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ABSTRACT

Glycosylation is one of the most prevalent post-translational modifications found on
biomolecules that regulate various biological functions such as cell-cell interactions, immune
responses, cellular regulations, viral/bacterial infections, and much more. Aberration in glycans
can lead to alterations in protein function and have been shown to occur in many diseases such as
cancer. In recent years, a few glycan-based biomarkers for cancer have been discovered.
However, cancer is still a leading cause of death worldwide. Therefore, additional effort is
needed to understand the cause of cancer and how glycosylation plays a role in cancer prognosis.
This dissertation presents a series of state-of-the-art nano-liquid chromatography-mass
spectrometry (nanoLC-MS) methods and bioinformatics tools to characterize the glycocalyx. In
Chapter I, a thorough introduction of glycan synthesis, glycan biological functions, and methods
of glycan analysis are presented. Chapter 11 presents the alteration of the N-glycome of several
cancer cell lines through metabolic engineering using glycosylation inhibitors. Chapter 11
presents the first extensive “omic” analysis of the glycocalyx of 3D cell culture of cancer to
elucidate alteration in the glycocalyx relative to its 2D counterpart. Finally, chapter 1V presents
the characterization of glycocalyx of lung cancer cell lines treated with a therapeutic drug to

monitor glycocalyx alteration.
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Chapter |

Introduction to Structure, Biological Function, and

Characterization of Glycans and Glycoproteins



Structure and Biosynthesis of Glycans and Glycoproteins

The simplest form of carbohydrates, monosaccharides, are the basic building blocks of
oligosaccharides, i.e., glycans. In humans, glycans are comprised of specific monosaccharides,
namely, D-glucose (Glc), N-acetyl-D-glucosamine (GIcNAc), D-galactose (Gal), N-acetyl-D-
galactosamine (GalNAc), D-mannose (Man), L-fucose (Fuc), and N-acetylneuraminic acid
(NeuAc) shown in Figure 1.1A. Glucose can be used as a source of energy in the body through
the glycolysis pathway or converted to other forms of monosaccharides used in glycan synthesis

shown in Figure 1.1B%.
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Figure 1.1 (A) Common monosaccharide: structure, name, and abbreviation, that are found in

humans and (B) the biosynthesis and interconversion pathway of monosaccharide where the red



oval circle represent monosaccharide, the green rectangle represents active sugar donor, and the
asterisks are control points. Adapted from Freeze HH, Hart GW, Schnaar RL. Glycosylation
Precursors. 2017. In: Varki A, Cummings RD, Esko JD, et al., editors. Essentials of
Glycobiology [Internet]. 3rd edition. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory
Press; 2015-2017. Chapter 5. Available from: https://www.ncbi.nlm.nih.gov/books/NBK453043/

doi: 10.1101/glycobiology.3e.005

Monosaccharides are attached to glycans through the interconversion pathway, where
they are converted to the active donor form. The active sugars are transferred to the glycans by
glycosyltransferases (GTF) through the retaining or inverting mechanism?*“. Each active sugar
has several different GTF, with each GTF transferring the monosaccharides to various positions
and linkages on the glycans. Although we understand many aspects of glycans, such as how they
are synthesized in the body or the linkage of which monosaccharides are orientated on glycans,
there are still aspects that remain unknown, e.g., the incorporation efficiencies of different

sugars.

Two of the most common glycans synthesized in humans and all organisms are N- and O-
glycans. N-Glycans are bound to asparagine, and O-glycans are bound to serine or threonine
residues. The glycans are synthesized and attached to proteins as part of the secretory pathway®.
Unlike protein synthesis, which is template-driven, glycan synthesis is a non-template drive

process with a series of, at times, competing enzymatic steps®.

N-Glycan synthesis begins with the dolichol pathway located in the endoplasmic
reticulum (ER), where ALG7 (GIcNAc-1-phosphotransferase) transfers GICNAc from uridine
diphosphate N-acetylglucosamine (UDP-GIcNAC) to dolichol phosphate to form N-acetyl-a-D-

glucosaminyl-diphosphodolichol. This process starts a series of monosaccharides additions to

3



dolichol, forming the N-glycans precursor GlcsMangGIcNAc2-P-P-Dol. The synthetic pathway of

the precursor to the final glycan product attached to a protein is shown in Figure 1.2".
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Figure 1.2 The N-glycan synthesis bathway begins with the dolichol pathway, where N-

acetylglucosamine is attached to dolichol phosphate and ends in the Golgi. Within the Golgi, the
N-glycans can be truncated, followed by decoration with other monosaccharides to form hybrid
or complex type glycans. Reprinted with permission from Ruhaak, L. R.; Xu, G.; Li, Q.;
Goonatilleke, E.; Lebrilla, C. B., Mass Spectrometry Approaches to Glycomic and
Glycoproteomic Analyses. Chemical Reviews 2018, 118 (17), 7886-7930. Copyright 2018

American Chemical Society.

GlcsMangGIcNAcCc2-P-P-Dol is then attached to an asparagine residue on a nascent
polypeptide. Protein folding occurs once three glucose residues are removed from the glycan®.
The glycoprotein is moved to the Golgi to allow additional truncation of the high-mannose

structure, forming different composition variations such as fucosylated, sialylated, and



sialofucosylated glycans. O-Glycan synthesis does not require the initial lipid-linked
oligosaccharide precursor to transfer glycans to proteins—the synthesis initiated by the
attachment of GalNAc to a serine or threonine. GalNAc catalyzes the addition of other
monosaccharides to form various compositions of O-glycans®. Both N-glycans and O-glycans
have, respectively, common core structures. All N-glycans have a single core (Mana1-3(Manaol-
6) Manf1-4GIcNAcB1-4GIlcNAcB1), which is bound directly to an asparagine residue with a

consensus sequence of Asn-X-Ser/Thr (where X is any amino acid beside proline).

N-Glycans are categorized into three different types, namely high-mannose, hybrid, and
complex-type N-glycans'®. The basic structures three N-glycan types with the common core

structure outlined in grey are displayed in Figure 1.3.

Monosaccharide Legend

NXS/T X # Proline
(O Galactose

@ Mannose
A\ Fucose

N-Glycan Core N-Acetylglucosamine
‘ N-Acetylneuraminic acid

|
...NXS/T... ..NXS/T... ...NXS/T...
High Mannose Hybrid Complex

Figure 1.3 The three glycan types of N-glycans and the common core structures are highlighted
in grey, covalently bound to an asparagine residue with a consensus sequence of Asn-X-Ser/Thr

where X is any amino acid beside proline.

O-Glycans are attached to serine and threonine residues of the proteins but do not have a
known consensus sequence. O-Glycans differ from N-glycans by the greater number of the core
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structures in the former. O-Glycans have eight core structures, but only four cores are commonly
seen. The common cores start with an a-linked GalNAc followed by the addition of Gal,

GIcNAC, or both'! and are displayed in Figure 1.4.

Monosaccharide Legend
(O Galactose
| | | IN-Acetylglucosamine
ST ..SIT... ..SIT... ...SIT...

[CIN-Acetylgalactosamine

Core 1 Core 2 Core 3 Core 4

Figure 1.4 The four most common O-glycans structures are covalently bound to a serine or

threonine residue without a consensus sequence.

Other core O-glycans can include other monosaccharides, such as a-linked O-fucose, -
linked O-GIcNAc, and a-linked O-mannose!2. N-Glycans and O-glycans are one of the most
common post-translational modifications found on proteins. With the already large diversity in
glycan structures, the further addition of glycans to proteins can add tremendous complexity and

diversity to proteins.

Biological Functions of Glycans

Glycans play a vital role in many biological functions such as immune response, cell-to-
cell interactions, and viral and bacterial protection (Figure 1.5)!3. Their importance have led to
extensive works to understand their functionality. However, many aspects of their functions are
still unknown due to the difficulty of glycans analysis. One main challenge for understanding the
functionality of glycans comes from the functional diversity of glycans. In addition, the
structural complexity makes them challenging to characterize. However, the advancement in
mass spectrometry methods, increased further our understanding of their functions. For example,

it is known that O-fucose is vital for the Notch pathway, which is responsible for regulating cell



proliferation, cell fate, differentiation, and cell death!* *°. In addition, studies have shown that the
incorporation of fucose analogs caused steric clash with the Delta ligands of Notch EGG
inhibiting Notch activity®®. Additional functionalities of fucosylated glycans include as H-
antigen in ABO blood groups, ligands for the selectin family of cell-adhesion receptors, and

embryonic development®’,

NUCLEUS
2 <°
Toxins Zg&  o@pA
( - % S = oAl N Q
Microorganisms S N ER
—7 = Intracellular
= _ & trafficking
e S \\_/
LY OME
Clearance
Enzymes of proteins

®
-5
.§

Lectins

CYTOPLASM

NUCLEUS

Figure 1.5 Examples of cellular functions regulated by glycans, namely, protein folding, host-
microbe interactions, cell-cell communication, receptors for noxious agents, and receptor-ligand
interactions. Reprint with permission from Defaus, S.; Gupta, P.; Andreu, D.; Gutiérrez-Gallego,
R., Mammalian protein glycosylation--structure versus function. Analyst 2014, 139 (12), 2944-

67. Copyright 2014 Royal Society of Chemistry.

Glycans also have protective functions in the immune system. Mucins are highly O-
glycosylated glycoproteins known for their protective functions in our intestinal lining. They

play a role as a physical barrier (chemical and biological barrier) and have antimicrobial



capabilities against infections®®. There are several mucin glycoproteins ranging from MUC1 to
MUC22 with each having its functional purpose®. Studies have shown that O-glycans are
essential for mucin activities such as being physical barrier, shaping the intestinal ecosystem, and

influencing the metabolic function of the microbiota°.

As glycosylation is vital for maintaining homeostasis, the inability to metabolize
glycoproteins due to genetic defects results in several congenital disorders®: 22, For example,
infants born with an a-Mannosidosis lysosomal disorder have progressive intellectual disability
and only live between three to twelve years. On the other hand, if the a-Mannosidosis were
instead to a B-Mannosidosis defect, the infant would likely have severe quadriplegia and death
within 15 months?* 24, These are only two among over 130 congenital disorders of glycosylation
that are known 226, In addition to glycosylation-related genetic defects, there are various

diseases caused by aberrant glycosylation.

Aberrant glycosylation has been found in many deadly diseases, specifically cancer.
Cancer is known for its abnormal proliferation rates with the ability to metastasize to other areas
in the body?’. Numerous studies have shown that alteration in glycosylation is related to the
onset of cancer, namely, an increase in core fucosylated glycans, high-mannose glycans,
branching N-glycans, sialylated glycans, Thomsen-nouvelle antigen (Tn) and sialyl-Tn antigen

(sTn). Examples of alteration in glycosylation are shown in Figure 1.62%,
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Figure 1.6 Common N- and O-glycosylation alteration found on cancerous cells include
increases in core fucose, bisecting GIUNAc, branching N-glycans, and STn and Tn antigens.
Abbreviations: Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GIcA,
glucuronic acid; GIcNAc, N-acetylglucosamine; 1doA, iduronic acid; Man, mannose; Neu5SAc, 5-
N-acetylneuraminic acid (sialic acid); Neu5Gc, 5-N-glycolylneuraminic acid; STn, sialyl-Tn;
Xyl, xylose. Reprint with permission from Stowell, S. R.; Ju, T.; Cummings, R. D., Protein
Glycosylation in Cancer. Annual Review of Pathology: Mechanisms of Disease 2015, 10 (1),

473-510. Copyright 2015 Annual Reviews.

Interestingly, most FDA-approved tumor markers are either glycoproteins or glycans.
Some of the most common glycan's antigen, which are found on almost every cancer type, are
Tn and sTn3" 32, Cancers that express a high level of sTn antigen are gastric, colorectal,

pancreatic, cervical, endometrial, and ovarian®. Another O-glycan that is known to be up-



regulated in tumor cells is O-GIcNAc. O-GIcNAc is known for regulating proteins involved in
cell cycle progression, namely, FoxM1, cyclin D1, and cMYC. The upregulation of O-
GIcNAcylation in cMYC protein competes with phosphorylation, stabilizing in cMYC protein,

resulting in oncogenesis®* %

Another glycan marker of cancer is the increased expression of sialic acid. As mentioned
previously, an increase in sTn (sialylated O-glycan) antigen is a common trait of cancer
progression. Other traits are increased expression in sialylated N-glycans and glycolipids (GD2).
The upregulation of sialyltransferases causes increased sialylation. Sialyltransferases that are up-
regulated in cancer include ST6GALL, ST3GAL4, ST3GALSG, and ST6GalNAc1/2. These
transferases are found in various types of cancer, including pancreatic, prostate, ovarian, and
breast cancer. The increase in sialylated glycans promotes tumor growth, protecting cells from

apoptosis, immune evasion, and facilitating cell detachment.

High-mannose type (specifically Man9) N-glycans have been linked to increases in the
progression of some cancers, most notably breast cancer®’. Modification of the N-glycome to
express mainly high-mannose glycans using the inhibitor kifunensine has made cells more
metastatic. Kifunensine is a MAN1AL inhibitor that prevents the initial cleavage of alpha-1,2-
linked mannose residues from MangGIcNAc2. The metabolically engineered cells’ wound-healing
and migration rates were significantly increased compared to the control cell, suggesting the cells
became more metastatic when expressing high-mannose glycans®. Additionally, a therapeutic
study conducted to target high-mannose glycans using lectin antibody conjugate (lectibody)
showed potential therapeutic implications of blocking the activation of EGFR and IGFIR, which

are known to be up-regulated in cancer *°. Although there is no universal trend in the N-glycan
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profile during cancer progression, future studies will likely find more glycan-based biomarkers

as we increase our understanding of glycosylation in cancer.

Method of Glycan Characterization

Glycans are among the most abundant post-translation modifications (PTM) found in
proteins, and one of the most challenging to study due to the chemical and structural complexity.
Because glycosylation of proteins plays a vital role in their biological functions, the ability to
better characterize changes in glycan abundances, and structures associated with different
diseases will increase our understanding the role of glycans in disease progression. The methods
for analysis currently include lectin arrays, liquid chromatography-mass spectrometry (LC-MS),

and matrix-assisted laser desorption/ionization - mass spectrometry (MALDI-MS) 4942,

Lectins-based methods such as lectin microarray and enzyme-linked lectin assays are
already widely used to analyze glycosylation. Lectins are proteins (extracted mainly from plants)
that specifically binds to carbohydrates. Common lectins include Concanavalin A (ConA),
Elderberry lectin (SNA), and Aleuria aurantia lectin (AAL), each binding to a different
carbohydrate. For example, AAL binds to core fucose, ConA binds to a-D-mannosyl, and SNA
binds to sialic acid. In addition, lectins can also give linkage information. For example, SNA
binds specifically to a(2,6) sialylated glycans. However, there are limitations with lectin binding
assays. One is that the arrays only recognize motifs rather than entire structures, thus there could

be little distinction between N-glycans, O-glycans, or glycolipids -,

Matrix-assisted laser desorption/ionization — mass spectrometry (MALDI-MS) employs
laser desorption techniques coupled to MS to analyze glycosylation. The advantage of MALDI-

MS compared to other MS-based method is speed, it requires no separation, and it is amenable to
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complicated mixtures. The released glycans are desorbed and ionized from the sample matrix by
a laser pulse and then transferred into the mass analyzer (typically time-of-flight MS). The first
glycan biomarker studies in serum for ovarian cancer were performed using MALDI-MS?*,
However, MALDI-MS analysis of glycans has limitations such as lower sensitivity compared to
other ionization methods techniques and can produce fragmentation of labile groups such as
fucose and sialic acids*’. A more recent application of this technique for the analysis of
oligosaccharides is in MALDI imaging. MALDI imaging MS provides spatial distributions of
analytes on the sample surface. This method requires the detachment of glycans on tissue
samples with the enzyme that releases N-glycans, peptide-N-glycosidase F (PNGase F). Further
details of PNGase F will be discussed in a subsequent section. One capability of this method is

that one can analyze the glycans of histopathological samples?.

Liquid chromatography-mass spectrometry (LC-MS) is the more common MS-based
method for analyzing glycans. These methods have been used to obtain structural information
from N- and O-glycans and glycoconjugates such as glycolipids and glycoproteins. An
enzymatic method using PNGase F is the most used method for N-glycans release. PNGase F is
an amidase that cleaves the innermost GIcNAc breaking the covalent bond between the N-glycan
and polypeptide. The glycoprotein mixture with PNGase F can be incubated overnight at 37 °C
or microwaved to achieve complete release*. PNGase F is currently the best method to release
N-glycans because the enzyme can release any N-glycans except for those with a(1,3)-linked
core fucose, which is not found in humans (Figure 1.7). Other glycosidases, such as PNGase A
(cleave N-glycan with a(1,3)-linked core fucose), can release N-glycans at different positions;

however, further details will not be covered in this work®°,
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Figure 1.7 Peptide-N-glycosidase F (PNGase F) cleaves the innermost GICNAc, breaking the
covalent bond between the N-glycan and protein, but it cannot release any N-glycans with

a(1,3)-linked core fucose.

There are commercially available O-glycosidases that can be used for O-glycans release,
but none with broad substrate specificity like PNGase F. O-Glycans have eight different core
structures, making it challenging to find an enzymatic method for O-glycan release. Therefore,
chemical release is required for the complete release of O-glycans. The most commonly used
approach is reductive p-elimination under alkaline conditions shown in Figure 1.8°%. Additional
methods of O-glycan release can be performed with ordinary household bleach or
hydrazinolysis® %3. A limitation of the chemical releasing O-glycans is the poor reproducibility.
Peeling of the released glycans usually occurs during chemical release because of the harsh
conditions required for the reactions®!. After the glycans are released, glycomic analysis can be

performed on the free N- and O-glycans using LC-MS.
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Figure 1.8 Methods of O-glycan release such as B-elimination, peeling mechanism, and end-
capping strategies include label-free and label methods of analysis. Reprinted with permission
from Wilkinson, H.; Saldova, R., Current Methods for the Characterization of O-Glycans.
Journal of Proteome Research 2020, 19 (10), 3890-3905. Copyright 2020 American Chemical

Society.

