most common modifications reported in cancer (243). Figure 25B-D,
demonstrates a higher intensity and specificity of core fucosylated N-glycans to iCCA
tissues in bisected N-glycans, suggesting that the fucosylation previously observed is core
fucosylation. While a fucosylated tetra-antennary branched N-glycan (at 2190 m/z) had a
high intensity of core fucosylated N-glycans, this was not specific to any of the groups
(Figure 25E), confirming that the specificity of these N-glycan structures to iCCA samples

is due to the combination of bisected and core fucosylated N-glycans.
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Figure 25. Bisected core fucosylated N-glycan alterations are specific to patients
with iCCA in tissue. (A) Cartoon description of Endo F3 (including mass shift) and
PNGase F cleavage sites, and the respective FUTSs that catalyze the addition of the fucose
residue. Representative images of core fucosylated N-glycans after Endo F3 treatment on
TMAZ2, bisected core fucosylated N-glycan (B) bisected core, and outer-arm fucosylation
N-glycan, (C) bisected core, and outer-arm fucosylation with two galactose residues N-
glycan, (D) and tetraantennary core fucosylated N-glycan (E). For N-glycans, red triangle,
fucose; blue square, N-acetylglucosamine; green circles, mannose; yellow circles,

galactose.
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6.3.4 Characterization of N-glycosylation alterations in serum of iCCA patients

To determine the translational potential of the N-glycan modifications seen in
tissue to serum assays, we utilized a MALDI-IMS serum N-glycan profiling (126). Figure
26A outlines the workflow used to process serum samples. Serum imaging data were
analyzed based on the relative intensity of each N-glycan and used for sample comparison
between non-iCCA (samples from patients at risk of developing CCA or other types of liver
disease including HCC, cirrhosis, hepatitis, PSC, and fatty liver diseases) and iCCA
patients. Consistent with the trend observed in the discovery and validation TMAs, we
found that the N-glycan bisected double fucosylated was significantly altered in this
independent serum cohort (Figure 26B). Similarly, other fucosylated (in this case tri- and
tetra-antennary) N-glycans (2174 m/z, 2320 m/z, and 2361 m/z) were also significantly
altered in the iCCA cohort compared to non-iCCA (Figure 26C-E). In addition, we identified
N-glycan at 1339.463 m/z, a non-fucosylated bisected N-glycan (known as the core
structure of an N-glycan structure) to be significantly decreased in the iICCA tissues
(Figure 26F). Overall, serum analysis revealed a very similar trend to what was observed
in tissue, where bisected fucosylated and other fucosylated N-glycans continue to be
highly altered in iCCA compared to any other group. Table 11 includes clinical patient

information for this serum cohort.
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Figure 26. Fucosylated N-glycans are significantly altered in iCCA serum. (A) Serum
N-glycan imaging workflow. Relative intensity quantification of bisected double
fucosylated N-glycan (2158.791 m/z). (B) triantennary fucosylated N-glycan (2174.779
m/z). (C) triantennary double fucosylated N-glycan (2320.808 m/z). (D) and tetraantennary
double fucosylated N-glycan (2361.849 m/z). (E) biantennary N-glycan (1339.463 m/z).
(F) Each point in box plots represents a patient. The asterisk indicates statistical difference
(Mann-Whitney, P < 0.001), and error bars represent the SD. NoniCCA n = 62 and iCCA
n = 30. The mass defect used for each m/z value is based on TMA 1 run. For N-glycans,
red triangle, fucose; blue square, N-acetylglucosamine; green circles, mannose; yellow

circles, galactose.
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Table 11. Patient demographics for serum cohort. ALT (Alanine transaminase), AST
(aspartate aminotransferase), AFP (Alpha-fetoprotein), and ALP (Alkaline phosphatase).
Other liver diseases include nonalcoholic steatohepatitis, hepatitis C with cirrhosis,
hepatic adenoma, benign fibrotic gallbladder disease, and diabetes. PSC (Primary
Sclerosing cholangitis), HCC (Hepatocellular carcinoma), and OLD (Other liver
diseases). Gray shading for missing clinical information

Serum Cohort CA19-
9 ALT Album
Total | Age | Gend |, | ) | AST in AFP- 1 ALP UL
Pathology patient | mean er ) (mean (UlL) (g/dL) (ng/mL) (mean)
s (SD) | (MIF) (mean) (mean)
(mean ) (mean)
)
. . 56 12322
Cholangiocarcinoma 30 (16.5) 17113 865 236 284 3.8 3.4 273
Primary
Sclerosing 50 870.1
cholangitis 7 (10.9) 176 410 845 34 105 343
Non (PSC)
CCA Hepatocellul 65
ar carcinoma 20 (8.4) 12/8 58 86 3.5 2783 150
(HCC) )
Other liver 62
diseases 25 (8.5) 4/6
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6.3.5 Association of N-glycan modifications identified in tissue to the serum of
iCCA patients

Next, we performed a comprehensive analysis of all the N-glycan modifications
observed in tissue and serum to determine the association between N-glycans found in
tissue and serum. As before, we used the relative intensity of each N-glycan for the
respective dataset (discovery TMA and validation TMA were analyzed and are referred to
here as TMASs). Analysis of TMAs and serum revealed a total of 12 N-glycans that followed
the same trend (upregulation or downregulation) with a significant p-value in serum, TMA,
or both for some N-glycans (Table 12). Next, these N-glycans were analyzed by their data
structure with clustering analysis (Figure 27A) and found that 6 specific N-glycans had a
very similar data structure (Figure 27B), where most of these 6 N-glycans were
fucosylated with different N-glycan types: bi-antennary, bisecting, tri-antennary and tetra-
antennary N-glycans (Figure 27B). We continued our analysis using the initial 12 N-
glycans identified to determine their data structure based on variability (Entropy) by
principal component analysis (PCA). Figure 27C for serum and Figure 27D for TMAs,
show that N-glycans profile cluster into three specific types based on the level of
fucosylation (First, bi-antennary, not fucosylated; second, single fucosylated; and third,
double fucosylated). Biplot of first principal component (dimension 1) (accounts for 39%
of the total variation in TMAs and serum datasets) and second principal component
(dimension 2) (accounts for 17% of the total variation in TMAs and serum datasets).
Overall, double fucosylated N-glycans demonstrated higher informative contributions in
the data set. Figure 28 specifies the relative contribution per glycan to the first and second

principal components indicated in plots with their relative contribution per N-glycan. A
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complete N-glycan profile quantification between the serum and tissue is presented in

Figure 29.

153



Table 12. Identified N-glycans with the same trend between TMA and serum.
1Observed mass-to-charge ratio (m/z) value. >The proposed glycan structure based
upon the m/z value 3Composition of the identified m/z value. “Rate of trend in TMA and
serum datasets. The p value in TMA and serum datasets.