Currently, the most prevalent method for glycan analysis is using an electrospray
ionization (ESI) source coupled with an LC-MS instrument. ESI is widely used because this
ionization method is a soft ionization process, reducing in-source fragmentation. On the other
hand, LC-MS methods have a higher level sensitivity for glycans analysis, especially when
coupling with a nanoL.C system. In addition, liquid chromatography has various separation
techniques such as reverse-phase liquid chromatography (RPLC), hydrophilic interaction
chromatography (HILIC), and porous graphitized carbon (PGC) that are beneficial for glycan

analysis. PGC is the most commonly used stationary phase for glycan separation and purification
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since it is the most effective technique at separating native glycans®. An N-glycan analysis using
a nanoL.C-MS with PGC stationary phase of a cell line is shown in Figure 1.9. Although, PGC

has limitations in extracting linkage information.

On the other hand, RPLC only works for permethylated and derivatized glycans since
native glycans are hydrophilic and cannot retain on the C18 stationary phase. With this approach,
linkage information can be obtained by analyzing permethylated and derivatized glycans data™.
However, reverse-phase C18 is more commonly used for peptide and glycopeptide analysis.

Further discussion will be covered in subsequent sections.
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Figure 1.9 The N-glycan profile of HT29 shows glycans' separation and identification (with

isomers) using a nanoLC-MS instrument with a PGC stationary phase

After the glycans are separated in the LC, they are injected into the MS instrument.
Untargeted glycan analysis uses a QTOF mass spectrometry, while targeted analysis uses a triple
quadrupole (QgQ) mass spectrometry. Using MS to analyze glycan enables for femto- to
attomolar level of detection, allowing the analysis of small amounts of materials. This is
advantageous for glycan analysis since glycan sample sizes are typically limited and the analytes
are in relatively low abundance. Newer methods of glycan analysis used an Orbitrap MS, which
has a higher level of sensitivity than other MS analyzers®®. However, Orbitrap MS is usually

used for glycopeptide analysis and will be discussed in subsequent sections. Another benefit of
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MS analysis is to obtain structural information from tandem MS data through collision-induced
dissociation (CID) fragmentation -the most widely used fragmentation method for glycans.

Figure 1.10 depicts the primary cleavage site for native glycan fragmentation.

Figure 1.10 Fragmentation pattern of a glycan under collision-induced dissociation. Reprint with
permission from Wilkinson, H.; Saldova, R., Current Methods for the Characterization of O-
Glycans. Journal of Proteome Research 2020, 19 (10), 3890-3905. Copyright 2020 American

Chemical Society.

Current glycoprotein analysis uses trypsin digestion and HILIC enrichment for the
untargeted glycopeptide analysis. Standard glycoprotein procedures start with protein
denaturation with DTT and heat followed by alkylation to inhibit the reformation of the disulfide
bond. Thereafter, the proteins are digested with trypsin at 37 °C for 18 hours, and the
glycopeptides are enriched with HILIC solid-phase extraction (SPE). The enrichment process is
necessary to reduce the signal suppression from the nonglycosylated peptide. Finally, the
samples are separated in a C18 nano column prior to injection to the Orbitrap MS. Orbitrap

instruments are the best analyzer to perform untargeted analysis because of the high resolution
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and mass accuracy. For glycopeptide fragmentation, step higher-energy collisional dissociation

(HCD) was used to produce fragmentation of both the peptide backbone and attached glycans®’.

Targeted glycopeptide analysis (using MRM) includes ultra-performance liquid
chromatography (UPLC) for separation. Targeted methods select specific ionic species, which
remove the need for glycopeptide enrichment. Samples are still digested with trypsin. However,
a study has shown that the addition of serine protease Glu-C with trypsin can increase the
number of glycopeptides identified®®. Both methods use C18 as the stationary phase in the
chromatographic separation. The C18 stationary phase mainly binds with the peptide backbone
and retention of the glycopeptide can be predicted based on the amino acid sequence®®.
Currently, there are only a few software programs that can do glycopeptide analysis, such as
Byonic and pGlyco. Additional software development would be required to support the need of

the field sufficiently.

Conclusion

Glycosylation is one of the most prevalent types of Post Translational Modification found
in organisms. Glycans play a vital role in many biological functions, including immune response,
cell-cell interactions, and cell regulation. New analytical methods are constantly being developed
to advance glycocalyx analysis. In the following chapters, a novel platform for glycocalyx
analysis by LC-MS will be introduced. The presented work combines multiple “omic” analyses
and bioinformatic tools to identify and profile alterations caused by glycosylation inhibitors, cell
culturing methods, and therapeutic drugs on various cancer cell lines. Chapter 2 will present the
effect of glycosylation inhibitors on various cancer cell lines. Chapter 3 will present the

difference between the 2D and 3D culturing methods and the effect of protein and glycan
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expression on the glycocalyx. Finally, Chapter 4 will investigate cancer therapeutics and their

effects on glycosylation.
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Chapter 11

N-Glycomic Analysis of the Cell Shows Specific Effects of Glycosyl

Transferase Inhibitors
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Abstract

Glycomic profiling methods were used to determine the effect of metabolic inhibitors on
glycan production. These inhibitors are commonly used to alter the cell surface glycosylation.
However, structural analysis of the released glycans has been limited. In this research, the cell
membranes were enriched and the glycans were released to obtain the N-glycans of the
glycocalyx. Glycomic analysis using liquid chromatography—mass spectrometry (LC—MS)
equipped with a PGC chip column was used to profile the cell membrane glycocalyx. Glycans
from untreated cells were compared to those from cells treated with inhibitors, including
Kifunensine, which inhibits the formation of complex- and hybrid-type structures, 2,4,7,8,9-
Penta-O-acetyl-N-acetyl-3-fluoro-b-D-neuraminic acid methyl ester for sialylated glycans, 2-
deoxy-2-fluorofucose, and 6-alkynyl fucose for fucosylated glycans. Kifunensine was the most
effective, converting nearly 95% of glycans to high-mannose types. The compound 6-alkynyl
fucose inhibited some fucosylation but also incorporated into the glycan structure. Proteomic
analysis of the enriched membrane for the four inhibitors showed only small changes in the
proteome accompanied by large changes in the N-glycome for Caco-2. Future works may use
these inhibitors to study the cellular behavior associated with the alteration of glycosylation in
various biological systems, e.g., viral and bacterial infection, drug binding, and cell—cell

interactions.

Introduction

The glycocalyx is the carbohydrate component of the cell membrane composed of glycans on
glycoconjugates such as protein and lipids. N-Glycans are bound to asparagine on proteins and
comprise the largest component of the glycocalyx®. They are classified into three principal types:

high-mannose, complex, and hybrid types. High-mannose structures are produced earlier in the
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glycosylation process, while complex- and hybrid-type structures are produced later?2. Complex-
and hybrid-type structures are further decorated by other monosaccharides, specifically, galactoses,
fucoses, and sialic acids (N-acetyl-5-neuraminic acid or Neu5Ac). These additions play important
roles in cell—cell interactions, including immune response, infection (viral and bacterial), and cell-
cell-adhesion*®. The variations in compositions, linkages (with anomeric character), and
regiochemistry can have profound effects on protein function. For example, the absence of core
fucose is generally lethal in humans’. Similarly, sialic acids are important structures for binding
viruses and bacteria leading to infection®®.

Another important function of glycosylation is regulating protein turnover rates. It has been
shown that 1gGs decorated with sialic acid have longer half-lives than those without it, suggesting
that glycosylation can affect protein turnover rates'®**. We previously demonstrated the effect of
glycosylation on protein turnover rates. In the study, we measured the turnover rate by feeding
cells with isotope-labeled monosaccharide and measured the rate of incorporation of the
exogenous sugars on the cell surface. It was shown that proteins glycosylated with high-mannose
had faster turnover rates than proteins with complex-type structures*?.

Past studies have shown that the use of mutations to induce defects in glycosylation was
difficult or caused unpredictable outcomes*®4. The knockout of a specific glycosyltransferase can
lead to another transferase taking over its role. Additionally, the removal of transferase genes, for
example, FUTS, is lethal, making it more difficult to study in animals'®. The development of
metabolic glycosylation inhibitors helps overcome these limitations. Using metabolic
glycosylation inhibitors is advantageous because small molecules are readily taken up into the
cells. Additionally, these metabolic inhibitors make it possible to study animals since the amount

needed to inhibit glycosylation is not lethal to the animals. These inhibitors enable the exploration
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of fundamental questions regarding the decoration of specific monosaccharides on glycans. For
example, fundamental questions regarding the presence of fucose or sialic acids have been
examined using inhibitors. It has been shown that the downregulation of fucose on glycans using
2-fluoro-L-fucose (2FF), a fucosyltransferase inhibitor, suppresses the proliferation and migration
of the HepG2 cell. The study showed that 2FF targeted fructosyltransferase 8, which is responsible
for core fucosylation'®. Additionally, 6-alkynyl fucose (6AF) is another known fucose inhibitor. It
inhibits the protein FX, which is responsible for converting mannose to fucose’. It has been known
that inhibition with 6AF has halted cell migration and invasion in hepatoma cells*®. The reduction
of sialic acid using 2,4,7,8,9-Penta-O-acetyl-N-acetyl-3-fluoro-b-p-neuraminic acid methyl ester
(3FS) causes the impairment of adhesion, migration, and in vivo tumor growth on the B16F10 cell.
The sialic acid inhibitor is suspected to bind to sialytransferases after 3FS is converted to CMP-P-
3FS™°. Likewise, the increase in high-mannose glycans using a mannosidase | inhibitor, Kifuensine
(Kif), has been shown to increase the metastatic characteristics of CCA cells?°. Though these
inhibitors have been used in many studies, the alteration of the glycocalyx caused by the
glycosylation inhibitor has not been well characterized using newer glycomics methods.
Additionally, the effects on the expression of proteins in the glycocalyx by the presence of these
inhibitors are little known.

The recent and general interest in the function of the glycocalyx has led to new tools to
characterize them?:?2, Within the last decade, nano-Liquid Chromatography—Mass Spectrometry
(nanoLC-MS)-based methods have been developed to characterize the glycocalyx. Using
nanoflow liquid chromatography is advantageous because its high sensitivity allows for the
detection of low abundant glycans. The coupling with mass spectrometry allows structural

characterization using fragmentation patterns. One method we developed to study the glycome on
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the cell surfaces uses a nanoflow liquid chromatography—quadrupole time-of-flight MS (nanoL.C—
QTOF MS). These methods have already been used to study glycans on human milk
oligosaccharides as well as free glycans in bodily fluids®.

In this research, we employed inhibitors to affect the cell surface glycosylation. We used N-
glycans to monitor these changes and quantitate the change expressed by the inhibitors. The change
caused by inhibition was monitored on three different cell lines (Caco-2, A549, and PNT2), and
the changes in N-glycan profile were performed on a nanoLC-chip—QTOF MS. Additionally, using
a nanoLC—Orbitrap MS, we performed proteomic analysis on Caco-2 to monitor the changes in

protein expression that may be caused by altering the cell surface glycosylation.

Materials and Methods

Materials
Caco-2 cell lines, A549 cell lines, and Eagle’s Minimum Essential Medium (EMEM) were

obtained from the American Type Culture Collection (ATCC), Manassas, VA, USA.
Dithiothreitol (DTT), iodoacetamide (IAA), and a human immortalized prostate PNT2 cell line
were purchased from Sigma-Aldrich, St. Lousi, MO, USA. Phosphate-Buffered Saline (PBS),
Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), and penicillin
were purchased from ThermoFisher Scientific, Waltham, MA, USA. Sequencing Grade
Modified Trypsin was purchased from Promega. Glycosylation inhibitors Kifunensine, 2-deoxy-
2-fluoro-L-fucose, 6-alkynyl fucose, and 2,4,7,8,9-Penta-O-acetyl-N-acetyl-3-fluoro-b-D-

neuraminic acid methyl ester were purchased from Carbosynth, San Diego, CA, USA.

Cell Line Culture
Cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA,

USA) and cultured in their respected media supplemented with 10% fetal bovine serum and 1%
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penicillin incubated at 37 °C in an atmosphere of 5% CO». Media were replaced every 48 h.
Caco-2 cells were treated with 50, 100, 200, and 400 uM of 3FS, 2FF, 6AF, and 25, 50, 100, and
200 uM of Kif (as a positive control) once the cells reached 40% confluency. All other cells were
treated with 200 uM of 3FS, 2FF, 6AF, and 100 uM of Kif. All compounds were dissolved in
dimethyl sulfoxide (DMSO) with a final treatment concentration of 0.1% (v/v) for all inhibition
experiments. Caco-2 was also treated with media containing 0.1% DMSO, which resulted in no
difference in the profile between the 0.1% DMSO-treated cells to the control cell. After 72 h, the
cells were washed with PBS and pelleted for N-glycan release or trypsin digestion and

subsequent LC-MS analysis.

Cell Membrane Extraction
Extraction protocols were described previously and applied here with slight modifications®*.

Cell pellets were reconstituted in a homogenization buffer containing 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 0.25 M sucrose and protease
inhibitors (Calbiochem/EMD Chemicals) at a 1:100 ratio. Using a probe sonicator (Qsonica,
Newtwon, CT, USA), cells were lysed with five alterations of on and off pulses in 5 and 10 s
time intervals. Cellular debris and mitochondrial fractions were pelleted by centrifugation at
2000x g for 10 min. Supernatants were transferred to perform ultracentrifugation at

200,000x% g for 45 min at 4 °C. Pelleted plasma membranes were then resuspended in 500 pL of
0.2 M Na2CO3z and 500 uL of nanopure water followed by two series of ultracentrifugation at

200,000x% g for 45 min to wash off cytoplasmic and endoplasmic reticulum fractions.
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N-Glycan Release
Enzymatic releases of N-glycans were adapted from a previously developed protocol where

solid-phase extraction (SPE) was performed to enrich N-glycans?®. Samples were reconstituted in
100 pL of 100 mM ammonium bicarbonate (ABC) and 5 mM DTT and heated at 100 °C for 1
min to denature proteins. Samples were cooled at room temperature followed by the addition of 2
uL of 500,000 U/mL peptide N-glycosidase F (PNGase F), microwaved at 60 °C for 10 min to
accelerate N-Glycans release. Samples were incubated for 18 h at 37 °C to hydrolyze the N-
Glycans. The reaction was quenched with 350 uL of water followed by ultracentrifugation at
200,000x% g to separate the deglycosylated proteins and the N-glycans. N-glycans in the
supernatant were collected, cleaned with porous graphited carbon (PGC) SPE, dried completely,
and reconstituted in 30 pL of water prior to analysis with Agilent 6200 series nano liquid

chromatography chip—quadrupole time-of-flight mass spectrometry (nanoLC Chip—QTOF MS).

NanoLC Chip—QTOF MS Analysis
N-glycans analysis were described previously and applied here with slight

modifications®®. N-glycans were separated using a nanoLC Chip—-QTOF MS with a 65 min run
time, where N-glycans begin to elute between 15 and 35 min. N-glycan separation was
conducted with a binary solvent system, where solvent A was composed of 3% (v/v) acetonitrile
(ACN) and 0.1% (v/v) formic acid (FA) in water, and solvent B was composed of 90% (v/v)
ACN and 1% (v/v) FA in water. Samples were injected into an Agilent PGC microfluidic chip,
which consisted of a 40 nL enrichment and a 75 pm % 43 nm analytical column, both with a
partial size of 5 pm. The gradient sequence for the run was: 0-2.5 min, 0% B; 2.5-20 min, 16%
B; 20-35 min, 58% B; 35-40 min, 100% B; 40-50 min, 100% B; 50.01-65 min, 0% B with a

flow rate of 0.3 uL/min. Mass range of m/z 600—-2000 with spectra were measured 1.5 s per
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spectrum in positive ionization mode. Reference mass m/z 1221.991 were used to correct mass
inaccuracies. Quantification of the cell surface glycosylation changes were determined using
MassHunter software (Agilent, Santa Clara, CA, USA, version B.07.00). The software identifies
molecular features and provides a chromatographic peak volume, which provides relative
intensities. The intensities are used directly to provide relative abundances. N-Glycan tandem

data were analyzed with GlycoNote (https://github.com/MinggiLiu/GlycoNote, Last accessed

on 12 May 2021). GlycoNote structures were then validated manually. K-mean cluster analysis
using JMP software (SAS, Cary, NC, USA, version Pro 15) was also applied to N-glycans

results.

Leica TCS SP8 STED 3X Fluorescence Imaging
PNT?2 cells were cultured in a 35 mm glass bottom dish (ibidi) until 20% confluency. Cells

were treated with 200 uM of 6AF for 72 h at 37 °C in an atmosphere of 5% CO». After 3 days,
cells were fixed with 1% paraformaldehyde, “click” with a fluorescent tag 7-Azido-4-
Methylcoumarin from Sigma-Aldrich with excitation at 387 nm and emission at 470 nm, and
membrane stained with Cellmark dye (ThermoFisher, Waltham, MA, USA) with excitation at
522 nm and emission at 535 nm. Images were taken at VetMed Advance Imaging Facility under

100x magnification with oil submersion.

Trypsin Digestion
Enzymatic digestion of membrane proteins was adapted from previous procedures followed

by peptide desalting using 500 mg of C18 SPE cartridges?’. The cell pellet was sonicated with 60
pL of 8M urea for 15 min followed by the addition of 2 pLL of 550 mM DTT incubated at 55 °C
for 50 min. After incubation, 4 pL of 450 mM of iodoacetamide (IAA) was added and placed in

the dark for 20 min. An aliquot of 420 puL of 50 mM ABC was added to each sample with the
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addition of 2 pg of trypsin that was reconstituted in 50 mM ABC. Samples were then incubated
at 37 °C for 18 h. For proteomic analysis, peptides were desalted using C18 SPE cartridges. The
peptide concentration for proteomic analysis was determined with bicinchoninic acid assay
(BCA) peptide assay (ThermoFisher, Waltham, MA, USA) prior to injection in the Orbitrap

Fusion Lumos nanoLC—MS/MS instrument.

Proteomic Data Analysis
The Human FASTA database was acquired from UniProt. The Raw files and FASTA file

were then inputted into Byonic software version v3.11.3 for proteomic analysis followed by
extract ion chromatogram (EIC) using Byologic software (Protein Metrics, Cupertino, Ca, USA,
version v3.11.3). Posterior error probability (PEP) smaller than 0.01, Score > 100, peptide

length > 5, and 1% false discovery rate (FDR) were applied for proteomic data analysis. Multiple
t tests were performed using GraphPad Prism software (GraphPad, San Diego, CA, USA version

8).

Results

The workflow for the glycomic characterization of the cell lines is shown schematically
in Figure 2.1. It involves the harvesting and lysing of the cells followed by a series of
ultracentrifugation steps to enrich the cell membrane fractions. The enriched fractions are
subjected to N-glycan release using the enzyme PNGase F. NanoLC-MS using a PGC stationary
phase and QTOF mass analyzer produces a glycan profile with isomer separation. In the N-
glycomic profile, we generally identify over 300 structures. The membrane enrichment has been

validated in previous publications?,
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Figure 2.1 The schematic workflow for characterization of N-glycomics, proteomics, and
confocal microscopy. Glycosylation inhibitors were added to the supernatant and treated for 72 h
followed by cell membrane extraction and analysis. Click chemistry was performed after 72 h of
treatment followed by imaging to determine 6-alkynyl fucose (6AF) incorporation. Schematic

workflow was created with BioRender.com last accessed 17 August 2021.

N-Glycan Profile of Cell Membranes
The N-glycome profile for Caco-2, a colon epithelial carcinoma line, was determined and

yielded over 200 glycans (including isomers) (Figure 2.2A). The untreated cells yielded glycans
composed of high-mannose- (18.0%), complex- (47.3%), and hybrid-type structures (34.7%).
With regard to the complex glycans, they were composed of mono- (0.3%), bi- (2.0%), tri-
(6.5%), and tetra-antennary (29.5%) structures. Other structural features included bisecting N-
acetylglucosamine (GIcNACc) (9.0%). The complex and hybrid compounds were further

separated into sialylated (3.8%), fucosylated (33.7%), and sialofucosylated (42.7%). The
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sialylated glycans were mainly singly (42.6%), doubly (12.9%), triply (3.5%) and quadruply

sialylated (0.4%) glycans. Similarly, the fucosylated glycans were composed of singly (36.7%),

doubly (24.8%), triply (13.2%), quadruply (6.9%) and quintuply fucosylated (1.1%) glycans.

These results were consistent with previously published values for the undifferentiated Caco-2

cell line, which similarly yielded significantly higher amounts of complex-type structures with

high levels sialofucosylation. There were over 300 structures composed of nearly 100

compositions with only 16 representing nearly 50% of the intensities (Supplementary Figure

2.1). The most abundant composition was HexsHexNAcsFuciNeuAc;.
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Figure 2.2 Extracted compound chromatograms of Caco-2, showing (A) control, (B) Kifunensine

(Kif), (C) 2,4,7,8,9-Penta-O-acetyl-N-acetyl-3-fluoro-b-D-neuraminic acid methyl ester (3FS), (D)

2-deoxy-2-fluorofucose (2FF), and (E) 6-alkynyl fucose. Peaks are colored by glycan subtypes

and annotated with the schematic representation of the glycan structures. Monosaccharide
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notations follow the Symbol Nomenclature for Glycans (SNFG) system?® and N-glycans were

drawn with GlycowWorkbench version 2.1%,

The inhibitors were introduced to the media with 0.1% DMSO. To ensure that DMSO had
little effect on the cell surface glycan expression, a comparison of DMSO-treated cells with
untreated cells was performed. The difference was barely observed (Supplementary Figure
2.2A), which suggested that DMSO had no effect and did not alter the membrane glycome. To
determine the reproducibility, triplicate experiments were performed. Supplementary Figure
2.2B shows the N-glycan profiles of Caco-2 cells treated with 2FF inhibitor performed in
triplicates. The coefficient of variation (CV) for compounds varied less than 20%. The variations

in the N-glycan subtypes averaged were below 20%.

The effect of the inhibitor concentration was monitored. Concentrations between 25 and
400 uM were introduced to the supernatant and allowed to incubate for several hours. The
glycan profiles were obtained for each experiment. For Kif, 100 uM concentrations and 72 h
incubation proved optimal. For the other inhibitors, higher concentrations were needed at 200

MM and 72 h (Supplementary Figure 2.3).

The addition of Kif produced the largest effect on the glycocalyx. The LC-MS
chromatogram yielded primarily high-mannose structures (over 95% in total abundances)
(Figure 2.2B). The remaining compounds in abundances are residual complex-type N-glycans.

In comparison, the untreated cells contained only 18.0% high-mannose structures.

The compound 3FS is a known sialyltransferase inhibitor. The sialic acid analog is
incorporated into the salvage pathway and converted to the active form of the sugar by attaching

cytidine-5"-monophosphate (CMP), resulting in the nucleotide sugar CMP-3FS 313, The active
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form of the sugar then inhibits the transferase, depleting the cells of sialylated glycans. Figure
2.2C shows the N-glycan profile for Caco-2 treated with 3FS. Firstly, there was no incorporation
of 3FS into the cell surface N-glycome. The 3FS-treated Caco-2 cells were composed of high-
mannose (29.9%), complex (37.5%), and hybrid-type (32.6%) structures. Sialylated and
sialofucosylated glycans decreased by 28% while fucosylated glycans increased by 14%
compared to the untreated cell. The increase in fucosylated glycans is due to the loss of sialylated
decoration in the previously sialofucosylated species. For example, the compound
HexsHexNAcsFuc; increased from 3.3% to 6.0% upon treatment with 3FS. The increase is
caused by the loss of sialic acids from the three sialylated analogs, namely,
HexsHexNAcsFuciNeuAc:, HexsHexNAcsFuciNeuAcz, and HexsHexNAcsFuciNeuAcs.
However, it should be noted that the total loss of sialylated glycans was not observed. Among the
fucosylated species, HexsHexNAcsFuciNeuAc: was still the most abundant sialofucosylated

glycan.

The fucose transferase inhibitor 2FF is converted with guanosine 5’-diphosphate (GDP) to
GDP-2FF through the fucose salvage pathway 33. This active sugar inhibits fucosyltransferases
and led to the profile shown in Figure 2.2D. We examined the glycan profile and determined
that 2FF was similarly not incorporated into the N-glycans. The N-glycome was composed of
34.7% high-mannose, 39.7% complex, and 25.6% hybrid. Fucosylated glycans decreased from
76% to 17% after 2FF treatment. An increase in the sialylated glycans was observed from 3.8%
to 35.1%. For example, the structure HexsHexNAcsNeuAc: increased from 0.5% to 6.5% likely
due to the decrease in fucosylated species, including HexsHexNAcsFuciNeuAc,
HexsHexNAcsFucaNeuAcs:, and HexsHexNAcsFucsNeuAc:. An important observation in

comparing the two inhibitors, 2FF and 3FS, was that they appeared to behave independently. It
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seems that the decoration of fucose and the decoration of sialic acid on sialofucosylated glycans

are not dependent on one another.

The compound 6AF was known to inhibit the de novo pathway through interactions with
3,5-epimerase-4-reductase, thereby diminishing fucose incorporation. This pathway converts
mannose into fucose, forming the activated reagent GDP-fucose8. Unlike the other inhibitors,
examination of the N-glycome profile showed that 6AF was incorporated into specific glycans
(Figure 2.2E). The N-glycome profile yielded 38.1% high-mannose, 37.7% complex, and 24.2%
hybrid. Complex and hybrid glycans were composed of 1.2% fucosylated, 31.8% sialylated, and
3.6% sialofucosylated. An additional 11.9% was obtained for the 6 AF incorporated species
corresponding to 6 AF-fucosylated and 6 AF-sialofucosyalted glycans combined. In general, 6AF
behaves similarly to 2FF in that total fucosylation was decreased. However, incorporation of the

inhibitor was also observed for 6AF.

The incorporation of 6AF was further confirmed by MS/MS analysis (Supplementary
Figure 2.4). However, no attempt was made to differentiate between core and antennary
fucosylation. It is noted that only one 6 AF was incorporated at most, with the most abundant
being HexsHexNAc76 AF1NeuAcs. For PNT2, the inhibition created a nearly 40% drop in
fucosylation, with the remaining fucosylated species containing between 20 and 30% 6AF and
the rest with native fucose. To validate the incorporation, we probed cell lines with Click
chemistry using a chromophoric tag. A control and 6AF-treated PNT2 cells were reacted for one
hour with 7-Azido-4-Methylcoumarin followed by staining with CellMask™ Deep Red (cell
plasma membrane). The merged images of 6AF and CellMask™ confirmed the incorporation of

6AF both on the cell plasma membrane and Golgi (Figure 2.3). The incorporation of 6AF under
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similar conditions was reported previously!’. The inhibitor should therefore be used with caution

in assessing fucose function.

CellMask

Coumarin CellMask

Figure 2.3 Confocal microscopy of PNT2 cells were the top cells without 6AF treatment (control)
and the bottom cells with 6AF treatment. Cells were stained with CellMask™ (green) and 7-Azido-
4-Methylcoumarin (red) (ThermoFisher, Waltham, MA, USA). The merge section is the overlap

between CellMask™ and 7-Azido-4-Methylcoumarin.

To observe the general behavior of the inhibitors, each one was similarly examined with
additional cell lines, namely, A549 (lung epithelial carcinoma) and PNT2 (normal prostate
epithelial). These cell types were chosen to study the effect of each inhibitor on different cell
types. The comparison of the results for Caco-2, A549, and PNT2 (Figure 2.4) was presented
according to their major glycan types. A549 and PNT2 behaved similarly when treated with Kif
yielding high-mannose glycans with abundances of 96% and 85%, respectively. When treated
with 3FS, the cells lost most of their sialylated glycans, with A549 having only 8% sialylated

glycans after treatment compared to 50% before, which is very similar to PNT2 with 6%
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compared to 47%. Fucosylated glycans in PNT2 cells treated with 2FF decreased by 7%, while
Ab549 decreased by 24%. PNT2, when treated with 6AF, lost more fucosylated glycans compared
to 2FF with 33% loss and a 9% incorporation of 6AF. No incorporation of 2FF was observed in

any of the cell lines. A549 lost 17% of its fucosylated glycans with a 7% incorporation of 6AF.
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Figure 2.4. The relative abundance profile of each glycosylation inhibitor with its control
counterpart plotted on stack columns with (A) Caco-2, (B) A549, and (C) PNT2 cell lines. Stack

column plots are color coded by glycan subtypes.

K-mean clustering analysis was performed on the inhibition dataset with all three cell lines.
K-mean clustering is a type of unsupervised machine learning where random centroids are
generated. The algorithm then calculates the Euclidian distance between a point and the nearest
centroid. Afterward, all the points nearest to the centroid are averaged and the centroid position
is shifted to the average distance. This is done for all centroids, and it iterates until convergence.

Through this process, each treatment was clustered together with one another regardless of which
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cell lines were being treated (Supplementary Figure 2.5). The orange cluster contains cells
treated with Kif. This cluster had the tightest pack, suggesting that the inhibition effects were
most similar to each other regardless of the cell type, while 6 AF-treated cells (light green cluster)
had the most variation between the cells based on the spacing in the clustering. Though each cell
line had slight variation in the results, the overall effect of the inhibitors was independent of the

cell itself.

Cell Surface Proteomic with Inhibitors
To determine whether the glycan modification by the inhibitors altered protein expression,

proteomic analysis was performed on enriched cell membrane. A volcano plot (Figure 2.5) was
constructed to determine the similarities between the proteins in each treatment group compared

to the untreated control group.
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Figure 2.5 The volcano plot represents the proteomic data from Caco-2 comparing control to an
inhibition treatment including (A) Kif, (B) 3FS, (C) 2FF, and (D) 6AF. Each data point represents

a protein with the downregulation (red) and upregulation (green).

Biological triplicates of Caco-2 cells treated with each inhibitor were compared to untreated
triplicate cells using raw XIC values extracted from Byologic software. The resulting data were
sorted by peptide length less than 5 and score less than 100 to remove potential missed cleavages
sequence. Each protein was represented by the most abundant peptide signal. The thresholds for
significant proteins were p-values less than or equal to 0.05 and logz fold change less than -2 or

greater than 2.

Among all the treatments, the largest change in the glycomic profile was observed by the
addition of kifunensine. Kif converted the glycans from complex-type structures to high-
mannose structures with the major abundance corresponding to Mang. Proteomic analysis of both
Kif-treated cells and the control yielded around 1100 proteins for each treatment. There were
over 1000 proteins that were conserved in both groups, and 9 proteins were identified as
significant using the above criteria. Among those nine proteins, only five were cell surface
proteins. The proteomic results show little variations in the proteins identified between the
control and Kif-treatment. Based on these results, there is apparently little change in protein
expression even with large dramatic changes in glycan expression, suggesting that glycosylation

does not appear to affect the membrane protein composition significantly.

The comparison of the other treatments yielded similar results with minor variations
between the treatments. They all yielded around 1100 proteins, with approximately 1000 proteins
conserved between the treated cells and the untreated control cells. Inhibiting sialylation with

3FS or inhibiting with fucosylation yielded a smaller change in the membrane protein expression
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compared to Kif. On the other hand, 6AF inhibition yielded more significant numbers of proteins
than Kif-treated cells using the above criteria. There were 17 proteins that were determined to be
significant in 6AF-treated cells. Even so, only a handful of proteins were determined to be cell
surface proteins (LRP2, VIME, and HMGBJ1). This further suggests that the inhibition of cell

surface glycosylation had little effect on protein expression.

Discussion

Glycomic profiling provides an extensive characterization of metabolic inhibitors and their
efficacy. The efficacy of each inhibitor varied. Among them, Kif had the highest efficacy and was
capable of removing all other glycan types besides high-mannose type. Kif is known to inhibit
mannosidase | (Man 1A1l), the enzyme necessary to trim high-mannose structures and produce
complex- and hybrid-type structures®*. Thus, the action of this compound primarily yields the
Man9 glycan (HexgHexNAcz). The conversion was high, up to 97% high-mannose. There were
remaining complex-type structures in, for example, Caco-2, resulting in some 3% remaining
sialofucosylated glycans. In general, none of the inhibitors yielded complete conversion, at least
as detected by the method. There could be several factors that can leave residual glycans, with the
most likely cause to be differences in protein turnover associated with the glycoform. We have
previously shown that proteins on the cell membrane express differential turnover rates?, with
sialylated proteins having the lowest rates. Indeed, the remaining were generally complex-type
glycans with sialylation. In general, sialylation is more difficult to suppress due the slower turnover
and the greater number of sialyltransferase.

Cells treated with the sialic acid inhibitor 3FS decreased sialylation by approximately 60%.
The sialic acid analog is incorporated into the salvage pathway and converted to the active form

of the sugar by attaching CMP resulting in the nucleotide sugar CMP-3FS3!2, The active form of
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the sugar then inhibits the transferase, depleting the cells of sialylated glycans. Cells treated with
fucose inhibitors 2FF and 6AF decreased fucosylated species by nearly 80%. 6AF had the
additional complication of incorporating into the glycan. The efficacy of each inhibitor was
consistent regardless of cell type shown in the N-glycome profile of different cell types and K-
mean clustering analysis. Additionally, Caco-2 proteomic results indicated that each inhibitor had
little effect on the proteins expressed on the cell surface membrane for this cell line. The results
strongly suggest that altered glycosylation does not affect protein expression in the glycocalyx of
Caco-2. Kif had the highest efficacy, but less than one percent of the cell surface proteomic showed

a significant change in protein expression.

Conclusion

In summary, we were able to profile the effect of these glycosylation inhibitors on the
glycocalyx using a nanoLC-chip—QTOF MS, overcoming the limitation of other non-structurally
specific methods. Through this method of analysis, we were able to obtain a more qualitative
analysis of each inhibitor’s effect to give a more in-depth understanding of how each inhibitor
alters glycosylation. Future studies can use this application to study the functional role of different

decorations of glycosylation in other biological systems.
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Supplementary Figure 2.1 Relative abundant N-glycans found in Caco-2 (A) the most abundant

glycans and (B) are all the N-glycan identified with MassHunter software. N-Glycans were

drawn with GlycoWorkbench.

IS
(o)}



x10 %

lon Counts
o o o o =
9 n B @ r‘n - nN B u")

A)

--------

Control

x10 8

lon Counts
; P

e 2 2 o
NoR @ o =

=

.....