Proposed Rate of
1 3 5
m/z structure? Formula trend? p value
TMA: - TMA:
1257.417 H E o Hex5HexNAC2 + 1Na 1.2654 0.00002.1
m/z Serum: - Serum:
1.6486 0.310389
TMA: - TMA:
1339.464 l—lﬂ{: Hex3HexNAc4 + 1Na 10.179 0.0000Q7
m/z Serum: - Serum:
11.1094 0.001252
TMA: - TMA:
| B |
1501.527 ’{:ﬂj Hex4HexNAc4 + 1Na 4.314§ 0.00071.5
m/z Serum:; - Serum:
3.0030 0.033319
o mC—u TMA: 8.4103 TMA:
2158.792 o —ae Serum: 0.000011
miz Hex5dHex2HexNAc5 + 1Na 83182 Serum:
0.012718
om o TMA: 0.5213 TMA:
2174.779 mu ‘\,CJ o « Serum: 0.000137
m/z S Hex6dHex1HexNAc5 + 1Na 0.4505 Serum:
0.295533
o TMA: 0.8466 TMA:
2320.808 FF‘/:*;}: Hex6dHex2HexNAC5 + 1Na Serum: 0.148806
m/z o 2.8109 Serum:
0.022350
| TMA: TMA:
2361.849 i- — 42.0811 0.000008
m/z /_._,:\_‘-_4 Hex5dHex2HexNAc6 + 1Na Serum: Serum:
o 9.7265 0.009994
o mO | TMA: 3.5604 TMA:
2465.871 o | Hex6dHex1HexNAc5NeuAcl + Serum: 0.001474
m/z moel 1Na 3.1887 Serum:
0.022080
"o | TMA: 0.5366 TMA:
2487.861 H—‘( o |— Hex6dHex1HexNAc5NeuAcl + Serum: 0.271611
m/z B O 2Na 1.5437 Serum:
0.010348
- 0| TMA: 0.5737 | TMA: 0.01425
2539.896 i =) Serum: Serum:
m/z LI _h_)‘ « Hex7dHex1HexNAc6 + 1Na 1.4326 0.507898
" O
CI TMA: 2.1893 TMA:
2685.953 ae O Serum: 0.004647
m/z ¥ | :;| « Hex7dHex2HexNAc6 + 1Na 16233 Serum:
0.473449
o TMA: 0.9399 TMA:
2852.954 m C‘ < Hex7dHex1HexNAc6NeuAcl + Serum: 0.446394
m/z SN 2Na 3.8909 Serum:
0.160911

154




A B Serum TMAs
3
. it
1
3
c . D .
- a7 Double-
Serum N-glycans - single- TMAs N-glycans Ui Fucosylatad

O i = % amam
BT P . Fucosylated o ; H ‘ S
1 ; iycant330 Py : 3 E P
H :'5'N L

contribution contribution
| | 3 R
a @ | 100
TR R el i Tl RE
) 5 | T S ! 50
£ | Ny -+
3 = | TGlycan2852 :“,.‘ a5
5
T 05-
.
1 Y
L4 v w
FE o [ | 1 .
- " | r els Single-
LA § . | i F lated
wies = Double- 10 M I ool Y ucosylate
v I A - by i e
| = Fucosylated ! . | ,
0o 10 1.0 = 05 00 05 1
Dim1 (38.8%)

Dim1 (39.6%)

Figure 27. Profile data clustering reveals N-glycan grouping based on the number
of fucose residues in iCCA serum and tissue. Dendrograms representing clustering for
12 N-glycans (A) and 6 N-glycans (B) in serum and TMAs. Glycan (G), G1: 1217, G2:
1339, G3:1501, G4:2158, G5:2174, G6:2320, G7:2631, G8:2465, G9:2487, G10:2539,
G11:2685, G12:2852. PCA and their dimension (Dim) of serum (C) and TMAs (D) showing
N-glycan clustering based on the number of fucose residues. 2Na (doubly sodiated N-
glycan). For N-glycans, red triangle, fucose; blue square, N-acetylglucosamine; green

circles, mannose; yellow circles, galactose.
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Figure 29. Relative intensity quantification of all N-glycans identified in serum (left row)
and tissue (right row) analysis. Red font labeling for N-glycans follows the same trend

between serum and tissue.
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To identify specific N-glycans that could distinguish between patients with iCCA
and non iCCA, we optimized the 12 N-glycans, this revealed three main N-glycans per
dataset (Figure 30A). In the TMAs analysis, the N-glycans were at 1339 m/z, 1257 m/z
(high mannose N-glycan), and 2158 m/z (Figure 30A). For the serum analysis, the N-
glycans were a 1339 m/z, 2158 m/z, and 2361 m/z (highly branched tetraantennary,
double fucosylated; Figure 30A). In addition, we investigated if the different types of iCCA
(small duct and large duct) could express a different N-glycan profile, and found that there
were no significant differences in any of these glycans, suggesting that these N-glycans
are independent of the type of iCCA (Figure 30B). From these three main N-glycans, only
the two common N-glycans (1339 m/z and 2158 m/z) between tissue and serum were
further analyzed (Figure 30C). The ROC curve from common N-glycans combined in
serum had an AUC of 0.7656 (Figure 31A); while these same common N-glycans in the
TMAs had an AUC of 0.9317 (Figure 31B). Interestingly, N-glycan 1339 m/z and 2158 m/z
had an opposing trend in serum (Figure 31C) and tissue (Figure 31D), where 1339 m/z
was significantly decreased in iCCA while 2158 m/z was significantly increased. This
analysis suggests that the use of bisecting fucosylated N-glycans and the core N-glycan
structure have a powerful discrimination ability that could be a promising differentiator

strategy between patients with iCCA and non iCCA.
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Figure 30. Optimized and common N-glycans in serum and tissue were identified
based on selected algorithm (A) Three N-glycans in TMA and serum were identified
after optimization. (B) Relative intensity quantification for both TMAs of the respective N-
glycan based on small and large duct classification. (C) Two common N-glycans were

identified between datasets. LOOCV (Leave-One-Out Cross-Validation). AUC (Area
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Figure 31. N-glycans from serum and TMA as promising biomarkers to differentiate
iCCA from other liver diseases. (A) ROC curve for serum. NoniCCA n = 62 and iCCA n
= 30. (B) ROC curve for TMA, noniCCA n =108 and iCCA n =43. For ROC curve labeling:
N-glycan 1339 m/z (green-dashed line), N-glycan 2158 m/z (blue-dashed line), and a
combination of N-glycans 1339 m/z and 2158 m/z (red-solid line). (C) Relative intensity

guantification boxplots of N-glycan 1339 m/z and 2158 m/z in serum, non iCCA n = 62,
and iCCA n = 30. (D) Representative images of TMA 1 showing the N-glycan intensity for
1339 m/z and 2158 m/z. The asterisk indicates statistical difference (Mann—Whitney, P <
0.001) and error bars represent the SD. For N-glycans, red triangle, fucose; blue square,