P

e g,
PR

DMSO

22 23 24 25 26 27 28 29 30

Time (mins)

20 21

31 32

Y
o

lon Counts
N w B

- N Ww;m Ao
Tl i

=3
c o

e

i

o

x10 3

~
on

lon Counts

o

lon Counts
— ] w ™
oCw - NGO Wk

o

22 23 24 25 28 27 28 29

Time (mins)

19

30 31 32

Supplementary Figure 2.2 Extracted compound chromatograms of Caco-2, showing (A)

comparing untreated control to DMSO treated cells, (B) biological replicates of Caco-2 treated

with 2-deoxy-2-fluorofucose. Peaks are colored by glycan subtypes and annotated with the

schematic representation of the glycan structures. N-Glycans were drawn with GlycoWorkbench.
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Supplementary Figure 2.3 The relative abundance of Caco-2 with different concentration of
glycosylation inhibitors, showing (A) Kifunensine, (B) 3Fax-Neu5Ac, (C) 2-deoxy-2-
fluorofucose, and (D) 6-alkynyl fucose. Concentration ranges from 25uM to 400uM and in each

stack column plot are color coded by glycan subtypes.
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Supplementary Figure 2.4 N-Glycomic MS/MS spectra of PNT2 treated with 6AF. This

exhibits 6AF incorporation in HexsHexNAc76 AF1NeuAcs. Monosaccharide notations follow the

Symbol Nomenclature for Glycans (SNFG) system.
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Supplementary Figure 2.5 Two-dimensional and three-dimensional k-mean cluster of the
relative abundance of each cell line (Caco-2, A549, and PNT2) with and without inhibition
treatments (Kifunensine, 2,4,7,8,9-Penta-O-acetyl-N-acetyl-3-fluoro-b-D-neuraminic acid
methy| ester, 2-deoxy-2-fluorofucose, and 6-alkynyl fucose. Red cluster 1 (untreated control
cells), dark green cluster 2 (2FF treated cells), dark blue cluster 3 (3FS treated cells), orange
cluster 4 (Kif treated cells) and light green cluster 5 (6AF treated cells). The plot was created

with JMP Pro 15 software using K-mean clustering analysis.
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Chapter 111

Novel Characterization of the Glycocalyx of 3D Culturing Model

Identified Glycans as Potential Biomarker for Colorectal Cancer
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Abstract

Extensive glycocalyx profiling methods were employed to identify the difference between
two-dimensional (2D) and three-dimensional (3D) culture models with two human colorectal
cancer HCT116 and HT29. Three-dimensional cell cultures have become more commonly used in
cancer research due to their ability to mimic the microenvironment found in tumors. Various
“omics” analyses (genomic, proteomic, and metabolomic) have been performed on 3D models.
However, none have characterized the glycocalyx, even though glycosylation plays a critical role
in cancer development. This research performed the earliest analysis of N-glycans, O-glycans,
glycolipids, proteomic, and glycoproteomic on the cell membranes obtained from 2D and 3D
models of HCT116 and HT29 cancer cell lines. The N- and O-glycans were separated with liquid
chromatography using a PGC chip column, and the glycolipids were separated with a nanoflow
LC-chip with a C18 stationary phase. The peptides and glycopeptides were separated with a C18
nanoflow LC column. The structures were profiled using a nanoliquid chromatography-mass
spectrometry (nanoLC-MS). The 2D omic results were compared to the 3D omic results for both
cell lines. The analysis of the glycocalyx showed a 20% increase in high-mannose glycans, an
increase in core fucosylated glycans, and an increase in sialylated glycolipids in the 3D models for
both cell lines. Glycoproteomic and proteomic results showed significant upregulation in multiple

biological pathways that are related to cancer formation.

Introduction

Colorectal cancer (CRC) is one of the most commonly diagnosed cancers worldwide, and
the second most common cause of cancer death in the United States®. Early treatments of CRC
yield a high survival rate of 91%, however early detection of CRC is challenging because it shows

little to no symptoms in early development.? Additionally, current detection methods lack the level
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of sensitivity and specificity required for detection®. Therefore, additional efforts are necessary to
understand better the underlying biological mechanism of CRC to develop a more reliable method
of detecting and diagnosing CRC.

Biomarkers for CRC progression include an increase in sialylated and fucosylated glycans
expression in the glycocalyx*. The glycocalyx is a carbohydrate-rich environment found on the
cell membranes composed of an array of glycolipids and glycoproteins -with N- and O- glycans
attached. The glycosylations of biomolecules are crucial for regulating several physiological and
pathological functions, namely, immune response, protection against infection, and cell-cell
interactions. Moreover, aberrant glycosylation plays an essential role in various biological
pathways of different diseases such as cancer. Some cancer-associated alterations in the glycocalyx
are increased sialylation in proteins and lipids, increased core fucosylated N-glycans, and
increased high-mannose glycans®®.

In vitro cancer models are necessary tools for cancer research as they provide a low-cost
platform to investigate human biological mechanisms without the same ethical limitations of
working with human tissues. Conventional cancer research is performed on in vitro models (a two-
dimensional (2D) cell culturing model), followed by in vivo models (animal model) to validate the
findings. However, the 2D model has limitations as a tumor model because it lacks certain
elements found in tumors, namely artificial attachment of the cells, small cellular interaction, and
only formation of monolayers. On the other hand, in vivo models can mimic those elements, but
in vivo methods are costly, time-consuming, and hard to reproduce similar results in clinical
trials'®*?, Therefore three-dimensional (3D) cell culturing helped bridge the gap between in vitro

and in vivo studies.
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A three-dimensional model can mimic the microenvironment and cell-cell interactions that
are found in tumors. For those reasons, 3D culturing is becoming more prevalent in cancer research
and has been used for drug discovery to combat various types of cancer, e.g., colorectal, breast,
and glioblastoma®®*®, Currently, various omic analyses have been performed to characterize the
3D models, including proteomic, lipidomic, phosphoproteomic, and metabolomic!®!’. These
profiling methods give vital information about biological functions in the model. Nevertheless, an
extensive analysis of the glycocalyx is still lacking for the N-, O-glycome, glycolipidome, and
glycoproteome.

General interest in glycosylation has led to recent developments in new methods to
characterize the glycocalyx particularly based on nano-Liquid Chromatography-Mass
Spectrometry (nanoLC—MS)*1°. The high sensitivity of nanoflow allows the characterization of
low abundant glycans, glycolipids, and glycoproteins in many biological systems?. This workflow
utilizes nanoflow liquid chromatography—quadrupole time-of-flight MS (nanoLC-QTOF MS) and
a nanoflow liquid chromatography orbitrap MS (nanoLC-Orbitrap MS) to perform a
comprehensive analysis of the glycocalyx.

In this research, we performed extensive omics analysis on the 2D and 3D culturing models
of two human colorectal cell lines (HCT116 and HT29). We monitor the N-glycome, O-glycome,
glycolipidome, proteome, and glycoproteome of the 2D and 3D of HCT116 and HT29 and
quantitate the difference between the two culturing models for both cell lines. In addition, a spatial
N-glycomic profile was performed for the 3D model of both cell lines. The glycocalyx analyses
were performed using a nanoLC-chip—QTOF MS, and the proteomic and glycoproteomic analyses

were performed using a nanoLC-Orbitrap MS.
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Methods and Materials
HCT116 and HT29 cell lines, and McCoy's 5A medium, were obtained from the American

Type Culture Collection (ATCC). Dithiothreitol (DTT), iodoacetamide (IAA), and ultra-low
attachment 96 well plate were purchased from Sigma-Aldrich. Phosphate Buffered Saline (PBS),
fetal bovine serum (FBS), penicillin, and Accutase were purchased from ThermoFisher Scientific.
Sequencing grade trypsin and Glu-C were purchased from Promega. ISPE-HILIC cartridges were

purchased from HILICON AB (Sweden).

Cell Line Culture
Human colon colorectal adenocarcinoma epithelial HT29 cells and human colon colorectal

carcinoma epithelial HCT116 cells were obtained from ATCC and grown in McCoy's 5A medium
supplemented with 10% (v/v) FBS, and 1%(v/v) penicillin incubated at 37°C in an atmosphere of
5% CO.. Media were replaced every 48 h. Ultra-low attachment 96 well plates (Sigma-Aldrich)
were used for spheroid culture. Each well was seeded with 5000 cells supplemented with 150 L.

of media.

Enzymatic Accuatase Peeling of Spheroids

Cells from spheroids were fractionated into three distinct physiological populations using
accutase (ThermoFisher Scientific) treatment. Accutase was warmed to 37°C before treatment.
Spheroids were washed twice with PBS to remove any media in the cell culture dish, followed by
the addition of 2 mL of accutase. The cells were incubated at 37°C and shaken at 70 rpm for 5
mins. The detached cells in accutase were collected (proliferation layer), then washed again with
2 mL of PBS. The process was repeated once more to collect the hypoxia layer. The remaining

cells were collected and labeled as the necrotic core. The three fractions were subjugated to
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centrifugation and stored in HB buffer at -80°C until prepared for cell membrane extraction.

Ninety-six spheroids were used for N-glycomic analysis.

Cell Membrane Extraction
Extraction protocols were described previously and applied here with slight

modifications?. Briefly, Cellular debris and mitochondrial fractions were pelleted by
centrifugation at 2,000 x g for 10 minutes. Supernatants were transferred to perform
ultracentrifugation at 200,000 x g for 45 minutes at 4 °C. Pelleted plasma membrane was then
resuspended in 500 uL of 0.2 M Na2CO3z and 500 uL of nanopure water followed by two series of
ultracentrifugation at 200,000 x g for 45 minutes to wash off cytoplasmic and endoplasmic

reticulum fractions.

Protein Digestion
Digestion protocols were described previously and applied here with slight modifications?.

Cell pellet was sonicated with 60 uL of 8M urea for 20 min followed by the addition of 2 pL of
550 mM DTT incubated at 55°C for 50 min. After incubation, 4 uL of 450 mM of TAA was added
and placed in the dark for 20 min. Then, 420 pL of 50 mM ammonium bicarbonate (ABC) was
added, followed by 2 pg of trypsin (reconstituted in 50 mM ABC). An additional 2 pg Glu-C
(reconstituted in 50 MM ABC) was added for the glycoproteomic sample. All samples were then
incubated at 37°C for 18 h. For proteomic analysis, peptides were desalted using C18 cartridges
SPE. For glycoproteomic analysis, the samples were dried and desalted using HILIC cartridges
SPE. The peptide and glycopeptide concentrations were determined with bicinchoninic acid assay
(BCA\) peptide assay (ThermoFisher Scientific) prior to injection in the Orbitrap Fusion Lumos

nanoLC-MS/MS instrument.
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Glycocalyx Extraction
Glycocalyx extraction were described previously and applied here with slight

modifications®3. After cell membrane extraction, the membrane pellet was reconstituted in 100 uL
of 100 MM ABC and 5 mM DTT. Each sample was heated at 100°C for 1 min to denature proteins.
An aliquot of 2 uL of 500,000 U/mL peptide N-glycosidase F (PNGase F) was added to each
sample and microwaved at 60°C for 10 min to accelerate N-Glycans release. Afterward, the
samples were incubated for 18 h at 37°C to hydrolyze the N-Glycans. The reaction was quenched
with 350 uL of water and went under ultracentrifugation at 200,000 x g. The supernatant was
extracted and cleaned with porous graphite carbon (PGC) SPE and dried. The remaining pellet was
dried under vacuum for 10 min, followed by Folch or Bligh-Dyer extraction to separate the
glycolipids. The supernatant was extracted after centrifugation at 8,800g for 5 min at 25 °C. The
addition of 100 pL of 0.1 M potassium chloride was added to the supernatant and centrifuged for
8,800g for 5 min at 25 °C. The aqueous layer was extracted, dried, washed with C8 SPE plate, and
dried again. The remaining pellet was dried again under vacuum, then rehydrated with 90 pL of
water and sonication for 20 min. O-glycans were chemically released using B-elimination and
were performed by adding 100 puL of 2 M NaBH4 and 10 pL of 2 M NaOH. Samples were
incubated at 45 °C for 18 h. Samples were cleaned with PGC SPE, dried, HILIC SPE, and dried
again. N-Glycans and O-glycans were reconstituted in water, and glycolipids were reconstituted

in 1:1 (vol/vol) methanol/water before NanoLC-chip-Q-TOF MS Analysis.

Glycocalyx nanoLC chip-QTOF Analysis
The glycocalyx analysis was described previously and applied here with slight

modifications?>?5. The N-glycans, the O-glycans, the glycolipids were separated using a nanoL.C

Chip—QTOF MS with a 65 min, where the glycans begin to elute between 10 and 40 min. N-
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glycans, O-glycans, and glycolipids separation was conducted with a binary solvent system.
Solvent A composed of 3% (v/v) acetonitrile (ACN) and 0.1% (v/v) formic acid (FA) in water,
and solvent B composed of 90% (v/v) ACN and 1% (v/v) FA in water for N- and O-glycans
separation. Solvent A composed 20 mM ammonium acetate and 0.1% acetic acid in water, and
solvent B composed 20 mM ammonium acetate and 0.1% acetic acid in 85:15 (v/v)
methanol/isopropanol for glycolipid separation. The N- and O-glycans were injected into an
Agilent PGC microfluidic chip consisting of a 40 nL enrichment and a 43 mm x 75 um analytical
column, with a partial size of 5 pum. The gradient sequence for the N- and O-glycans analysis was:
0-2.5min, 1% B; 2.5-20 min, 16% B; 20-35 min, 58% B; 35-40 min, 100% B; 40-50 min, 100%
B; 50.01-65 min, 0% B with a flow rate of 0.3 uL/min. The glycolipids were injected into an
Agilent C18 microfluidic chip consisting of a 40 nL. enrichment and a 150 mm X 75 pm analytical
column, with a partial size of 5 um. The gradient sequence for the glycolipid analysis was: 0—1
min, 70% B; 1-4 min, 85% B; 4-40 min, 100% B; 40-55 min, 100% B; 55-58.1 min, 70% B; 58.1-
65 min, 70% B with a flow rate of 0.3 uL/min. The N-glycans, O-glycans, and glycolipids analysis
mass range was m/z 600-2000, m/z 400-2000, and m/z 500-2000, respectively, with spectra
measured at 0.8 s per spectrum in positive mode ionization. Reference mass m/z 1221.991 was
used to correct mass inaccuracies. The cell-surface glycosylation changes were quantified using

MassHunter software (Agilent, Santa Clara, CA, USA, version B.07.00).

Proteomic nanoLC-MS/MS Analysis

Proteomic analysis of peptides was separated onto a C18 column, 150 mm x 75 um with a
partial size of 2 um 100 A, at a flow rate of 0.3 pL/min with a binary solvent system with solvent
A containing 0.08% (v/v) formic acid (FA) in water and solvent B containing 80% ACN (v/v) 0.1%

(v/v) FA in water. Solvent gradient for peptide separation was: 0 min 4% B; 0-3 min, 9% B; 3-6
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min, 12% B; 6-80 min, 24% B; 80-95 min, 50% B; 95-99 min, 99% B; 99-103 min, 99% B; 103-
103.5 2% B 103.5-120 min 2%B. Mass range of m/z 375-1500 for MS1 and mass range of MS2
was set to auto. Raw output files were then inputted into Byonic software for peptide analysis,

followed by an extracted ion chromatogram (EIC) using Byologic software (Protein Metrics).

Glycoproteomic nanoLC-MS/MS Analysis
Glycoproteomic analysis was described previously and applied here with slight

modifications®3. Glycopeptides were separated onto a C18 column, 150 mm x 75 um with partial
size of 2 um 100 A, at a flow rate of 0.3 pL/min with a binary solvent system with solvent A
containing 0.08% (v/v) FA in water and solvent B containing 80% ACN (v/v) 0.1% (v/v) FA in
water. Mass range of m/z 700-2000 for MS1 and mass range of MS2 was m/z 120 and greater.
Raw output files were then inputted into Byonic software for glycopeptide analysis followed by

EIC using Byologic software (Protein Metrics).

Apoptosis Assay
Three-dimensional spheroids of HCT116 and HT29 cells were cultured at 37 °C, 5% CO:

for 14 days. First, spheroids were collected from ultralow-attachment plates by pipetting, and then
the proliferation, hypoxia, and necrotic core layers were separated using accutase treatment. The
apoptosis assay was performed using Nexcelom Annexin V-FITC/PI™ Apoptosis kit according to
manufacturer instructions. After harvesting the cells via trypsinization, aliquots were prepared to
contain approximately 600,000 cells for each sample. The cell suspensions were subsequently
centrifuged at 400 g for 5 minutes and then resuspended in 40 uL Annexin V binding buffer,
making sure to resuspend the cells completely. Then, 5 pL each of Annexin V-FITC and PI stains
were added to the cell suspensions. These were incubated for 15 minutes at 37°C in the dark. After

incubation, 250 pL of PBS was added to each sample and then centrifuged at 400 g for 5 minutes,
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carefully removing the supernatant. The cells were finally resuspended in 100 pL Annexin V
binding buffer before data acquisition. Data was acquired using Cellometer Vision CBA 5, using
the protocol CBA_Annexin V+P1 assay, with an F1 exposure time of 8000 msec and F2 exposure
time of 20000 msec. Acquired data were analyzed using FCS Express 7.0. Cell gating was adjusted

using the proliferation layer cells as control. Assays were done in triplicate.