N-acetylglucosamine; green circles, mannose; yellow circles, galactose.
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Next, we explored further the importance of 1339 m/z as one of the differentiators
between iCCA and non iCCA in serum because this N-glycan modification has not been
associated with liver cancer before to our knowledge. We excluded this N-glycan from the
12 N-glycans from our analysis and performed a feature selection from a random forest
algorithm. We identified, 5 N-glycans: 2465 m/z and 2487 m/z (triantennary fucosylated
with a sialic acid residue and same structure sulfated, respectively), 2158 m/z, 2320 m/z,
and 2174 m/z. Figure 32A shows the importance of each N-glycan selected, with all N-
glycans being bisected/triantennary fucosylated. Combining these N-glycans to determine
their ability to distinguish between iCCA and non iCCA resulted in an AUC of 1 for
classification and an AUC of 0.7151 for LOOCYV (Figure 32B). This analysis demonstrates
the importance of N-glycan 1339 m/z in our model because its exclusion resulted in the
need for 5 N-glycans to compensate for the use as a powerful discriminator (Figure 32B).
However, this still confirms our previous analysis in which fucosylated bisected and

triantennary structures have important roles in iCCA.
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Figure 32. Importance and relative contribution of N-glycans based on selected
algorithm. (A) Quantification of the relative contribution of N-glycans (left), table of N-
glycans, and proposed structure with importance values (right) when removing N-glycan

at 1339 m/z from the analysis. (B) ROC (Receiving Operator Characteristic) curve

classification for serum (left) ROC curve LOOCYV (right) of N-glycans in A.
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Finally, to implement a clinical translational aspect for biomarker discovery using
the N-glycan molecular changes presented here, we added CA19-9 information to our
analysis. Serum CA19-9 is a biomarker used to identify those who might require diagnostic
imaging for CCA. For this analysis, we focused on patients for whom we had CA19-9
information available (30 ICCA patients and 17 PSC patients). Strategies for the diagnosis
of iCCA in PSC are urgently needed since early detection of iCCA can improve patients’
survival and the conventional strategies share many features between conditions making
diagnosis unsuccessful in most patients (51). Figure 33A lists the small capability of
individual glycans (AUC: 0.500-0.727), CA19-9 (AUC: 0.512), age (AUC: 0.654), or liver
enzymes (AUC:0.558-0.697) to differentiate between patients with iICCA or PSC.
However, when we combined some of the most significant N-glycans (1339, 1257, and
2158), this resulted in a significant ability of this combination to differentiate between
patients with PSC to those with iCCA (AUC: 0.8431, p=<0.00001) (Figure 32B and 33C).
We demonstrate this is independent of CA19-9 since including CA19-9 information in the
N-glycan combination, did not significantly improve biomarker performance (AUC: 0.8472)
(Figure 33B, 33D) and Table 13. Finally, an additional multivariate model on N-glycans
1339, 1257, and 2158 and the clinical information available for PSC and iCCA patients
revealed that the ability of these N-glycan to differentiate between diagnosis is
independent of the clinical information applied (Figure 34 A-C). Overall, we demonstrate
that the combination of specific N-glycan modifications can be a promising biomarker for

identifying iCCA patients from those with PSC.
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Figure 33. N-glycan combinations as promising biomarkers to differentiate iCCA
from PSC. (A) ROC curve classification of a combination of 1339 m/z, 2158 m/z, and 1257
m/z. (B) ROC curve of combination of 1339 m/z, 2158 m/z, 1257 m/z, and CA19-9. For
ROC curves: iCCA (n = 30) and PSC (n = 17). For N-glycans, red triangle, fucose; blue

square, N-acetylglucosamine; green circles, mannose; yellow circles, galactose
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Table 13. List combinations of N-glycan as possible biomarkers to differentiate
iCCA from PSC. For N-glycans, red triangle, fucose; blue square, N-acetylglucosamine;
green circles, mannose; yellow circles, galactose

'Biomarker “n [MICCA:PSC| “AUC [P95%CI of AUC| °p value

Glycan1257+Glycan1339+Glycan2158 47 30T 0.8431 | 0.7257-0.9606 | <0.00001

Glycan1257+Glycan1339+Glycan2158+CA19-91 47 3017 0.8472 | 0.7313-0.9620 | =<0.00001
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Model 1 Model 2
AUC 0.8721 0.8440
95%Cl | 0.7621-0.9822 | 0.7157-0.9723

Figure 34. Multivariate model-Multiple logistic regression in serum samples. (A)
Scatterplots and correlations between N-glycans of interest (1339, 1257, 2158) and
clinical information available (ALT, AST, ALK, and AFP). (B) Multivariate model-Multiple
logistic regression in CCA and PSC serum samples (n=40). Model 1: three N-glycans of
interestto identify and clinical information available (left panel). Model 2: Only the three
N-glycans of interest (right panel). C. ROC curve of the combination of glycans and
clinical information (red-solid line) and only glycans (green-dashed line) (left),
classification performance table of the two models in B. p=0.5731, Delong’s test between
model 1 and 2. CA19-9, ALT, AST, ALK, and AFP values were log-transformed for
plotting and modeling convenience. logALT was removed from the multiple logistic

regression analysis due to a high value of Variance inflation factor (VIF).
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6.4 Discussion

Alterations in N-glycosylation have been long observed with HCC
(78,152,154,252,253), and we and others have shown that increased levels of some
fucosylated glycoproteins could be observed in the serum of patients with CCA
(79,80,91,240). However, a study that elucidates the origin of these N-glycan
modifications while also exploring the same modifications in iCCA serum as a possible
biomarker has not been done before.

In this study, we identified bisecting, branching (tri-antennary), and fucosylation as
specific N-glycan structure modifications in iCCA tissue and serum. These N-glycan
modifications are known to be catalyzed by the following glycosyltransferases: First, 3-
1,4-mannosyl-glycoprotein  4-beta-N-acetylglucosaminyltransferase ~ (MGAT3)  for
bisecting, which has been previously reported to differentiate between iCCA and HCC in
serum (254). In addition, MGAT3 has been considered a malignancy suppressor where
its overexpression can inhibit metastatic profiles of cancer cells (61). Second, a-1,6-
mannosylglycoprotein 6-beta-N-acetylglucosaminyltransferase A (MGAT5) for branching,
which has been linked to malignancy and correlates with disease progression (114). In
addition, its activation in many cancers has been reported to be through the upregulation
of the RAS-RAF-MAPK signaling pathway (61). Finally, another major alteration observed
in the CCA patients was increased fucosylation. We and others have shown that core
fucosylation, catalyzed by alpha-1,6-fucosyltransferase (FUT8), is one of the main N-
glycan modifications in early liver disease like non-alcoholic fatty liver disease (NASH)
and liver cancers (77,82,91,159). FUT8 expression has also been shown to increase as
cells undergo an epithelial-mesenchymal transition (EMT) by remodeling core fucosylation

on the TGF-B receptor (255). Previous studies in CCA serum have reported increased
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double fucosylation with tri-antennary N-glycans (79,80,91). Similarly, we demonstrate
here that alterations in fucosylation are due to outer-arm and core fucosylation, but core
fucosylation had a higher specificity to iCCA in tissue (Figure 25B-D).

This study elucidates N-glycan modifications that can be specific to each type of
liver cancer in tissue. iCCA patients had a very specific expression of 2158 m/z (presumed
bisected double fucosylated N-glycan), which was not present in HCC or normal samples
(Figure 23C, 23H, and 23M). In contrast, only HCC patients expressed 2393 m/z (tetra-
antennary branched N-glycan), which was not present in iCCA and/or normal samples
(Figure 23D, 23I, and 23N). This suggests N-glycosyltransferases MGAT 3 and MGAT 5
have different roles in cancer progression according to the type of liver cancer. The
changes in specific N-glycan structures according to the type of cancer observed here can
be explained by the opposing roles of MGAT3 and MGAT5. MGAT3-generated bisecting
structures are less readily bound and modified by MGATS5, resulting in a decrease in tri-
and tetra antennary structures. Accordingly, increased intensity of bisecting structures
correlated with decreased intensity of tetra antennary structures in iCCA patients, but HCC
patients had no changes in bisecting structures and increased highly branched structures.
Future studies should investigate the exact roles of MGAT3 and MGATS in the context of
each type of liver cancer.

An interesting N-glycan modification that has not previously been linked to iCCA
was 1339 m/z (bi-antennary non-fucosylated N-glycan) which in this study had a
decreased intensity in ICCA tissue and serum. Statistical analysis revealed the importance
of this modification when coupled with bisected fucosylated structures as a biomarker

candidate for differentiating between iCCA v non iCCA and iCCA v PSC. We hypothesize
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that the reduction in the expression of this N-glycan is due to this structure being modified
to higher/complex N-glycan structures since this is the basic core of an N-glycan structure.
A translational point of this study was correlating tissue and serum analysis for the
characterization of N-glycan-related molecular changes since most of the serum N-
glycoproteins are synthesized by the hepatobiliary system and can reflect liver health.
Utilizing N-glycan alterations that were correlated in tissue and serum analysis improved
biomarker detection and should be pursued for the investigation of other diseases,
especially those impacting the liver. It is important to note that not all N-glycans followed
the same trend from tissue to serum. We hypothesize these inconsistencies may be due
to the large contribution of immunoglobulin G to the serum N-glycan profile.

Here, we utilized MALDI-IMS N-glycan imaging to identify the modifications that
occur directly in iCCA patient tissue and serum samples. In our whole tissue analysis, we
elucidate the histopathological origin of N-glycan structures in the iCCA and HCC tissue.
Next, we analyzed two tissue TMA cohorts (a discovery and validation cohort) and an
independent serum cohort. Finally, we used tissue (from discovery and validation cohorts)
and serum N-glycan alterations and identified 2158 m/z (presumed bisecting double
fucosylated) and 1339 m/z (bi-antennary non-fucosylated) as the most effective
combination to distinguish between iCCA and non iCCA in tissue and serum. While 1339
m/z, 2158 m/z, and 1257 m/z (high mannose N-glycan) as biomarker candidates to
distinguish between iCCA patients and PSC patients in serum.

Together, the data presented here suggest that the changes characterized here in
tissue and serum could originate from cancer itself and prior analytical glycan tools were
not able to detect these changes within the tissue. A matched serum and tissue cohort

would be needed to confirm the origin of these N-glycan alterations. To conclude, we
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propose the use of N-glycan alterations as promising biomarkers for their ability to
differentiate between intrahepatic iCCA, HCC, PSC, and benign chronic liver disease.
Further studies should be done using a larger set of serum samples to validate the value

of the biomarker candidates proposed here.
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Chapter 7: Generation of a hepatocyte-specific Fut8 knockout mouse model
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7.1 Fucosyltransferase 8 (Fut8) and core fucosylation

The study of N-glycan structure alterations can be challenging due to the
complexity and diverse modifications in different cellular processes, some of which can
be disease-specific. Elucidating the role of glycosyltransferases (enzymes that add a
specific residue to build an N-glycan structure) is necessary to gain a better
understanding of their roles in diseases. The major modification in eukaryotic systems is
core fucosylation, catalyzed by glycosyltransferase Fucosyltransferase 8 (FUT8). FUT8
enables the activity of a1-6 fucosyltransferase which catalyzes the transfer of an L-
fucose residue from GDP-Fuc to the inner GIcNAc residue of the core of the N-glycan,
this is known as core fucosylation (Figure 35) (256). Mouse and human FUT8 is a type Il
membrane protein on the Golgi with 575 amino acids with no consensus for N-
glycosylation. The human FUTS8 is localized on chromosome 14 while the mouse FUT8
is localized on chromosome 12. The 3D structure of human FUT8 consists of three
domains (1) N-terminal coiled-coil, (2) catalytic (3) C-terminal SH3 domain (256).

Many different reports have elucidated the numerous biological functions FUT8
has during development, normal cellular processes, cancer-related cellular processes,
regulation and function of glycoproteins, immune response, and its value as a cancer
biomarker (alpha-fetoprotein (AFP-L3)) for Hepatocellular Carcinoma (HCC)
(61,93,139,159,160,229,257,258). Our group has demonstrated by spatial analysis that
core fucosylation is one of the major modifications that occur directly in HCC, CCA, and
NASH tissue (76,77). However, while alterations in core fucosylation and FUT8 have
been characterized in cells, serum, and tissue (mouse and human), the role, and

mechanism of FUT8/core fucosylation in the liver are still unknown. One of the major
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limitations to elucidating the impact of fucosylation in liver disease is the lack of liver-

specific relevant animal models.
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« Core fucose

Figure 35. Fucosyltransferase 8 (FUT8) linkage. FUT8 catalyzes the addition of a
fucose residue (red triangle) from donor substrate GDP-FUC to the a1,6 linkage on the

core of the glycan, resulting in a core fucosylated N-glycan. Graphic adapted from (256)
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7.2 Current in vivo Fut8 model

The current in vivo model for Fut8 is a constitutive Fut8 whole-body knockout
mouse model (94,160). One of the first reports in this model was in the context of liver
disease, Fut8 knockout (Fut8 KO) mice were treated with hepatotoxins
Diethylnitrosamine (DEN) and Pentobarbital (PB) to induce HCC tumors (94). Fut8 KO
mice under carcinogen treatments demonstrated a reduction in liver tumor incidence,
tumor formation, and decreased cell proliferation. The proposed mechanism for this was
elucidated in HepG2 cells where the deletion of Fut8 affects epidermal growth factor
(EGF) and hepatocyte growth factor (HGF) receptors, interferes with receptor and ligand
interaction, and downregulates their respective downstream signaling pathway. From
this study, Fut8 was suggested to have roles in oncogenesis, liver disease progression,
and poor survival. Similarly, it was proposed as a prognostic marker and therapeutic
target for HCC by the same group (94). No other in vivo studies with this mouse model
or other Fut8 deleted mouse models in the context of liver disease have been reported

to our knowledge.

7.2.1 Limitations of Fut8 whole-body deletion

While the current mouse model has provided valuable information in terms of
possible mechanisms of Fut8 in liver cancer, this same model also suffered from
significant phenotypic alterations including post-natal lethality by day 3, growth
retardation in survivors, schizophrenia-like behaviors, and emphysema (139,160). An
important reason for these off-target effects is that Fut8 has numerous roles in multiple
cellular processes and is crucial for mouse development. Similarly, the brain, placenta,
lung, stomach, and small intestine tissues have a high Fut8 expression, suggesting its

importance in the respective tissue (259). Due to the adverse effects of Fut8 whole-body
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deletion, this model lacks to clarify liver-specific (let alone hepatocyte) impacts of
fucosylation. This supports the need for tissue-specific mouse models to avoid off-target
effects. Here, we address these limitations by the generation of a hepatocyte-specific

Fut8 knockout mouse model.

7.3 Hepatocyte-specific Fut8 knockout model

A genetically engineered mouse model (GEMM) is an animal modeling tool
generated by introducing genetic mutations that are normally associated with the
disease of interest. GEMMs have demonstrated great value in many fields, these models
can provide information in terms of specific mechanisms, and elucidation of specific
genes' roles in disease establishment, maintenance, and progression (146). The mouse
model can be designed with a gain-of-function or loss-of-function strategy for the gene of
interest. Similarly, GEMMs can either have a constitutive, conditional, or inducible gene
expression. Since the use of homozygous null mutation of the Fut8 model (constitutive
system) affects the tissue specificity by inducing abnormalities in other tissues and
possibly activating compensatory molecular pathways, we exploited the use of a
conditional gene expression system that allows for the spatial control of the gene activity
by the use of a tissue-specific promoter. A liver-specific Fut8 deleted mouse model

allows us to elucidate liver-specific roles in different liver processes and diseases.