Quantitative Proteomics and Glycoproteomics Data Analysis
The mass spectrometry data were analyzed using Byos workflow (Protein Metrics). For

qualitative analysis in Byonic (Protein Metrics), proteins .were compared to the human proteome
database using a precursor mass tolerance of 20 ppm and fragment mass tolerance of 10 ppm?°.
The digestion parameters used included C-terminal cleavage by trypsin (K and R cleavage sites)
with at most two missed cleavages. The following peptide modifications were included:
carbamidomethyl @ C, oxidation @ M, deamidation @ N and Q, acetylation at protein N-terminal,
GlIn to pyro-Glu at N-terminal Q, Glu to pyro-Glu at N-terminal E. Protein IDs were filtered at 1%
FDR. To identify the glycoproteins and glycoforms, an additional search was performed in Byonic
using an in-house N-glycan database. Quantification for each protein was done in Byologic
(Protein Metrics) by quantifying the XIC area sum of the top 3 most abundant peptides. XICs were
then normalized to sum total before statistical analysis. On the other hand, glycoform
quantification was normalized to each protein’s glycosite to yield the percentage occupancy of a

particular glycoform.

Gene Ontology Analysis of Proteomics and Glycoproteomics
To identify significantly different proteins and glycopeptides, multiple t-tests were

conducted in GraphPad Prism using an FDR approach (FDR=5%). Significantly over- and under-

expressed proteins were annotated using g:profiler software and STRING?"28, Comparative
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protein expression between 2D- and 3D-cultured HT29 and HCT116 cells were mapped out using
Metaboanalyst software?®. Similarly, the glycopeptides were annotated using STRING to yield
significantly enriched KEGG pathways. Significantly different glycopeptides were plotted as a
heatmap in Morpheus (Broad Institute. (n.d.). Morpheus.

https://software.broadinstitute.org/morpheus/).

Glycoproteomic Profiling of ENPL and ITGA6
Based on the glycoproteomics analysis, ENPL (P14625) and ITGA3 (P26006) were

identified as potentially significant glycoproteins in HT29 and HCT116, respectively. The
glycoforms quantified from these proteins were extracted and compared between 2D- and 3D-
cultured cells. The glycoforms that had the greatest difference in abundance were selected to be
modelled into ENPL and ITGA3. Protein structures of ENPL and ITGA3 were homology modelled

using SWISS-MODELLER (https://swissmodel.expasy.org/)*® using GRP94 (PDB ID: 201u) and

ITGAV (PDB ID: 3ije) as templates for ENPL and ITGA3, respectively. PDB files of these
homology models were subsequently glycosylated at specific asparagine residues (obtained from

glycoproteomics result) using Glycan-modeller in CHARMM-GUI (https://charmm-

qui.org/?doc=input/glycan)®X. The modelled fully-glycosylated ENPL and ITGA3 were then

assessed for glycan-protein using the “Find clashes/contacts” tool in Chimera, which considers

atoms that have a VDW overlap >= -0.4 A%,

Results

An extensive glycomic workflow for comparative characterization of the 2D and 3D
models is shown schematically in Figure 3.1. It involves cell membrane enrichment of both
models subjected to N-glycomics, O-glycomics, glycolipidomics, proteomics, and
glycoproteomics analysis of two colon cancer cell lines (HCT116 and HT29). The N-glycome, O-
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glycome, and glycolipidome were characterized with a nanoLC-MS with a QTOF mass analyzer.
The N- and O-glycome analysis used a PGC stationary phase, while the glycolipidome used a C18
stationary phase for separation. The proteome and glycoproteome were characterized with a
nanoL.C-MS using a C18 nanocolumn and Orbitrap mass analyzer to produce their profiles. This
workflow has been reported in previous publications®®. We identified over 300 N-glycans, 100 O-
glycans, and 100 glycolipids structures -including isomers. In addition, around 1000 proteins were
identified in both cell lines from the proteomic analysis. Over 600 glycopeptides were identified

from HCT116, and over 900 glycopeptides were identified from HT29 cells.
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Figure 3.1 The schematic workflow for the characterization of the glycocalyx analysis of the 2D
and 3D cell culture model with HCT116 and HT29 cells. The 2D and 3D samples were collected
and separated into three groups: the glycome analysis of the glycocalyx, the proteomic analysis,

and the glycoproteomic analysis.
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N-Glycomic Profile of 2D and 3D Cell Membrane
The N-glycomic profiles for 2D and 3D models of HCT116 (colon epithelial carcinoma

cell line) and HT29 (colon epithelial adenocarcinoma cell line) were determined, and each yielded
over 300 N-glycans (including isomers) Figures 3.2A and 3.2B. N-Glycans were conventionally
categorized into three types, high-mannose-, hybrid-, and complex-type glycans. The N-glycome
profile was drastically altered when the cell lines were cultured in the 3D model. There was a two-
fold increase in high-mannose N-glycans and a decrease in complex-type N-glycans in both 3D
models compared to their 2D counterparts. We expanded the categories further by grouping the
N-glycans into high-mannose, undecorated (nonfucosylated nonsialylated), fucosylated (only),
sialylated (only), and sialofucosylated to provide more specific comparisons of the structures
(Figure 3.2C). Both cell lines showed significant changes in their N-glycome profile with g-values
no more than 0.005 based on a multi-T-test analysis with 1% FDR correction. The N-glycome
profile of HCT116 showed a significant increase in high-mannose N-glycans, from 23 percent in
the 2D model to 43 percent in the 3D model, along with major decreases in undecorated (7 percent)
and sialylated (12 percent) N-glycans between the 2D the 3D cells. HT29 showed similar behavior
with a 20 percent increase in high-mannose N-glycans and a 13 percent reduction of sialylated N-
glycans. In addition, HT29 significantly increased in undecorated (11 percent) and fucosylated (13
percent) N-glycans and decreased in sialofucosylated (31 percent) N-glycans. It is noted that
HCT116 lacked fucosylated and sialofucosylated N-glycans. The lack of fucose is expected due
to a mutation of the GMDS gene. This gene encodes for GDP-mannose 4,6, dehydratase protein,
a crucial enzyme for the synthetic pathway of fucose*. When looking at the individual N-glycans,
HCT116 had 19 significantly altered N-glycans, and HT29 had nearly 25 altered N-glycans with
statistical significance as shown in Figure 3.2D (with g-value lower than 0.003). In HCT116, there

were twelve N-glycans found to be up-regulated in the 3D model- seven of them being high-
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mannose glycans. The remaining N-glycans were down-regulated in 3D models, with the most
abundant N-glycan being HexsHexNAcs. HT29 showed a similar trend to HCT116, where about
80% (17 N-glycans) of the significantly altered N-glycans were up-regulated glycans in the 3D
model. This fraction is composed of N-glycans, either undecorated or fucosylated, and only one
high-mannose glycans (HexsHexNAc»). If we removed the FDR correction from HT29 multi-T-
test analysis, all the high-mannose N-glycans in HT29 are statistically significant with p-values
less than 0.05 when comparing the 3D model to the 2D model. In addition, the increase of
fucosylated glycans was mainly singly fucosylated glycans, where the fucose are typically in the

core structure.
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Figure 3.2 Extracted compound chromatograms of the N-glycan profile of the 2D and 3D culture
model where (A) are HCT116, (B) is HT29, (C) the significant glycan categories top HCT116 and
bottom HT29 with their g values, and (D) is all the significantly altered top HCT116 and bottom
HT29. The peaks are colored by glycan subtypes and annotated with the schematic representation

of the glycan structures. Multi-T test was performed with 1% FDR correction.

Spatial N-Glycomic Profile of 3D Cell Membrane
To further study the complex system of 3D culturing models, an enzymatic peeling of the

spheroid was performed with accutase. The peeling assay fractionated the spheroids into three
fractions, the outer layer (proliferation layer), the middle layer (quiescent layer), and the inner
layer (necrotic core). The N-glycomic profile of each layer (for both cell lines) was determined,
and each yielded at least 150 or more N-glycans (including isomer) in Figures 3.3A and 3.3B. The
high-mannose glycans were the most abundant in the proliferation layer (41 percent in HCT116
and 32 percent in HT29) of both cell lines. Additionally, the necrotic core yielded more N-glycans
than the proliferation layer, composed of more complex-type N-glycans. The relative abundance
of each N-glycans was plotted for both cell lines in Supplementary Figures 3.1 and 3.2. An
apoptosis assay was performed on the three fractions isolated from the peeling assay for both cell
lines (Supplementary 3.3C and 3.3D). The final fraction (the necrotic core) in both cells showed
a significant increase in dead cells compared to the proliferation and quiescent layer, especially
for HT29, where the percentage of live cells dropped from the high nineties to less than sixty
percent. In addition, a recording (Supplementary Video 3.1) of the accuatase peeling of HCT116

was taken. The enzymatic peeling video of HCT116 did not show any disruption to the 3D
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structure of the spheroid. Additional omic-analysis was not performed on the three fractions due

to limited samples from the enzymatic peeling.
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Figure 3.3 Extracted compound chromatograms of the spatial profile of N-glycans where (A) is
HCT116, (B) isHT2, (C) apoptosis assay of HCT116 with the significant change and (D) apoptosis
assay of HT29 with the significant change in dead cells. The peaks are colored by glycan subtypes
and annotated with the schematic representation of the glycan structures. Two-tailed t-test was
performed with p-value < 0.05 is *, < 0.01 is **, < 0.001 is ***, and < 0.0001 is ****,
O-Glycomic Profile of 2D and 3D Cell Membrane

The O-glycans were released using beta-elimination after glycolipid extraction, and the O-
glycan structures were determined, and each yielded around 100 O-glycans (including isomers)
Supplementary 3.4A and 3.4B. Unlike the N-glycan profile, the O-glycan profile showed subtle
changes. The 3D profile compared to the 2D profile of HCT116 had a more noticeable difference
in the chromatogram than HT29. A consistent trend in both cell lines was an increase in sialylated
O-glycans in the 3D culturing model Figure 3.4C. With individual O-glycans, the 3D model of
HCT116 had a significantly decreased O-glycan (HexsHexNAcs) and HT29 had a significantly
increased O-glycan (Hex:HexNAciFuciNeuAc:) (Figure 3.4D). A common trend is found in both
cell lines, with HexoHexNAczNeuAc,, HexHexNAciNeuAcz, and HexiHexNAciNeuAc:

increasing in the relative abundance in the 3D model compared to the 2D.
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Figure 3.4 Extracted compound chromatograms of the O-glycan profile of the 2D and 3D models
where (A) is HCT116, (B) is HT29, (C) O-glycan categories of HCT116, and (D) O-glycan
categories of HT29 The peaks are colored by glycan subtypes and annotated with the schematic

representation of the glycan structures. Two-tailed t-test was performed with p-value < 0.05 is *.

Glycoproteomic Analysis of 2D and 3D Cell Membrane
Site-specific glycoproteomic analysis was performed on 2D and 3D culturing models for

both cell lines. The resulting data were plotted on a volcano plot shown in Figure 3.5A. There
were over 950 quantifiable N-glycopeptides (including glycoforms) identified in HT29,
representing 170 glycoproteins. Among those, 250 N-glycopeptides were found to be significantly
altered, representing 68 N-glycoproteins. HCT 116 had over 600 quantifiable N-glycopeptides
(including glycoforms) identified corresponding to 116 N-glycoproteins. Of those, 135 N-
glycopeptides were considered significantly altered, representing 44 glycoproteins. The
significantly altered N-glycopeptides were aggregated into five categories: high-mannose,
undecorated, fucosylated, sialylated, and sialofucosylated, and these glycopeptides were plotted in
a heatmap shown in Figure 3.5B. HT29 has higher N-glycopeptides abundance in the 3D model,
though there was no noticeable trend on which specific N-glycans categories were favored. On the
other hand, HCT116 had higher N-glycopeptides abundance in the 2D model.

Gene ontology and STRING network analysis were performed on the significantly altered
N-glycopeptides (Figure 3.5C) to study the protein interactions and pathways affected by the
difference in the 3D models to the 2D counterpart. Both HT29 and HCT116 have pathways in
proteoglycans in cancer, cell-adhesion molecules, focal adhesion, ECM-receptors interaction,
P13K-Akt signaling, phagosome, and proteins processing in the endoplasmic reticulum that were

found to be significantly affected. In addition, HT29 has significantly altered pathways in cancer
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and N-glycan biosynthesis. Using the information, we performed homology modeling on a
significantly altered glycoprotein from each cell line (Figure 3.5D). ENPL was an example
glycoprotein from the HT29 cell line. In the 3D model, ENPL’s N-glycans are spread out, while
the 2D model N-glycans have a more compact center than the 3D counterpart. This is seen in
ASNA445, where the 2D model has 34 contacts while the 3D model has 74 contacts. ITA3 was the
example glycoprotein from the HCT116 cell line. There were three different amino acid positions
that were examined (ASN500, ASN573, and ASN697). In the 2D model, 48, 85, and 44 points of
contact in amino acid position ASN500, ASN573, and ASN697, respectively. The 3D model had
52, 63, and 47 points of contact in amino acid ASN500, ASN573, and ASN697, respectively.
Interestingly, the HCT116 2D model had more points of contact than the 3D model, which was

opposite of the HT29 cell line.
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Figure 3.5 Glycoproteomic results of the 2D and 3D model where (A) is the volcano plot of HT29
and HCT116, (B) the heatmap of significant glycopeptides, (C) the Gene ontology and STRING
network analysis of significant glycopeptides, and (D) Glycoproteomic simulation of ENPL and

ITA3.

Glycolipidomic Profile of 2D and 3D Cell Membrane
The glycolipids were isolated using Folch extraction after N-glycan release, and the

isolated glycolipids were characterized for both cell lines, and each yielded over 100 glycolipids
(including isomers)( Figures 3.6A and 3.6B). Both cell lines showed a similar trend, increasing
sialylated glycans in 3D models compared to 2D models (5 percent in HCT116 and 25 percent in
HT29). Additionally, 2D models seem to express more undecorated (6 percent) and sulfated (0.5
percent) glycans and increase in global (1 percent) glycans in 3D models in HCT116 (Figure 3.6C).
In HT29, there are more fucosylated (7 percent) glycolipids in the 2D models. These alterations
were found to be statistically significant with q values of 0.0003 or less. With the ceramide
backbone, the HCT116 model showed more diversity when compared to HT29 (Figure 3.6D). In
HCT116, the significant ceramide backbone was d32, d36, d38, d40, and d44, with a q value of
0.001 or less. In addition, HT29 decreased relative abundance in t34 and t42 ceramide (which was
not found in HCT116) and increased d40 and d42 ceramide in the spheroid model. Both cell lines
showed consistency of having d34 as the most abundant ceramide and showed a slight elevation
in d34 and d32 in the 3D models (though the alteration was not significant). When looking at the
individual glycolipids, 34 glycolipids (including isomer) in HCT116 and 73 glycolipids (including
isomer) in HT29 were found to be significant with a 1% FDR correction. Among those, 11
glycolipids were found in both models, namely HexaNeuAc:-d34 1, HexsHexNAciNueGcz-d42 1,

HexsHexNAciNeuAc:-d34 1, HexoHexNAc:-d34 1, HexsHexNAc:-d34 1,
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HexsHexNAciNeuAc.-d42_1, HexoHexNAciNueGci-d34 1, Hex»-d34_ 1, Hexs-d34 1,
HexsHexNAc2-d34 1, HexsHexNAcsNeuAc:-d40_1. In HT29, one of the largest changed

glycolipids was HexsNeuAcsz-d34_1 with a logzFold change of 6.1 and a g-value of 0.003.
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Figure 3.6 Extracted compound chromatograms of the glycolipid profile of the 2D and 3D models
where (A) is HCT116, (B) is HT29, (C) the significant glycan categories top HCT116 and bottom
HT29 with their g values, and (D) the significant ceramide categories top HCT116 and bottom
HT29 with their q values. The peaks are colored by glycan subtypes and annotated with the
schematic representation of the glycan structures. Multi-T test was performed with 1% FDR

correction.

Proteomic analysis of 2D and 3D cell membrane
Proteomic analysis was performed on the 2D and 3D models in conjunction with the

glycocalyx analysis. Like the N-glycan analysis, the proteomic profile showed a drastic change in
both cell lines. The volcano plot of the proteomic data is shown in Figure 3.7A. HT29 had over
1200 reproducibly quantified proteins, with almost fifty percent of the proteins were significantly
altered. HCT116 had over 900 reproducibly quantified proteins, and over thirty percent of the
proteins were significantly altered. The proteomic analysis of HT29 is comparable to the previous
study of whole-cell proteomic analysis of HT29 2D and 3D culturing®®. There were many
upregulation proteins responsible for programmed cell death found in HT29 (Supplementary
Figure 3.3A). HCT116 had some proteins related to cell death, but not as many as HT29
(Supplementary Figure 3.3B). Other biological functions altered between the 3D and 2D models
were adhesion, cellular response, and N-glycosylation. Both HT29 and HCT116 had significantly
changed proteins in biological processes responsible for central carbon metabolism in cancer
(Supplementary Figure 3.3C). In addition, HT29 had significantly up-regulated proteins
essential in colorectal cancer (Supplementary Figure 3.3D). Gene ontology analyses were

performed using the significant proteins data from the proteomic analysis. In HT29, 340 pathways
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were up-regulated, and 338 pathways were down-regulated. HCT116 had less, 26 were up-
regulated, and 113 were down-regulated (Supplementary Figure 3.4).

To further expand on the proteomic result, we performed a comparative analysis on all cell
lines with their different culturing method. PCA analysis of these data showed that each cell line
and its culturing methods were tightly clustered, forming four distinct clusters (Figure 3.7B). In
addition to the PCA analysis, a heat map was generated with all the data shown in Figure 3.7C.
Most of the protein expression was unique except for one patch where there was a consistent trend
of down-regulated proteins in the 2D models and up-regulated proteins in the 3D models regardless
of the cell line. The affected pathway was plotted, displaying the up-regulated or down-regulated
pathways based on the proteins' expression level (Figure 3.7D). A few pathways were up-
regulated in the 3D models that correspond to carbohydrates regulation, namely glucose
metabolism, gluconeogenesis, metabolism of carbohydrates, and glycolysis. In addition, some
pathways were found to be consistently down-regulated in both 3D models, namely stabilization

of p53 and DNA damage checkpoint.
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Figure 3.7 Proteomic results of the 2D and 3D model where (A) is the volcano plot of HT29 and
HCT116, (B) PCA plot of the 2D and 3D model of both cell line HT29 and HCT116, (C) Heatmap
of the 2D and 3D model of both cell line HT29 and HCT116, and (D) The up-regulated and down-
regulated proteins that were consistent with the 2D model of HCT116 and HT29 and 3D model.