7.3.1 Mouse model design overview

The targeted gene is Fucosyltransferase 8 (Fut8) (Mus musculus (house mouse)
in a C57BL/6J strain by a CRISPR/Cas- mediated genome engineering. The Fut8 gene
(Gene ID: 53618) is located on mouse chromosome 12 (Figure 36A and Table 14). Exon
9 was selected as the conditional knockout region by two different single guide RNAs

(sgRNA) (Figure 36B and 36C), deletion of this region results in a frameshift and the loss
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of function of the mouse Fut8 gene. A LoxP strategy was used to target exon 9 where
sgRNAs were present (Figure 36B and 36C). For 5’ LoxP site insertion, the size of intron
8 is 18874 bp and for 3’ LoxP site insertion, the size of intron 9 is 35523 bp. The size of
the conditional knockout region is approximately 658 bp with no other known gene

present in this region.
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Table 14. Fut8 flox/flox mouse model design details

Model design details

Gene and ID fucosyltransferase 8 (Fut8)/ Gene ID: 53618
Chromosome 12
Transcript Fut8=203

13 exons in the longest coding protein
Number of exons in transcript ATG start codon in exon 5 and the TGA stop

codon in exon 13
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Figure 36. Strategy and design for the generation of a Fut8 Cre-LoxP model. (A)
Transcript summary of Fut8, Fut8-203 is the longest protein-coding transcript and was
selected for the design. (B) Outline of Fut8 wild type demonstrating the positions of
sgRNA1 and sgRNA2 around targeted exon 9, where the two LoxP sites were placed
(Fut8-flox). (C) Sequence of fut8 wild type (top) and mutant (bottom) for exon 9,
highlighting sequences targeted.

184



7.3.1.1 Setback of mouse model generation

After the first round of injection following the model in Figure 36, founder mice
were identified with only a 3’ LoxP insertion and lacking a 5’ LoxP insertion. To
circumvent this, an 11-base pair (bp) deletion was identified surrounding the 5’ sgRNA
binding site. A re-targeting strategy was designed based on the 11-bp sequence to insert

the 5’ LoxP into the 11-bp deletion region (Figures 37A and 37B).
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Figure 37. Re-targeting design for the generation of a Fut8 Cre-LoxP model. (A)
Outline of FUT8 3’ LoxP for insertion of 5’ LoxP site at the 11bp deletion region (top),
resulting in the placement of both LoxP sites around exon 9. (B) Sequences of fut8 wild

type (top) and mutant (bottom) for exon 9, highlighting sequences targeted.
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7.3.2 Fut8 flox/flox model

After completing the retargeting strategy, founder (FO) mice with genotype
Flox/WT were identified with both LoxP sites. Intending to expand the Flox/WT line,
Flox/\WT and WT/WT breeding resulted in F1 mice with Flox/WT, also with both LoxP
sites present, confirming a germline transmission of both LoxP sites (Figure 38A). DNA
Sequencing was done to confirm the correct insertion of both 5" and 3’ LoxP sites
(Figure 38B). Finally, F1 pups were interbred to generate F2 mice with the desired

genotype Flox/Flox (Figure 38C) and confirmed by DNA sequencing (Figure 38D).
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Figure 38. Confirmation of Fu8 flox/flox model genotype. (A) PCR gel from litter “i1-
i9” where red boxes indicate pups with 5’'LoxP (top) and 3’ LoxP (bottom) insertion,
resulting in genotype Fut8 flox/WT. (B) DNA sequencing snapshots of pups i2 and i6. (C)
PCR gel from litter R1-R6, the red box indicates R5 pup with both LoxP sites, resulting in

genotype Fut8 flox/flox. (D) DNA sequencing snapshots of pup R5.
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7.3.3 Albumin-Cre transgenic mouse

Albumin (Alb) is the most abundant circulating protein in plasma, in healthy
patients, it represents half of the total protein content in plasma. Alb is synthesized in
hepatocytes and secreted into the bloodstream, this is considered a fast process where
very little albumin is left and stored in the liver. Serum Alb works as a modulator of
colloid osmotic pressure in plasma and a transporter of endogenous and exogenous
ligands, including hormones, vitamins, and drugs throughout the body (260).

The endogenous alb gene is expressed exclusively in hepatocytes and is
induced at differentiation in mice (261). Alb-Cre transgene has been used for decades
for the generation of a transgenic mouse model in a Cre/lox system, that is driven by the
serum albumin (alb) gene promoter (261). A Cre/Lox system offers a great advantage to
control gene expression profiles: from the location (tissue-specific) to the timing
(inducible system) of gene expression. The protein Cre recombinase recognizes the
LoxP sites and according to the location and orientations, Cre expression will result in an
inversion, deletion, or translocation of the gene of interest. An Alb-Cre model is a
transgenic line that expresses Cre recombinase under the control of the mouse alb
enhancer/promoter. This model is one of the most well-established models for Cre-
dependent excision of LoxP (“floxed”) sequences in adult hepatocytes for over a decade
(261,262).

While alb mRNA levels are first detected at embryonic day 10.5, it is known that
gene deletion by alb-Cre is progressive with the mouse age, at birth the efficiency
recombination is 40%, at P30 is 60%, at 3 weeks of age (weaning) 75%, and is complete
by 6 weeks of age (263). It is hypothesized that the lack of complete recombination at

birth is due to a low expression of Cre since endogenous albumin is expressed early in
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mouse development (stage 7- 8 somites). A separate study interested in the reliability of
alb Cre in fetal and juvenile mice analyzed Cre activity (in situ patterns) during this time
and reported that albCre transgene is functionally expressed close to the activation of
endogenous alb gene (at differentiation), suggesting that hepatocytes at any stage of
development expressed Cre and recombined the albumin reporter (261). Overall, this
model has been accepted as a well-suited model for any stage: late fetal, neonatal, and

adult stages.

7.3.4 Albumin-Cre Fut8 mouse model

Based on the design previously presented (Figure 36) where the LoxP sites are
facing the same direction, the crossing of a FUT8 flox/flox mouse with an Alb-cre mouse
results in a deletion of the sequence between the Loxp sites being excised by Cre as a
circular piece of DNA. The generation of this model was achieved following the breeding
plan described in Figure 39A. Fut8 flox/flox and Alb-Cre genotypes were confirmed by
PCR (Figure 39B). This breeding resulted in the generation of a FUTS8fl/fl; Alb-Cre
mouse (Fut8 Alb-Cre knockout). Relative to littermates there are not any phenotypic or
behavioral differences to report up to 2 months of age (Figure 39C).
Overall, the generation of the desired mouse model, hepatocyte-specific Fut8 deleted
(Fut8 Alb-Cre knockout) was successful. This newly generated transgenic mouse model
will address current limitations with other models and allow for a complete

characterization specifically in the liver.
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Figure 39. Generation of a hepatocyte-specific Fut8 knockout mouse model. (A)
Overview of the breeding plan from Founder O (FO) to Founder 3 (F3) for the generation
of conditional knockout genotype (yellow box). (B) PCR gel for confirmation of Fu8
flox/flox (top and middle panels) and Albumin Cre (bottom panel) model genotype. Red
boxes for mice (N1, N2, N4, and N7) with Fut8 flox/flox; Alb-Cre genotype. (C)
Representative images of F3 litter at weaning age (from the breeding of F2 mice)

including genotypes flox/flox; Alb-Cre, FIox/WT; Cre, and Flox/WT.
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Chapter 8: Conclusions, Limitations, and Future Directions
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8.1 Overall findings

Modifications in N-linked glycosylation have been established to be a sign of liver
malignancy, however, the timing of when these modifications initiate, the identification of
specific N-glycan signatures in different liver diseases, and the role of the N-glycan-
related genes responsible for these modifications were all research gaps in the literature.
The work presented in this dissertation addresses these gaps and identifies the area to
advance in the discovery of N-glycan-related targets for diagnostic and therapeutic
strategies. A crucial part of the findings reported here is being able to utilize mouse
models for the induction of liver diseases that span the different stages of liver disease
observed in humans. Chapter 3 provides an overview of a wide variety of mouse models
available to study liver diseases with emphasis on their importance and relevance for
human liver disease. Aim 1 addressed the need for understanding if and how N-
glycosylation is altered at an early stage of liver disease in mice and humans while also
providing information on the histological origin of the alterations identified (Chapter 4),
Aim 2 takes this analysis further and provides a temporal understanding of N-glycan
modifications in progressive liver diseases, from early liver disease to the early
neoplastic condition (Chapter 5 and 6). Finally, Aim 3 addressed the lack of in vivo
models for liver-specific N-glycan investigation and generates a mouse model based on
the modifications observed in Aims 1 and 2 (Chapter 7). This chapter will focus on the

conclusion, limitations, and future directions of each of the Aims presented above.
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8.2 Non-alcoholic steatohepatitis (NASH) N-glycan profiling in mouse and humans

tissues

8.2.1 Conclusions

Aim 1 focused on the N-linked glycan characterization of NASH in mouse and
human tissue samples. Previous studies related to N-glycan modifications in
NAFL/NASH had focused on the use of human serum samples exclusively
(89,90,97,204,264). Here, we proposed Aim 1 intending to answer the following
guestions: (1) can a diet-inducible mouse model recapitulate the characteristics of NASH
and also be useful for N-glycan-related studies; (2) Can N-glycome alterations in tissue
be driven mainly by the consumption of high caloric diets, like those used to induce
NASH disease; and (3) Are the N-glycan modifications previously reported in human
NASH serum also observed in NASH liver tissue?. These questions were addressed by
using diet-inducible mouse models for NAFL (use of a high-fat diet), and NASH (use of a
western diet) and correlating the findings to NASH human liver biopsies. Mouse and
human tissues were used for N-glycan profiling by MALDI-IMS. As outlined in Chapter 4,
we were able to answer the proposed questions and confirm that NASH mouse models
are reliable tools for N-glycan studies, since they had a similar N-glycan profile to what
was observed in humans, we prove that alterations in the N-glycome can be driven by
diet since mice in an HFD had a different N-glycan profile from those in a western diet. A
major N-glycan modification that has been previously reported as increased in NASH
serum is fucosylation, here we confirmed that this modification is also observed in liver
tissue and identified the type of fucosylation. In addition, we found a correlation between
core fucosylation and the level of fibrosis in NASH patients. These findings suggest that

the alterations in fucosylation previously reported in serum could be originating from the
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tissue and should be considered relevant for biomarker use. Additionally, we found that
high mannose N-glycans also had a strong correlation with steatotic areas in liver tissue.
Overall, the identification of these modifications suggests their promising use for
biomarker strategies, and the possibility of using them to diagnose specific stages of the
disease progression like NAFL (high levels of steatosis), and NASH (high levels of
fibrosis). The completion of this aim provides novel information for biomarker-related
research in specific N-glycan modifications that could be used for screening a specific
stage of disease and confirming that modifications observed in serum are in a way
consistent with what is observed in tissue. This was the first study to characterize a full
N-glycan profile in whole tissue based on histopathological characteristics of the disease

in mouse and human NAFL/NASH models/patients.

8.2.2 Limitations

A major limitation of this study was the challenge of inducing a complete
spectrum of NAFLD. As previously mentioned, one of the main characteristics of this
disease is the high level of fibrosis. Induction of fibrosis at the same level that is
observed in human disease has always been a challenge when using mouse models.
This limitation did not allow us to do a correlation between fibrosis and N-glycan
moadification in our mouse models. However, mice fed a WD did develop a higher level of
fibrosis relative to the mice fed a normal or a high-fat diet (NAFL model), this was
confirmed by two different immunohistochemical stainings. In addition, we believe we
were able to induce NASH disease based on mice exhibiting other characteristics of the
disease and based on the similar N-glycan profiles between “NASH” mice and NASH
human samples. To circumvent this challenge in future studies, as described in Chapter

3, the use of hepatotoxic agents like Carbon Tetrachloride (CCL4) could be used to
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induce a similar level of fibrosis as in humans that in combination with diet could make
this model a more clinically relevant model.

A second limitation of this study was the limited clinical information that we were
able to obtain from human NASH liver biopsies. We were provided liver biopsies that
were diagnosed as NASH patients with a fibrosis score given by an independent
pathologist at the moment of diagnosis. However, more clinical information like the
scoring of steatosis and inflammation would have provided our study a greater value for

the characterization of the complete spectrum of disease instead of only fibrosis.

8.2.3 Future directions

An important direction that would address fundamental biological questions is
investigating the cell origin of these N-glycan modifications. Aim 1 provided N-glycan
origin in terms of histopathological alterations within the tissue like fibrotic or steatotic
areas. However, knowledge of the cells expressing these modifications would be useful
for elucidating specific cell types involved in the disease and targeting these cells for
further investigation including their role and/or mechanism in the progression of the
disease.

Another major direction of the potential of these modifications for clinical use is
the use of NASH serum samples in combination with tissue samples. Since N-glycan
modifications characterized in Aim 1 do correlate with some of the maodifications reported
in serum and many of the serum glycoproteins are known to have a liver origin, it would
be ideal to validate these findings in a tissue-serum-matched cohort. Our group has
developed a biofluid N-glycan profiling approach (also used in chapter 5) that would
characterize N-glycans in serum with high throughput. Using this strategy in

NAFL/NASH we would be able to confidently answer if the same N-glycan profile
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present in tissue can also be identified in serum. Ideally, clinical information like liver
enzyme levels, steatosis, inflammation, and fibrosis scores would be available. Overall,
the use of clinical information coupled with N-glycan structure modifications could help

establish promising biomarker strategies for clinical diagnostics.

8.3 Characterization of N-glycosylation changes in liver disease progression: from

early liver disease to primary liver cancers.

8.3.1 Conclusions

NALFD is one of the most common etiologies for chronic liver diseases (CLDs)
and is also known to progress to a wide variety of liver malignancies. NAFLD itself
includes liver damage like steatosis, inflammation, and fibrosis, and the progression of
these can result in cirrhosis and primary liver cancers including Hepatocellular
Carcinoma (HCC) and Cholangiocarcinoma (CCA). Aim 2 focused on understanding the
N-glycan modifications at each of the stages of the disease that can progress from
NAFLD, to address the variety of liver injuries and malignancies in a reliable model
system we divided this aim (sub-aims 2.1 and 2.2) based on the disease of interest.