Multi-T test was performed with 1% FDR correction.

Discussions

The N-Glyomic, O-glycomic, glycolipidoimic, proteomic, and glycoproteomic profiles
extensively characterize the 2D and 3D culturing models of two types of colon cancer cells
(HCT116 and HT29). HCT116 (a microsatellite instability human colorectal carcinoma with a
KRAS mutation) and HT29 (a microsatellite stable human colorectal adenocarcinoma with a P53
mutation) represent some of the most common types of mutation found in colorectal cancer3334,
The omic results showed dramatic alteration in both cell lines when comparing the 2D and 3D
culturing methods. The alteration showed an upregulation in cancer-related glycans, proteins, and
glycoproteins in the 3D model.

The 3D models of HT29 showed an increase in fucosylated glycan (mainly singly
fucosylated) compared to the 2D counterpart. No fucosylated glycans were found in HCT116 in
this study. Studies have shown the upregulation in fucosylated and sialylated glycans in colorectal
cancer cells compared to the non-cancerous cells*. Though the N-glycan profile showed a decrease
in sialylated glycans, the glycolipid profile showed an increase in sialylated glycans in both models.
Thus, the increase of sialylated glycans could also result from an increase in sialylated glycolipids.
Additionally, studies have shown the increase in sialylated glycolipid in the cancer tissues cell
compared to the non-cancerous counterpart®. Alternatively, both cell lines showed a consistent 20

percent increase in high-mannose type N-glycans. High-mannose glycans could potentially play
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an essential role in metastatic characteristics in cancer cells. Past studies showed an increase in
high-mannose glycans on breast cancer cell lines made the cells more metastatic by increasing cell
migration and cell proliferation rates” ® . There have been studies on upregulation in O-glycans

in colon cancer®” 3, However, the 2D and 3D cell culturing models showed little to no difference.

This study represents the first time the spatial N-glycome profile of spheroid has been
reported. Furthermore, the N-glycan profiled of both cell lines showed similar trends. The
spheroids’ most outer layer (proliferation layer) expressed the highest relative abundance of high-
mannose glycans in both cell lines. As we go deeper into the non-proliferating layers of the
spheroid, the N-glycans composition becomes more diverse with an increasing abundance of
complex-type N-glycans. For cell proliferation, it could be essential for cell surface N-glycans to
express more high-mannose type N-glycans to allow cells to proliferate. It has been shown that
high-mannose N-glycans have faster turnover rates than the complex-type N-glycans®. Therefore,
cell proliferation could result in the cells expressing high-mannose N-glycans. The longer the cells
do not proliferate, the more opportunity the N-glycans can be added with more diverse
monosaccharide moieties (such as fucose), creating more complex-type N-glycans similarly to
what is seen in the necrotic core. This could be the cause of why the N-glycome profiles of each

layer are different from one another.

STRING analysis of the significantly altered glycopeptide in HT29 and HCT116 indicates
a potential effect on pathways affiliated with cancer when comparing the 2D model to the 3D
model. These glycoproteins were mainly integrin proteins (ITGAV, ITGA3, ITGA2, ITGB1,
ITGAG) and EGFR. For example, ITGB1 at site Asn212 showed a positive increase in undecorated,

fucosylated, sialylated, and sialofucosylated glycans in the HT29 cell model. In EGFR, there was

81



an eight-fold increase in fucosylated glycans at Asn361. However, the proteomic analysis of these
two proteins did not show a significant change in the protein expression indicating the effect on
the pathway is potentially glycosylation dependent. Another interesting glycoprotein found in
HT29 was carcinoembryonic antigen (CEA), a glycoprotein associated with colorectal cancer. This
matches a previous study that showed an increase in fucosylated glycans in tumor-associated CEA®
40 Within the 3D model of HT29, the fucosylated glycopeptide of CEA at
Asn363(Hex6HexNAc6Fuc2) had a log.fold change of 5.5 with a -logioP-value of 4. In addition
to the pathway analysis, homology modeling of ENPL and ITA3 were performed. The model
demonstrated that the protein to glycan interaction changed when comparing the 2D model to the
3D model. However, the protein conformation stayed relatively the same regardless of what
glycans were attached. These increase and decrease in interaction can potentially affect protein
functions and communication with other proteins.

Comparing the 2D and 3D proteomic results of both cell lines showed dramatic changes,
including the upregulation in cell death and apoptosis pathway. These results suggest the formation
of necrotic core in both cell lines’ 3D model. In addition, both cell lines display an upregulation in
LDHA and KPYM, which is responsible for central carbon metabolism in cancer*™ 42, HT29 also
had a significant alteration with six proteins (MP2K1, RHOA, RALB, RAC1, CTNB1, KRAS,
CYC, and RALA) that were directly correlated to colorectal cancer. These further indicate that the
3D model is more cancer-like which is caused by the increase of cell-to-cell interaction and
microenvironment similar to tumors. However, HCT116 did not have up-regulated proteins
correlating with colorectal. This could likely be due to the different mutation types between the
two cell lines. PCA analysis did show individual clustering between each culturing model and each

cell line. The cause is likely due to the difference in mutation since HCT116 is a microsatellite-
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instability cell line with KRAS mutation, while HT29 is a microsatellite-stable cell line with a P53
mutation. Additionally, the HT29 3D model had more characteristic traits of upregulation in glycan
and protein expression, which could be predominantly due to HT29 being the more prevalent type
of colorectal cancer found in humans. These results indicate that the type of mutation and culturing
can significantly affect the expression of glycans and proteins found on colorectal cancer,

suggesting different mutations or types of cancer may need its own specified treatments.

Conclusion

Herein we reported for the first time the glycocalyx profiles of the 3D culturing model of
two colorectal cancer cell lines, HCT116 (KRAS mutation) and HT29 (P53 mutation).
Additionally, we reported the N-glycan profiles of the three layers of a 3D spheroid model for the
first time. We reported a significant difference with 1% FDR correction between the 2D and 3D
models for both cell lines. The resulting values had consistent upregulation in glycans, proteins,
and glycoproteins expression that are commonly found in human colorectal cancer. Additionally,
we discovered a new trend in the N-glycan profiles suggesting the increase of high-mannose
glycans as a potential trait of colorectal cancer formation. We profiled and identified significant
alterations in the proteomic and glycoproteomic in the 3D model for both cell lines. The coupling
of the glycan composition to the site-specific glycopeptide analysis can provide targeted
information to perform protein simulation in order to better understand colorectal cancer. Future
studies in colorectal cancer research can compare the in vivo models of the glycocalyx on cancer

and non-cancerous to further understand the alteration during cancer formation.
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Supplementary Figure 3.1 The relative abundance of N-glycans of each layer where they are

grouped into their N-glycan categories for HCT116.
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Supplementary Figure 3.3 The significantly altered proteomic between the 2D and 3D model

where (A,B) Protein expressions of significantly-different proteins involved in N-glycosylation,
adhesion, programmed cell death/apoptosis, and cellular responses to stress, in HT29 and
HCT116. (C) Protein expressions of significantly-different proteins in 3D- and 2D-cultured (A)
HT29 and (B) HCT116 that are implicated in central carbon metabolism in cancer (KEGG id:
hsa05230, FDR=0.025 and 0.0139, respectively)., and (D) Protein expressions of significantly-
different proteins in 3D- and 2D-cultured HT29 that are implicated in colorectal cancer (KEGG

id: hsa05210, FDR=0.0268).
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Supplementary Figure 3.4. Gene ontology analysis of significantly-different proteins, showing
up-regulated (A, B) and down-regulated (C,D) pathways in HT29 and HCT116 3D-cultured
cells. In HT29, 340 pathways were up-regulated and 338 pathways were down-regulated. In

HCT116, 26 pathways were up-regulated and 113 pathways were down-regulated.
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Chapter IV

Functional Characterization of an N-glycosylation Inhibitor Using
Integrated Bioinformatics & Mass-spectrometric Glycomic-Driven

Glycoproteomic Analysis
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Abstract

Protein glycosylation is a complex process that is mediated by multiple
glycosyltransferases and glycosidases, resulting in a wide variety of N-glycosylation in cell-
surface glycoproteins. Cancer progression has been linked to aberrant glycosylation due to
overexpression of several glycosylation enzymes, such as Alphal-6FucT, GICNAcT-V, and
Alpha2,6-ST I. These enzymes are an underexploited drug target in cancer therapeutics; as such,
there is a lack of glycosylation inhibitors with drug-like properties on the market. Thus, we aim to
utilize a computer-aided approach in identifying potential glycosylation inhibitors. A network
pharmacology approach coupled with in silico screening was used to identify a potential inhibitor,
pictilisib, from a database of known drugs against several glycosylation-related proteins. A549
cells (non-small cell lung carcinoma) were treated with pictilisib to determine its effect on protein
glycosylation. Mass spectrometry-based glycomics assay shows that pictilisib significantly
reduces fucosylation and sialylation of N-glycans. Proteomics analysis and in vitro assays show
significant upregulation of proteins involved in apoptosis and cell-adhesion as well as
downregulation of proteins involved in cell cycle regulation, mRNA processing, and protein
translation. Site-specific glycoproteomics analysis further shows that glycoproteins with reduced
fucosylation and sialylation were involved in apoptosis, cell-adhesion, DNA damage repair, and
chemical response processes. To determine how changes in N-glycosylation could affect the
dynamics of glycoproteins, we modeled the changes in glycan interactions of the ITGA5-ITGB1
(Integrin alpha 5-Integrin beta-1) complex. We found specific glycosites at the interface of the two
proteins that, when fucosylated and sialylated, could form more hydrogen bonds compared to high-
mannose types obtained from pictilisib-treated A549 cells. We present for the first time how a
drug, pictilisib, affects protein N-glycosylation and the pathways involving these glycoproteins

through an integrated multi-OMICS and bioinformatics pipeline.
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Introduction

Lung cancer is the leading cause of cancer-related mortalities worldwide . Among males,
lung cancer is the leading cause of death in Eastern Europe, Western Asia, Northern Africa, and
Asia 2. Among females, lung cancer has the highest incidence rates in North America, Northern,
Western Europe, and Australia/New Zealand. Cancer incidence and mortality are multiplying
worldwide, reflecting several factors: aging, population growth, cancer risk factors, and
socioeconomic development. According to the GLOBOCAN 2018 database of 185 countries and
36 cancers, there will be 18.1 million new cases and 9.6 million cancer deaths worldwide 2. Out of
these, 2,093,876 cases (11.6%) and 1,761,007 (18.4%) deaths for both sexes are due to lung cancer.
Additionally, lung cancer is the leading cause of cancer death among men in 93 countries and

women in 28 countries.

Protein glycosylation is one of the most complex and most frequent post-translational
modifications and is involved in many cellular interactions such as host-pathogen interactions, cell
differentiation and trafficking, and intra- and intercellular signaling 3. Protein glycosylation is a
complex process that starts at the endoplasmic reticulum and is further processed in the Golgi
apparatus. In the Golgi apparatus, the glycans are further processed to achieve the diversity and
complexity of final glycan structures through a series of steps involving glycosyltransferases and
glycosidases. Overexpression of these glycan-processing enzymes is usually observed in cancer
cells, resulting in enhanced expression of related glycan structures. For example, the enzymes
Alphal-6FucT, BAGALT2, MAN1A2, and MAN2A1 are overexpressed in lung cancer tissue
samples . Likewise, glycans corresponding to these enzymes are also overexpressed in lung cancer
tissues °. Additionally, aberrant glycosylation also leads to increased biosynthesis of various tumor

antigens, such as Sialyl Lewis X, which serves as a ligand for the cell-adhesion molecule selectin.
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This antigen is also involved in the adhesion of cancer cells to vascular endothelium and
hematogenous metastasis. Furthermore, increased glycosylation is also implicated in the loss of E-
cadherin, which is essential in the metastatic dissemination of cells ®. Thus, cancer progression is
also associated with changes in the glycosylation of cell surface proteins involved in the loss of
cell to cell-adhesion and increased metastatic potential. Furthermore, altered glycosylation is also
correlated with the other hallmarks of cancer such as enhanced proliferation, angiogenesis

potential, replicative immortality, metastatic potential, apoptosis and tumor suppression’.

Several glycosyltransferases have been associated as cancer biomarkers®. A
glycosyltransferase used as a biomarker is UDP-N-acetyl-D-glucosamine: N-acetylglucosamine
transferase V (GICNACT-V), which catalyzes B1-6 branching of N-glycans. Increased B1-6
branching, due to GICNACT-V overexpression, has been observed in breast carcinoma &.
Sialyltransferases are glycosyltransferases that are abnormally expressed in cancers and are
implicated in carcinogenesis, progression, and metastasis®?!'. Overexpression of 02-3
sialyltransferase Il (ST3Gal-111) in pancreatic cancer has been implicated in pancreatic tumor
progression. Overexpression of a2-6 sialyltransferase | (ST6GalNAc-1) was related to poor patient
survival in colorectal carcinoma patients!2. As such, glycosyltransferases and glycosidases are
underexploited drug targets for cancer therapeutics and there is a relative lack of small molecule
inhibitors of these enzymes with drug-like properties. Esko and Bertozzi (2009) classified
glycosylation inhibitors and their targets into seven classes: metabolic inhibitors, which target the
formation of nucleotide sugars, tunicamycin which target dolichol-PP-GIcNAc formation
(biosynthesis of N-glycans), plant alkaloids that inhibit processing of glycosidases, substrate

analogs which are specific towards glycosyltransferases and glycosidases, glycoside primers

which divert assembly of glycans from endogenous acceptors towards exogenous primers, and
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tagged monosaccharides which target several different biosynthesis pathways 3. Examples of
plant alkaloids that inhibit glycosidases are tunicamycin and glucosamine. Both of these
compounds induce inhibition of protein N-glycosylation by blocking the GIcNAc
phosphotransferase-catalyzed transfer of N-acetylglucosamine-1-phosphate from UDP-GIcNACc to
dolichol-P, which results in decreased production of dolichol-PP-GIcNAc. In combination with
anticancer drugs, tunicamycin has also been shown to be cytotoxic against multidrug-resistant
human ovarian cystadenocarcinoma cells by inhibiting protein and glycoprotein syntheses 4. The
flavonoid Scutellarein is also shown to inhibit the proliferation of the non-small cell lung

carcinoma (NSCLC) cell line A549 through inhibition of ERK and NFkB via the EGFR pathway™°.

In this study, we utilized an integrated computational approach — network pharmacology
and in silico docking — to identify potent glycosylation inhibitors. Using this approach, we were
able to identify pictilisib as a potent glycosylation inhibitor in A549 cells. Further analysis using
mass-spectrometric glycomics, proteomics, and glycoproteomics shows how affecting protein N-

glycosylation could affect cancer pathways.

Materials and Methods

Network Pharmacology
A ligand database was prepared by downloading the structure data files (.sdf) from several

online databases, such as the Comparative Toxicogenomics database (http://ctdbase.org/)®,

STITCH database (http://stitch.embl.de/)*’, GeneCards (https://www.genecards.org/)*®, Drug

Gene Interaction database (http://www.dgidb.org/)®, and Protein Databank

(https://www.rcsb.org/)?°, and 185 compounds predicted to bind or interact with glycosylation

enzymes from DrugBank (https://go.drugbank.com/) 2. Gene-drug interactions were predicted

using the STITCH database and Comparative Toxicogenomics database and then visualized using

95


http://ctdbase.org/
http://stitch.embl.de/
https://www.genecards.org/
http://www.dgidb.org/
https://www.rcsb.org/
https://go.drugbank.com/

Cytoscape 2.

In Silico Docking
All compounds from the ligand database were loaded onto PyRx 2 and minimized using

the Universal Force Field 2* as implemented in Open Babel?®. The enzymes GICNACT-V,
Alpha2,6-ST 1, and Alphal-6FucT were selected as the drug target for this study due to the
availability of their 3D crystal structures in PDB. The enzyme GIcNAcT-V (PDB ID: 5ZIC, 2.10
A)?* was downloaded as a complex with its acceptor sugar ,2-acetamido-2-deoxy-beta-D-
glucopyranose-(1-2)-6-thio-alpha-D-mannopyranose-(1-6)-beta-d-mannopyranose. Alpha2,6-ST
I (PDB ID: 4JS2, 2.30 A) 2 was downloaded as a complex with cytidine monophosphate. Human
Alphal-6FucT (PDB ID: 2de0) 2® was homology modelled from Caenorhabditis elegans POFUT1
(PDB ID: 3ZY6, 1.91 A) 2° in complex with GDP-fucose, using SWISS-MODELLER . These
protein structures were prepared for docking by using the Dockprep protocol in Chimera 3. The

prepared protein structures were loaded in PyRx as macromolecule receptors.

In silico screening methods were performed in PyRx 2 using the AutoDock VINA docking
protocol 32 at exhaustiveness level 8. Validation of the docking protocol was done by redocking
the ligands complexed with their respective enzymes using precise grid box parameters. After
docking validation, all compounds in the ligand database were screened against each of the three
enzymes. The compounds were ranked according to VINA-predicted binding energy (kcal/mol).
The top binding molecules against each enzyme were visualized for residue interactions with the
target enzyme using Discovery Studio™ (Dassault Systemes). From the screening, pictilisib was
found to have high compound cross-reactivity (binding to multiple enzyme targets) and a high

number of network interactions and was selected for further in vitro studies.