Based on findings by our group and others, there is a good understanding of the
most common N-glycan modifications observed in liver disease (48,76,153,158,265).
However, a major gap is the lack of information on the timing of these N-glycan
modifications during the progression of these liver diseases, more specifically, we need
to understand when these modifications are initiated and how are they changing from
the early stages of NAFLD to the development of liver cancer. Aim 2.1 characterized the
temporal changes in N-glycosylation in a NAFLD and HCC-induced mouse models. This
sub-aim focused on addressing limitations in previous studies focused on a specific liver

disease, and not on a liver disease progression, and was proposed in part due to some
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of the limitations of aim 1 related to not being able to characterize the full spectrum of
disease due to limited accessibility of clinical information. To circumvent these limitations
we utilized established liver disease inducible mouse models to induce NAFL (steatosis),
NASH (steatosis, fibrosis, and inflammation), advanced-liver disease (severe fibrosis,
and inflammation), and nodule formation (HCC-like characteristics). We divided our
studies between NAFL to NASH progression (induced only by diet) and NAFL/NASH to
HCC-related characteristics progression (induced by diet and carcinogen). The different
stages of diseases were based on specific time points proposed based on the literature.
As is described in Chapter 5, we elucidated specific N-glycan signatures present in
specific stages of the disease. In addition, we were able to track specific modifications
like fucosylated N-glycans from very early liver damage to the nodular formation stage.
Importantly, we reported that N-glycan modification could be observed even before any
histological liver disease characteristics were identified. This finding suggests, that N-
glycosylation, specifically residues within these N-glycan structures like fucose residues,
could be playing an important role in disease initiation and that the identification of these
madifications is not dependent on histological information. In addition, as illustrated in
Chapter 5, we coupled our N-glycan MALDI-IMS images with immunohistochemical
images of important immune cell markers and identified a correlation between N-glycan
madification with immune cell populations.

Overall, the completion of this aim, reveals specific N-glycan modifications that
should be further studied for their biomarker capabilities. In addition, based on how early
N-glycan alterations initiate in liver disease, we can confirm the value of further exploring
the N-glycan-related genes that are responsible for those N-glycan modifications in an in

vivo model to determine if these have roles in disease initiation and/or promotion.
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Previous work by our group and others has identified the N-glycan modification
present in HCC and within HCC subtypes (48,76). However, N-glycan modifications in
CCA have not been addressed and it was not known if the same N-glycan modification
observed in HCC would also be observed in CCA since they are both primary liver
cancers. Aim 2.2 ldentified promising biomarker strategies based on N-glycosylation
changes in Cholangiocarcinoma using human tissue and serum. For this sub-aim, we
were particularly interested in intrahepatic CCA (iCCA), which is the main subtype
known to progress from NASH. While the first part of this aim was focused on utilizing
mouse models for liver disease induction, mouse models for CCA are very limited, and
replicating all the characteristics of CCA in the single mouse models has been
challenging. Instead, we used human tissues for N-glycan characterization and took a
biomarker discovery approach by also using serum samples. Tissue microarrays that
included tissues from patients with HCC, CCA, and other types of liver diseases were
used to identify a full N-glycome profile for CCA. Importantly, we identified a bisected
doubly fucosylated N-glycan modification to be present with high specificity to samples
from CCA patients. We further explored this modification in an independent serum
sample set, and also identified the same bisected doubly fucosylated N-glycan structure
as in tissue. This N-glycan modification was able to distinguish CCA from other types of
liver diseases including fatty liver, PSC, viral hepatitis, and healthy samples in tissue and
serum. Finally, we were interested to determine if this modification could distinguish
CCA from primary Sclerosing cholangitis (PSC), which is considered a more clinically
relevant situation since PSC is a major etiology and bile duct disease and diagnosis

between these diseases has been challenging. Interestingly, the combination of a
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bisected doubly fucosylated N-glycan with other common N-glycans was able to identify
iCCA and perform better than the gold standard for CCA diagnosis, CA19-9.

Overall Aim 2, focused on addressing the N-glycan-related research gaps in
diseases that are known to progress from NALF/NASH with the idea of identifying

hallmarks, promising drivers, and biomarkers of different liver diseases.

8.3.2 Limitations

An important limitation of aim 2.1 were the challenges in inducing a full stage of
liver cancer, specifically HCC, at least histologically. Our selected end-point of 11.5
months was based on previous literature that had observed HCC disease at 9 months.
However, histological analysis and annotations did not identify HCC in our models.
Instead, pathology analysis identified cancer-related characteristics like nodular
abnormalities, abnormal cells, and hyperplasia. Based on these disease characteristics
that are very related to HCC, we believe that a longer time point of approximately 1
month could have resulted in the complete induction of HCC. Another reason for not
inducing HCC completely, even with the use of a carcinogen could be due to a late start
of the carcinogen treatment at 4 weeks old instead of 2 weeks as most studies had
reported. Since 2 weeks is considered a very early age in mice and a vital stage for liver
development, we preferred to postpone carcinogen treatment to 4 weeks old, to avoid
interfering with normal liver development. We wanted to be certain that the N-glycan
changes were characterizing was from the diet and/or carcinogen, and not associated
with the disruption in processes for normal liver development. To address this limitation
in future studies, as described in Chapter 3, other hepatotoxin combinations or strategies
could be used to induce HCC phenotypes. Another important limitation of aim 2.1 was

the low number of mice that were used for some of the time points. Even though our
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group planned for an n of at least 6 animals per group, different situations related to
mouse housing and health issues with some of the mice during the study resulted in a
low number of animals. Future studies should plan for a higher number of mice, taking
into consideration that some mice might need to be removed from the study due to
health concerns.

A limitation of aim 2.2 was the use of an independent serum sample set to link N-
glycan modifications identified in tissue. While the serum samples used in our study
revealed consistent N-glycan modifications to those observed in tissue, the ideal set for
biomarker studies would be a matched tissue and serum patient set, meaning that
serum samples were from the same patients that the tissue was collected from. This
limitation is one of the most common limitations in doing translational research, where
the accessibility to these types of sample sets is very challenging. The use of a matched
sample set would allow answering with certainty to the relationship between N-glycan
observed in tissue and those in serum and the value of N-glycan modifications in tissue

to be proposed for clinical use.

8.3.3 Future directions

An important direction for aim 2.1, is the elucidation of the type of fucosylation
observed in timepoint studies. Fucosylation is catalyzed by different fucosyltransferases
where each will add a fucose residue to the N-glycan at different linkages, the different
types of fucosylation can be divided into a core or outer-arm fucosylation. This
elucidation could be addressed using an exoglycosidase enzyme (Endo F3) during the
MALDI-IMS protocol. EndoF3 has a high specificity for core fucosylated N-glycan, and it

will cleave them between two GlcNac residues at the core of the N-glycan. Core
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fucosylated N-glycans can be identified during analysis by a mass shift of the expected
m/z value for the specific N-glycan structure.

A second important direction that could be taken into consideration from aim 2.1
is to target specific glycosyltransferases responsible for N-glycan modifications
observed. Since the main goal would be to help improve early detection strategies for
liver diseases, N-glycan structure modifications that were observed at early stages of the
disease as fucosylated N-glycans would be of interest. Fucosylated N-glycan
modifications were observed before significant histological modifications were observed,
this suggests that fucose N-glycan-related genes, like fucosyltransferases, would be
ideal for targeting in a mouse model to elucidate their role in early liver disease.

A major direction that our group will follow up on for aim 2.2 is identifying the
glycoproteins which these N-glycan modifications are originating from. Due to the
specific bisected fucosylated N-glycan modification to only iCCA tissue and serum, we
are interested in elucidating if this specificity is due to a specific glycoprotein that could
be proposed for the biomarker tool. This study would add value to our study by now
combining information in the glycoprotein in addition to the specific N-glycan modification

that can identify patients with iCCA.

8.4 Generation of an in vivo model to study core fucosylation

8.4.1 Conclusions

Core fucosylation is one of the major N-linked glycosylation modifications in
many cancers, including liver cancer. Core fucosylation is catalyzed by
Fucosyltransferase 8 (FUT8), and its alteration with HCC has been exploited for
biomarker use. Alpha-fetoprotein (AFP) is a serum glycoprotein and a diagnostic serum

marker for HCC. However, the low specificity of AFP has led to the use of AFP-L3, the
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core fucosylated form of AFP as the preferred marker for predicting HCC (266). AFP-L3
levels have been associated with HCC early detection, aggressiveness, and poor
prognosis (229). Similarly, studies have correlated FUT8/core fucosylated expression
with HCC survival and progression in many system models. In addition, the current
studies outlined in this dissertation confirm the importance of FUT8/core fucosylation in
primary liver cancers and also contribute to the field by reporting the importance of core
fucosylation in early liver diseases like NAFL/NASH. However, FUT8/Core fucosylation
thus far has been studied for the characterization of its expression under different
experimental conditions, but the elucidation of the role and mechanism of FUT8/core
fucosylation in the liver in vivo has not been addressed. One of the main limitations in
addressing this gap is a lack of in vivo study models. The only current model is a whole-
body FUT8 knockout mouse model that demonstrated to have a decrease in liver tumor
incidence when exposed to a carcinogen. However, this model poses questions due to
suffering from severe phenotypic complications like post-natal lethality, emphysema, and
seizures. Aim 3 addressed the need for liver-specific study models and generates a
hepatocyte-specific deletion of Fut8 mouse model. The generation of this model followed
different strategies, including CRISPR-Cas9 and a liver-specific (Albumin) Cre-LoxP
strategy. It is important to note that this aim included the generation of two different
mouse models, one is the Fut8 fl/fl model which has the insertion of the two LoxP sites,
and the second is the Albumin-Cre Fut8 model (which is the result from the breeding of
Fut8fl/fl with the Albumin Cre). The generation of this model was in collaboration with the
Transgenic and Genomic core at MUSC, they were in charge of the model design and
our lab took charge of the colony maintenance, breeding, and genotyping. As expected

due to the low expression of Fut8 in the liver under normal conditions, this model does

203



not show any phenotype alterations at 10 weeks of age. To our knowledge, this is the
first and only Fut8 liver-specific mouse model and its use will be an exponential

advancement for liver disease clinical strategies.

8.4.2 Limitations

Thus far this model does not present any specific limitations. Future limitations in
the model itself could be due to the type of Cre used in the design. The Albumin Cre
model used will excise the LoxP sites from fetal stages, this will limit the studies related
to Fut8 at different stages of development or in disease progression (261). To address
this limitation, the Fut8 fl/fl model could be bred with an inducible Cre system to select
for a specific time point when Fut8 deletion is needed. By using an inducible Cre system,
gene deletion will occur by the exogenous inducer tamoxifen or tetracyclin treatment,
providing temporal control of gene deletion.

Another potential problem of the model is that during characterization
experiments, Fut8 expression is still present in the liver, specifically in hepatocytes. A
possible explanation for this could be due to the Fut8 fl/fl model not having active LoxP
sites or due to an issue with Albumin Cre excision. Resolving this problem would need in
vitro studies to first confirm the activity of the LoxP sites and reanalyze the model design
to possibly insert new LoxP sites.

Another potential, but unexpected limitations, that could present itself when we
start using the model in a disease context include that the loss of Fut8/core fucosylation
does not induce any phenotypic differences in liver diseases, possibly due to a
compensatory mechanism when hepatic Fut8 is absent. While this information would still

be valuable for the field. We would analyze this further by comparing the N-glycan profiles
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between genotypes and determine if other glycosyltransferases are compensating for

Fut8’s role.

8.4.3 Future directions

The first direction that our lab will address is the characterization of this model,
where we will confirm the deletion of Fut8 in the liver at the transcript and protein levels.
In addition, we will also take into consideration the gene expression of other N-glycan-
related genes like glycosidases, transporters, and substrates to determine their
response when Fut8 is not present. We will also analyze the effects of Fut8 deletion on
liver morphology, liver histology, cell proliferation, migration, and apoptosis. Finally, we
are interested in identifying how the loss of core fucosylation can affect the complete N-
glycome profile in tissue and serum This would be interesting to determine if the loss of
core fucosylation is compensated by other glycosyltransferases and results in the
generation of different N-glycan structures. The reasoning for also characterizing the
serum profiles is based on the idea that most of the serum glycoproteins are originating
from the liver and the deletion of Fut8 will most likely result in the loss of most of the core
fucosylation normally observed in serum. The characterization of this model will be the
start of the many directions this mouse model could be used in.

A second major direction is in the context of liver diseases, AlbCre-Fut8 mouse
models with their respective controls will be used to induce liver diseases previously
studied in this dissertation. We will use this model to elucidate the role of hepatic Fut8 in
NAFLD, NASH, and HCC. A similar strategy for inducing diseases will be implemented
to the ones used in Aims 1 and 2 to elucidate the role in liver disease initiation,
progression, and metastasis. The main interest in this direction will be to determine if

Fut8 and core fucosylation are required for liver disease. Additionally, we would be
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interested in identifying the mechanism by which Fut8 is involved in liver disease.
Previous studies have reported that core fucosylation of EGFR, TGFB, and related
molecular pathways leads to an increase in cell proliferation in disease conditions
(94,95,255,267-270). Our goal would be to identify the main pathway in which Fut8 is
involved in liver disease and use this knowledge to propose therapeutic strategies.

The future directions mentioned here are more related to a liver context.
However, the generation of this model sets the field of N-glycobiology and cancer
biology to answer many underlying questions related to Fut8. Breast, colorectal, ovarian,
lung, prostate, and pancreatic cancers have all been reported Fut8 to have altered
expression. All of these cancers can be studied by the use of Fut8 fl/fl model bred with

any tissue-specific Cre.

8.5 Final Thoughts

Collectively, the studies presented in this dissertation were proposed with the
idea to address research gaps in the field of liver disease and N-linked glycosylation and
to contribute to the translational field in improving diagnostic and therapeutic strategies.
In brief, the completion of the Aims described in this dissertation elucidated the origin of
N-glycan madifications in NAFLD mouse and human tissues, this was further explored in
Aim 2 which took into consideration the variety of liver diseases that could progress from
NAFLD and identified potential regulators of disease by studying the different stages of
liver disease progression. In addition, we applied a biomarker approach to our N-glycan
studies in CCA by proposing the use of N-glycan modification for biomarker strategies.
Finally, the completion of Aim 3 contributes largely to the field by generating a mouse
model that could answer essential biological questions about core fucosylation in any

type of disease. Overall, this work establishes the importance of N-linked glycosylation
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alterations for clinical use in early liver diseases and sets the field for the further
exploration of N-glycan-related genes mechanisms and structures that could help

develop applicable therapeutic strategies.
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