Cell Culture
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The cell line A549 (CCL-185™) was obtained from the American Type Culture Collection
(ATCC). A549 cells were grown in 20 mL cultured in RPMI 1640 medium (Gibco) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Thermo Scientific) in T75
flasks. The media was changed every other day. All cells were grown in at least three biological

replicates and maintained in a humidified incubator at 37 °C and in an atmosphere of 5% CO..

Dose-Response Assay
A549 cells were seeded into 96-well plates at 3000 cells/well. The plates were incubated

at 37 °C, 5% COo, for 24 hours to allow attachment and proliferation. After which, the cells were
treated with half-log dilutions of pictilisib (SelleckChem) and negative control (1% v/v DMSO).
The cells were incubated with the compounds at 37 °C, 5% CO., for 24 hours. Cell viability was
detected using CellTiter®® aqueous MTS assay reagent (Promega) following manufacturer’s
instructions. The 1Cso value was calculated using GraphPad Prism using %viability as input values

for each log [pictilisib] concentration. Assays were done in triplicate.

Cell Cycle Assay
A549 cells were seeded into 100 mm plates. Upon reaching approximately 80% confluency,

the cells were treated with 4 uM pictilisib (final concentration), 0.1% v/v DMSO (negative control)
or 100 uM docetaxel (positive control) for 24 hours at 37 °C, 5% CO.. Cell cycle assay was
performed using Cellometer™ PI Cell cycle kit (Nexcelom) according to manufacturer
instructions. Data was acquired using Cellometer Vision CBA 5 (Nexcelom) using the protocol
CBA_Cell Cycle-P1660 nm, with an exposure time of 15000 msec. The acquired image cytometry
data were analyzed using FCS Express 7.0. Cell gating was adjusted based on negative control.

Assays were done in triplicate.

97



Apoptosis Assay
A549 cells were seeded into 100 mm plates. Upon reaching approximately 80% confluency,

the cells were treated with 4 uM pictilisib (final concentration), 0.1% v/v DMSO (negative control)
or 100 uM docetaxel (positive control) for 24 hours at 37 °C, 5% CO.. Cell cycle assay was
performed using Annexin V-FITC/PI™ Apoptosis kit (Nexcelom) according to manufacturer
instructions. Data was acquired using Cellometer Vision CBA 5 (Nexcelom), using the protocol
CBA_Annexin V+PI assay, with an F1 exposure time of 8000 msec and F2 exposure time of 20000
msec. Acquired data were analyzed using FCS Express 7.0. Cell gating was adjusted based on

negative and positive controls. Assays were done in triplicate.

Scratch Assay
A549 cells were seeded into 6-well plates and allowed to grow to confluency at 37 °C, 5%

COs.. Cell surface scratches were made using P200 pipette tips, then washed twice with PBS to
remove the debris. The plates were supplemented with RPMI media (2% FBS, 1% penicillin-
streptomycin) to reduce the effects of cell proliferation. Cells were treated with a final
concentration of 4 uM pictilisib or with 0.1% v/v DMSO (negative control) for 48 hours.
Micrographs were taken starting from 0 hr and every 12 hours thereafter. Wound size areas were
measured using ImageJ software 2 and reported relative to initial wound size. Assays were done

in triplicate.

Trans-Well Migration Assay
A549 cells were grown in 100 mm plates until reaching approximately 80% confluency.

Then, the cells were treated to a final concentration of 4 uM pictilisib or with 0.1% v/iv DMSO
(negative control) for 24 hours. After which, the cells were harvested using trypsin and adjusted

to 50,000 cells per mL in complete media. One (1) mL of the resulting suspension was pipetted
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into the top compartment of a trans-well plate. The bottom chamber was filled with RPMI media
(1% penicillin-streptomycin) without FBS to establish chemotaxis. The plates were subsequently
incubated for 3 hours at 37 °C, 5% CO, to allow cell migration. The plates were washed twice
with HBSS, fixed with 1% formaldehyde for 5 minutes, and the bottom compartment stained with
crystal violet. Cells that migrated through the trans-well membrane were visualized in micrographs

and manually counted using ImageJ * analysis software.

Cell Treatment and Glycan, Protein, and Glycoprotein Enrichment
Cells were grown in T75 flasks until reaching approximately 80% confluency. The cells

were treated to a final concentration of 4 uM pictilisib or with 0.1% v/v DMSO (negative control)
for 24 hours. For the glycomic and proteomic mass-spectrometric assay, cells were grown in
triplicate T75 flasks for each group. For the glycoproteomic mass-spectrometric assay, cells were
grown in 15 replicate T75 flasks for each group. After culturing, the general protocol for all mass-

spectrometric analyses was taken from Li et al., 2020 **.

Glycomics Assay
N-Glycan profiling was performed using an Agilent 6200 series nanoHPLC-Chip-QTOF-

MS (Agilent) with an Agilent 6210 time-of-flight mass spectrometer. The chip (glycan chip I,
Agilent) contained a 9 mm x 0.075 mm i.d. enrichment column coupled to a 43 mm x 0.075 mm
i.d. analytical column; both are packed with 5-um porous graphitized carbon (PGC). N-glycan
samples were reconstituted in 40 puL of water and 5 puL of the resulting solution was used for
injection into the LC-MS/MS system. Upon injection, the sample was loaded onto the enrichment
column using 3% ACN containing 0.1% formic acid (FA, Fluka, St. Louis, MO). After the
analytical column was switched in-line, the nanopump delivered a gradient of 3% ACN with 0.1%

FA (solvent A) and 90% ACN with 1% FA (solvent B). The sample was delivered by the capillary
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pump to the enrichment column at a flow rate of 3 uL/min and separated on the analytical column
by the nanopump at a flow rate of 0.3 pul/min using a gradient optimized for N-glycans (0% B,
0—2.5 min; 0 to 16% B, 2.5-20 min; 16 to 44% B, 20—30 min; 44 to 100% B, 30—35 min; and
100% B, 35—45 min) followed by 20-min equilibration for pure A. Tandem MS spectra were

acquired via collision-induced dissociation (CID).

Analysis of the N-glycan data was performed using MassHunter Qualitative Analysis
Software B.07.00 (Agilent Technologies). Matching of the monoisotopic masses obtained was
done against our in-house database for glycan composition identification and subsequently verified
through their corresponding MS/MS spectra. The relative abundance of each glycan in a sample
was determined using the peak area of all glycans from extracted ion chromatograms. Comparison
between relative abundances of primary N-glycan types - high-mannose, undecorated, fucosylated,
sialylated, and sialofucosylated glycans - was done by adding the relative abundances of each
glycoform belonging to a specific glycan type. Further comparison of each glycoform was done
using multiple t-tests (GraphPad Prism 8) at a significance level of a=0.05. Significantly-different
N-glycans were mapped on the N-glycan biosynthesis pathway based on the known biosynthetic

sequence 3.

Proteomics and Glycoproteomics Assay
The pellets containing membrane proteins were reconstituted with 60 pL of 8 M urea and

sonicated for 20 minutes for denaturation. Two microliters (2 pL) Dithiothreitol (DTT, 550 mM
in 50 mM NHsHCO3) was then added to the samples and incubated for 50 minutes at 55 °C. The
free cystine was alkylated with 4 pL of iodoacetamide (450 mM) for 20 minutes in the dark at
ambient temperature. To quench the reaction, 420 buffer (50 mM NH4HCO3) was added. Trypsin

(10 pL, 0.1 mg/mL) was then added to the mixture and tryptic digestion was performed at 37 °C
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for 18 hours. The resulting peptides were purified using a C-18 solid-phase extraction cartridge
and dried before LC-MS/MS analysis. To enrich for glycopeptides, the tryptic digests were cleaned
up using HILIC solid-phase extraction and dried before LC-MS/MS analysis. The purified peptides
were adjusted to 0.5 pug/uL while the glycopeptides were adjusted to 0.2 pug/uL before injection

using Pierce BCA assay kit following manufacturer’s instructions (ThermoFisher).

The proteomics and glycoproteomics samples were characterized using an UltiMate™
WPS-3000RS nanoLC system coupled with an Orbitrap Fusion Lumos MS system (ThermoFisher
Scientific). One (1) pL of each sample was injected, and the analytes were separated using an
Acclaim™ PepMap™ 100C18 LC Column (3 mm, 0.075 mm x 250 mm, ThermoFisher Scientific)
at a flow rate of 300 nL/min. Water containing 0.1% formic acid and 80% acetonitrile containing
0.1% formic acid were used as solvents A and B, respectively. MS spectra were collected with a
mass range of m/z 600-2000 at a rate of 1.5 s per spectrum in positive ionization mode. The filtered
precursor ions in each MS spectrum were subjected to fragmentation through 30% higher-energy

C-trap dissociation (HCD) using nitrogen gas as carrier.

The mass spectrometry data were analyzed using Byos workflow (Protein Metrics). For
qualitative analysis in Byonic (Protein Metrics), proteins were identified against the human
proteome database ¢ using a precursor mass tolerance of 20 ppm and fragment mass tolerance of
10 ppm. The digestion parameters used included C-terminal cleavage by trypsin (K and R cleavage
sites) with at most two missed cleavages. The following peptide modifications were included:
carbamidomethyl @ C, oxidation @ M, deamidation @ N and Q, acetylation at protein N-terminal,
GIn to pyro-Glu at N-terminal Q, Glu to pyro-Glu at N-terminal E. Protein IDs were filtered at 1%
FDR. To identify the glycoproteins and glycoforms, an additional search was performed in Byonic

using an in-house N-glycan database. Quantification for each protein was done in Byologic
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(Protein Metrics) by quantifying the XIC area sum of the top 3 most abundant peptides. XICs were
then normalized to sum total before statistical analysis. On the other hand, glycoform
quantification was normalized to each protein’s glycosite to yield the percentage occupancy of a

particular glycoform.

Gene Ontology Analysis
To identify significantly-different proteins and glycopeptides, multiple t-tests were

conducted in GraphPad Prism using an FDR approach (FDR=5%). Significantly over- and under-
expressed protein 1Ds were annotated using Gene Set Enrichment Analysis 3. Similarly, the
glycopeptides were annotated using g:Profiler  to yield significantly enriched pathways and then

plotted as a heatmap in GraphPad Prism.

Glycoprotein Molecular Modeling and Molecular Dynamics
The top glycoproteins were modeled to visualize the effects of changes in glycosylation to

protein dynamics and interactions. Interesting glycoproteins were modeled for visualization of the
changes in glycosylation to protein dynamics and interactions. Specifically, the proteins ITA5 and
ITB1 were selected. Glycoforms in each glycosite were selected based on the highest fold-change
between the pictilisib- and negative control-treated cells from the glycoproteomics results. The
crystal structures of selected proteins were downloaded from PDB, and then glycans were attached
to these proteins using CHARMM-GUI Glycan modeller *°. The system was solvated using the
TIP3P model, and 150 mM KCI was added. The CHARMM36 force field was used for both
proteins and carbohydrates “°. The resulting molecular dynamics input files were used to simulate
glycoprotein dynamics for one ns (10000 fs/timestep) in DOST-ASTI High-Performance
Compounting (HPC) Cluster, Quezon City, Philippines. Simulations were visualized, and the

number of interacting hydrogen bonds between glycans and proteins was analyzed using VMD *L,
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Results

Pictilisib was Predicted to Interact with and Inhibit Glycosylation Enzymes Using In Silico
Docking and Network Pharmacology

A combined network pharmacology and in silico docking approaches were used to identify

potential interactors of protein N-glycosylation-related proteins. Several gene-drug interaction

databases were surveyed - DrugBank (https://go.drugbank.com/), Comparative Toxicogenomics

database (http://ctdbase.org/), STITCH database (http://stitch.embl.de/), GeneCards

(https://www.genecards.org/), Drug Gene Interaction database (http://www.dgidb.org/), and

Protein Databank (https://www.rcsb.org/) - resulting in 185 predicted glycosylation interactors,

that were mapped against 356 glycosylation-related proteins and enzymes (Figure 4.1A and
Supplementary Table 4.1). From this set of compounds, pictilisib was selected due to its high
degree of interactions (Figure 4.1B). Specifically, pictilisib was predicted to lower the expression
of the glycosyltransferase genes B3GALNT1 and BAGALT2 and glycosidase MAN1AL1 through

interactions with PIK3CA 1.

Additionally, the compounds were screened and docked onto available crystal structures
of three glycosylation proteins - Alphal-6FucT, Alpha2,6-ST I, and GICNACT-V - to predict
binding affinities. Here, pictilisib was predicted to bind to the active sites of Alphal-6FucT directly,
Alpha2,6-ST I, and GIcNACT-V with higher binding affinity than the natural substrate (Figure
4.1C and Supplementary Table 2). Residue interaction analysis suggests potential pictilisib
interactions with critical residues in each enzyme’s active site. Against Alphal-6FucT (Alphal-
6FucT), pictilisib formed Pi-cation interactions with Arg365, hydrogen-bonding interactions with
His363, and Pi-Pi T-shaped interactions with Tyr220 (Figure 4.1D). In a similar docking
experiment by Manabe et al. 4%, the diphosphate group of GDP-fucose was predicted to form
hydrogen bonds with Gly221, Arg365, Ser469, and GIn470. Additionally, the residues His363
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sidechain and Tyr250 backbone were shown to tether the guanosine moiety with hydrogen bonds
43, Pictilisib also formed hydrogen bonding interactions with GIn235, Pi-Pi T-shaped interactions
with His370, and van der Waals interactions with Ala363 (Figure 4.1E). Due to these predicted
interactions, pictilisib was chosen to modulate glycosylation for further in vitro studies. A plausible
reaction mechanism of Alpha2,6-ST | suggested by Kuhn et al. shows that His370 could act as the
catalytic base for the deprotonation of the 6’-hydroxyl group of the acceptor N-glycan, leading to
Sn2 attack of the C2 atom of NeuSAc 2. On the other hand, pictilisib formed hydrogen bonds with
Trp401, Asp378, and Leu372 of GICNACT-V (Figure 4.1F). The sulfur atom in pictilisib also
formed Pi-sulfur interactions with Phe380 and Lys554. Nagae et al. (2018) found that these two
aromatic residues, Phe380 and Trp401, were found to make contact with the acceptor sugar with
Trp401 restraining the conformation of the al,6-branch 2. Most of the top ligands also formed
hydrogen bonds with Lys554. In the crystal structure, this residue interacts with the acceptor sugar.
These residues - Phe390, Trp401, and Lys554 - are also found in the acceptor substrate binding

site for MGAT-IX, suggesting that these residues are relevant in acceptor sugar recognition.
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Figure 4.1. Pictilisib was predicted to interact and inhibit several glycosylation-related genes
through network pharmacology and in silico binding approach. (A) drug-gene interaction
network of selected glycosylation targeting compounds. (B) Sub-network of pictilisib drug-gene
interactions. (C) The binding affinity of pictilisib against Alphal-6FucT, Alpha2,6-ST I, and
GIcNACT-V. (D-F) Docking conformation and residue interactions of pictilisib with Alphal-

6FucT, GICNACT-V, and Alpha2,6-ST I, respectively.

Pictilisib was Validated to Reduce the Relative Abundance of Fucosylated and Sialylated N-
Glycans

To determine the effect of changes in protein glycosylation brought by pictilisib treatment,
in vitro assays in A549 were performed. Prior, dose-response cytotoxic assay and preliminary
drug-titration assay after 24 hours of treatment were conducted to determine nontoxic drug
concentrations that could still affect protein glycosylation (Supplementary Figures 4.1 and 4.2).
Upon optimizing assay conditions, A549 cells were treated with pictilisib (4 uM) for 24 hours then
subjected to glycocalyx profiling using the previously published mass-spectrometric method .
Glycomics profiling with mass spectrometry allows for comprehensive and reproducible analysis
of the glycan composition of the cell’s glycocalyx, with treatment with pictilisib or vehicle control
(Figure 4.2A, Supplementary Table 4.3, and Supplementary Figure 4.3). Comparing the sum
of the relative abundances of the primary N-glycan types - high-mannose, undecorated,
fucosylated, sialylated, and sialofucosylated - shows that pictilisib treatment significantly reduced
the total relative abundances of fucosylated and sialylated N-glycans (Figure 4.2B). A total of 138
glycans were quantified, of which 36 were found to be significant (p<0.05). Closer inspection of
these N-glycans shows that total fucosylated complex- and high-mannose-type N-glycans were
significantly reduced in pictilisib treatment, while both total sialylated complex- and hybrid-type

N-glycans were significantly reduced (Figure 4.2B). Specifically, the N-glycan compositions
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HexsHexNAcasNeuAc:, HexsHexNAcsNeuAcy, HexsHexNAc2Fucy, HexsHexNAcsFucs,
Hex7HexNAcsFuc:, HexsHexNAc7Fucs, HexgsHexNAc7Sia;, HexgHexNAcgFuc;, and
HexgHexNAcsFuciNeuAc, were found to be very significantly under-expressed in pictilisib-

treated cells (Table 4.1).

Table 4.1. Glycan composition, putative structures, and log 2-fold-change (and g-values) of highly

significantly-different glycans in pictilisib-treated A549 cells compared to vehicle control.

Glycan composition Putative structure | logz fold-change | -logio g-value
Hex8HexNAc7NeuAc2 *::'.,',.-' -2.4214 1.6249
Hex8HexNAC7Fuc6 TR -1.6756 1.6249
Hex9HexNAc8FuclNeuAc?2 O -1.3536 1.5544

K:,I Ly
Hex9HexNAc8Fucl -1.3269 1.5403
Hex6HexNACc4NeuAc2 -1.0587 1.6249
o
Hex3HexNAc2Fucl E -1.0000 1.4854
-«

Hex5HexNAc4Fuc2 Y -0.7675 1.6249
Hex6HexNAc4NeuAcl ,. -0.5385 1.6249
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Hex7HexNAc6Fucl

-0.3078

1.6249

Mapping these N-glycan compositions to the known N-glycan biosynthetic pathway shows
potential glycosylation enzyme reactions that could be inhibited due to pictilisib-treatment (Figure
2.2C), specifically those glycosylation reactions involving the addition of fucose and sialic acid
residues. These significantly underexpressed N-glycans represent several known cancer-related N-

glycan epitopes, such as Lewis and Sialyl Lewis antigens, core fucosylation, and 02,6-sialylated

lactosamine 4.
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Figure 4.2. Pictilisib significantly reduced the relative abundance of fucosylated and sialylated N-

glycans. (A) Glycan-annotated extracted ion chromatograms (EICs) of N-glycomes of vehicle

control and pictilisib-treated A549 cells. (B) Relative abundances of N-glycan types in vehicle

control- and pictilisib-treated A549 cells. (C) Biosynthetic map showing the abundance of each
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significantly different N-glycan (Table 1), N-glycan precursor, and known enzymes catalyzing the

glycosylation reaction.

Proteomic Analysis Shows Up-regulated Pathways Involving Apoptosis and Cell-Adhesion, and
Down-Regulated Pathways Involving Cell Cycle Process, mRNA Processing, and Protein
Translation

To validate the bioactivity effects of pictilisib on A549, we conducted in vitro assays
coupled with label-free quantitative proteomics to identify specific pathways targeted by pictilisib.
Protein was filtered by having Byologic score higher than or equal to 100 and having two unique
peptides per protein. Protein intensities were reported as the sum of the top 2 peptides for each
protein, normalized to the total intensity per sample. The dataset was further filtered based on the
presence of specific protein in at least two replicates per group and then analyzed using multiple
t-tests (a=0.05) (Supplementary Figure 4.4). Based on the proteomics, 1518 proteins were
quantified (Supplementary Figure 4.4), and 380 proteins were significantly different (p-
value<0.05, Figure 4.3A). Gene set enrichment analysis of these significantly different proteins
showed interesting biological processes affected by pictilisib treatment, such as upregulation of
apoptosis and biological adhesion processes and downregulation of cell cycle processes (Figures
4.3B, 4.3C, and Supplementary Figure 4.5 and 4.6). In vitro apoptosis and cell cycle assays verify
that indeed pictilisib-treatment induced apoptosis (Figure 4.3D and Supplementary Figure 4.7)
and GO/G1 cell cycle arrest (Figure 4.3E) in A549 cells. Correspondingly, quantification of
specific apoptosis, cell cycle, and DNA damage-related proteins show significant differences in
key proteins involved in these pathways (Figures 4.3F, 4.3G, and 4.3H). Likewise, the effect of
pictilisib on cell migration was verified using both scratch assay and trans-well migration assay,
with pictilisib causing a significant reduction in cell migration (Figures 4.31 and 4.3J,

Supplementary Figures 4.9 and 4.10). Proteomics analysis shows that the mechanism affecting
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cell migration was by overexpressing adhesion proteins and upregulating cell-adhesion pathways

(Figures 4.3K). Interestingly, pictilisib-treatment also significantly down-regulated proteins

involved in mRNA processing (Figures 4.4A and 4.4B) and protein translation (Figure 4C)

processes.
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Figure 4.3. Pictilisib treatment significantly affected pathways involving ECM interactions and
migration, and cell death and proliferation, in A549. (A) Volcano plot of differentially expressed
proteins in pictilisib-treated A549 cells. (B) Gene-set enrichment analysis of pre-ranked protein
expression profiles of pictilisib- vs. vehicle control-treated cells. (C) Processes involved in
apoptosis regulation and biological adhesion were up-regulated, while processes involved in cell
cycle regulation were down-regulated. (D,E) In vitro assays of pictilisib-treated cells show
significantly increased apoptosis and GO/G1 cell cycle arrest. (F,G,H) Quantification of proteins
related to cell cycle regulation, apoptosis regulation, and DNA damage repair show significant
differences (g-value<0.05). (1,J) In vitro scratch and trans-well migration assays show significantly
reduced migration activity of pictilisib-treated cells. (K) Quantification of proteins related to

biological adhesion shows significant differences (g-value<0.05).
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Figure 4.4 Pictilisib treatment also significantly affected pathways involving mRNA processing
and protein translation in A549. (A) Based on the GSEA analysis, clusters of pathways involved

in MRNA processing and protein translation are down-regulated. Most genes involved in mRNA
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processing (B) and protein translation (C) are significantly under-expressed upon pictilisib

treatment.

Glycoproteins with Reduced Fucosylation and Sialylation were Involved in Apoptosis, DNA
Damage Repair, and Cell-Adhesion

Our glycomics results show that pictilisib treatment significantly reduced global
fucosylation and sialylation of glycocalyx N-glycans. Likewise, our proteomics results show that
pictilisib treatment significantly affected adhesion, apoptotic, and cell cycle pathways. To identify
which glycoproteins have reduced fucosylation and sialylation, and their involvement in these
pathways, we performed quantitative site-specific glycoproteomics coupled with gene ontology
analysis of pictilisib-treated cells. Glycoforms were identified after score-filtering, replicate-
filtering (present in at least 2 replicates), and normalized glycopeptides per protein glycosite
(Figure 4.5A, Supplementary Figures 4.11 and 4.12, and Supplementary Table 4.5).
Normalized glycoforms were categorized based on N-glycan type - high-mannose, undecorated,
fucosylated, sialylated, and sialofucosylated - and then summed for each glycosite. For example,
the changes in glycoform occupancy in ANPEP, ADA10, ITGB1, andITGA3 upon pictilisib
treatment have reduced fucosylation and sialylation or sialofucosylation in specific glycosites
(Figure 4.5B). Glycosites with reduced fucosylation, sialylation, and sialofucosylation were
represented as heat maps annotated by gene ontologies of corresponding glycoproteins. Indeed,
glycoproteins associated with biological adhesion and locomotion, and apoptosis, had reduced

fucosylation, sialylation, and sialofucosylation (Figure 4.5C).
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Figure 4.5 Pictilisib treatment reduced sialylation and fucosylation in specific glycoproteins. (A)

Volcano plot of differentially abundant glycopeptides. (B) Site-specific glycosylation - high-
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mannose, undecorated, fucosylated, sialylated, and sialofucosylated - of several glycoproteins
shown to have reduced fucosylation, sialylation, or sialofucosylation upon pictilisib treatment. (C)
Gene ontology analysis of proteins with reduced fucosylation, sialylation, and fucosylation show
glycoproteins involved in several biological processes. (D) STRING interaction analysis shows
the interaction of the glycoproteins with reduced fucosylation, sialylation, or sialofucosylation. (E)
Subsequent STRING enrichment analysis shows a significant enrichment of biological processes

involved in adhesion, apoptosis, response to chemicals, and DNA damage.

Interestingly, the pictilisib treatment also reduced fucosylation, sialylation, and
sialofucosylation of glycoproteins involved in stimulus-response. On the other hand, glycoproteins
involved in immune system response only reduced sialylation and sialofucosylation. Looking
specifically at pathway effects, integrins (involved in the integrin pathway) had reduced
fucosylation, sialylation, and sialofucosylation of several of their glycosites. Epidermal growth
factor receptor (EGFR) pathway and ubiquitin-proteosome pathway glycoproteins had reduced
sialofucosylation upon pictilisib treatment (Supplementary Figures 4.13 and 4.14). These
glycoproteins are also shown to perform functions in binding, catalysis, regulation, signal
transduction, transport, and structural support. When mapped to show protein-protein interaction
network using STRING *° (Figure 4.5D), enrichment analysis further confirms these glycoproteins
to be significantly enriched in pathways related to cell-adhesion, apoptotic process and signaling

pathways, DNA damage responses, and cellular responses to chemical stimuli (Figure 4.5E).

Site-specific protein glycoproteomics also allows us to investigate deeper into the
molecular interactions between glycoproteins. Integrin a-5 (ITGAS) and integrin -1 (ITGB1) are
integrins involved in several biological processes, including cell-adhesion and survival. Upon

pictilisib treatment, we found several glycosites in both glycoproteins that had either reduced
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fucosylation, sialylation, or sialofucosylation (Figure 4.6A and 4.6C and Supplementary Table

4.6).
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glycosites potentially contribute to protein interactions. (A) Site-specific glycosylation of ITGAS
glycoprotein. Bar graphs represent log2 fold-changes in glycoform abundance upon pictilisib
treatment. Glycosite Asn182 did not change glycosylation. (B) Site-specific glycosylation overlaid

with protein domain information of ITGAS, annotated using PFAM (http://pfam.xfam.org/). (C)

Site-specific glycosylation of ITGB1 glycoprotein. Bar graphs represent log2 fold-changes in
glycoform abundance upon pictilisib treatment. Glycosites Asn406 and Asn653 did not change
glycosylation. The X-axis represents glycoforms, annotated as HexaHexNAcyFuccSiaq.(D) Site-

specific glycosylation overlaid with protein domain information of ITGB1, annotated using PFAM

(http://pfam.xfam.org/). (E) 3D trajectories of ITGA5-ITGB1 glycoprotein complexes upon
treatment with pictilisib. Specific glycoform structures can be seen in Supplementary Tables 4.8
and 4.9. Dynamics simulation of negative control (Supplementary video 4.1) and pictilisib-

treated (Supplementary video 4.2) are also available.

This site-specific glycosylation information was overlaid with protein domain annotations

from PFAM (http://pfam.xfam.org/)*®, showing how certain glycosites could potentially contribute

to protein interactions (Figure 6B and 6D). Further analysis through molecular dynamics shows
specific glycosites to be significantly affected by sialylation. HexNAc(7)Hex(6)Fuc(4)NeuAc(2)
was found to be down-regulated and HexNAc(2)Hex(7) up-regulated in ITGB1 glycosite Asn269,
upon pictilisib treatment. These glycans were modeled into ITGAS and ITGB1 complex (PDB ID:
3vi4) using CHARMM-GUI %', then simulated over 45 ns using NAMD*® (Supplementary
Videos 4.1 and 4.2). Hydrogen bonding interactions were then monitored in VMD to show more
residue contacts by HexNAc(7)Hex(6)Fuc(4)NeuAc(2) in the negative control compared to

HexNAc(2)Hex(7) in the pictilisib-treated cells (Figure 4.6E).

117


http://pfam.xfam.org/
http://pfam.xfam.org/
http://pfam.xfam.org/

Discussion

Aberrant glycosylation has been well-documented in cancer, with fundamental changes in
the glycosylation patterns of cell-surface and excreted proteins during cancer progression.
Growing evidence supported the role of glycosylation in multiple steps during tumor progression,
as well as cancer cell proliferation, invasion, metastasis, and angiogenesis “°. Munkley and Elliott
(2016) summarized the roles of glycosylation in cancer progression, particularly the ten hallmarks
of cancer *°. To resist cell death, cancer cells must either down-regulate pro-apoptotic pathways or
up-regulate anti-apoptotic/pro-survival signaling molecules. Glycans have also been shown to
have a role in regulating processes that lead to cell death, such as controlling intra- and
extracellular pathways that promote the initiation and execution of apoptosis °. By modifying the
glycans presented on cell death receptors, cancer cells may resist apoptosis. Glycosylation can also
modulate the function of death receptors of the extrinsic apoptotic pathway, Fas (CD95) and
TNFR1 (tumor necrosis factor receptor 1) °2. These glycosylations may positively regulate the
apoptotic machinery. Evidence has shown the effect of glycan structures in activating invasion and
metastasis pathways. Increased sialylation of surface glycoproteins has been associated with
malignancy and poor patient prognosis 3. Increasing sialylation leads to a buildup of negative
charges, physically disrupting cell-cell-adhesion and promote detachment through electrostatic
repulsion >4, Over-expression of the enzyme ST6GALL and its glycan product sTn leads to
increased migration and invasion in carcinoma *°. Glycosylation could also affect cadherin-
mediated cell-adhesion. Over-expression of MGATS, which introduces B1-6 GICNAc branching
of N-glycans, in gastric cancer induces E-cadherin mislocalization from the cell membrane into
the cytoplasm “°. This, in turn, leads to non-functioning adherens junctions, impaired cell-cell-
adhesion, and signaling, and ultimately leads to enhanced metastasis . Once tumor cells have

metastasized, invasion and colonization in distant tissue environments require upregulating
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adhesion of tumor cells to endothelial cells. Glycosylation could also have a role in this — the SLex

antigen can promote cancer cell-adhesion through interactions with selectins °’.

The B1,6 branching of N-glycans consists of the addition of an antenna whose first GICNAc
is B1,6-linked to the core mannose residue **. This antenna is preferentially elongated by
polylactosaminic sequences and frequently terminated by Lewis antigens. This increased
branching expression is due to increased GICNACT-V activity, a glycosyltransferase enzyme
encoded by the MGATS gene. These glycans are linked to cell surface molecules, including growth
receptors PDGFR and EGFR. Galectin-3 binding to f1,6 branched glycans regulate tumor cell
motility by stimulating focal adhesion modeling, FAK and PI3K activation, local F-actin
instability, and aS5B1 integrin translocation to fibrillar adhesions . Lewis a and Lewis b antigens
originated from the mono- or difucosyl substitution of type 1 chains, while Lewis x and Lewis y
derive from the mono- or di-fucosyl substitution of type 2 chains. The mono-fucosyl substitution
of the 02,3-sialylated type 1 or type 2 chains lead to the formation of sialyl Lewisa (sLe?) and sialyl
Lewis* (sLeX), respectively. The aberrant expression of Lewis-type antigens appears to be cancer-
associated, as seen in several carcinomas, including lung cancer #°. sLe* and sLe? act as ligands for
E- and P-selectin cell-adhesion molecules expressed in activated endothelial cells %°. These
molecules also regulate the metastatic cascade by forming emboli of cancer cells and platelets ©.
In some cancer cell lines, the important glycoproteins carrying the sialyl Lewis antigens include
the hyaluronate receptor (CD44) %, mucin 1 (MUC1) 2, and lysosomal membrane glycoproteins
1 and 2 (LAMP-1 and -2). Core fucosylation is also observed in several cancers *°. This involves
the addition of al,6-fucose to the innermost GIcNAc residue of N-glycans through Fuc-TVIII
(FUT8). Overexpression is observed in several cancers, including lung cancer . In breast cancer,

increased core fucosylation of EGFR was associated with increased dimerization and
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phosphorylation, resulting in increased EGFR-mediated signaling promoting tumor growth 54,
a2,6-sialylated lactosamine (Sia6LacNAc) is the product of B-galactoside a2,6-sialyltransferase
(ST6Gall). The expression of this enzyme is altered in several cancers, including colon, stomach,
and ovarian ®°. The Ras pathway regulates the transcription and expression of ST6Gall, and
transfectants containing ST6Gall-expressing cells indicate increased adhesion to extracellular

matrix molecules in colon % and breast cancer ¢’.

Conclusion

Here, we report for the first time the cytotoxic effects of an identified glycosylation
inhibitor, pictilisib, on non-small cell lung carcinoma cell line (A549). By integrating network
pharmacology approach and in silico docking methods, we were able to identify a glycosylation
inhibitor that we were able to verify using mass-spectrometric glycomics approach. The compound
was validated to inhibit the formation of fucosylated and sialylated N-glycans, which were
primarily attached to glycoproteins involved in apoptosis, cell-adhesion, DNA damage repair, and
chemical response processes. Furthermore, the compound was able to significantly affect cellular
processes involved in cell cycle, apoptosis, cell-adhesion, transcription, and translation, which we
were able to validate using in vitro biochemical assays. Finally, we modelled the differences in
interactions of a model glycoprotein complex, ITGAV-ITGBL1, upon changing the glycosylation
by pictilisib treatment. We present for the first time how a drug, pictilisib, affects protein N-
glycosylation and the pathways involving these glycoproteins through an integrated mass-

spectrometric (glycomics, proteomics, and glycoproteomics) and bioinformatics pipeline
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Supplementary Figures

Dose-response of Pictilisib vs. A549 (24 & 48 hr)
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Supplementary figure 4.1 24- and 48-hr dose-response toxicity of pictilisib
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Supplementary Figure 4.2 Dose-response glycomics assay of pictilisib.
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Supplementary Figure 4.3 Reproducibility of glycomics results between groups.
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Supplementary Figure 4.4 Reproducibility of proteomics results between groups.
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Supplementary Figure 4.5 —1og10 FDR value results of under-expressed proteins by GSEA

using Biological Process Gene Ontology set.
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Supplementary Figure 4.6 —1og10 FDR value results of over-expressed proteins by GSEA

using Biological Process Gene Ontology set.
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Supplementary Figure 4.7 Apoptosis assay results of pictilisib treatment.
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Cell cycle assay
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Supplementary Figure 4.8 Cell cycle assay results.
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Supplementary Figure 4.9 Scratch assay results of pictilisib-treatment.
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Transwell migration assay
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Supplementary Figure 4.10 Trans-well migration assay results of pictilisib-treatment.
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Supplementary Figure 4.11 Reproducibility of glycoproteomics results between groups.
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Supplementary Figure 4.12 Variation of protein glycosylation across all glycosites.
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Supplementary Figure 4.13 Pathways of proteins with reduced fucosylation, sialylation, or

sialofucosylation.
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Supplementary Figure 4.14 Molecular function of proteins with reduced fucosylation,

sialylation, or sialofucosylation.
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