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Abstract

Studies related to miRNAs and their ability to alter protein expression have
gained much attention in recent years. miRNAs are short single stranded non-coding
RNAs (~20 nts) that function in RNA silencing and post-transcriptional modification
of gene expression. These short non-coding RNAs primarily bind to the 3’-untranslated
region (UTR) of target mRNA transcript. This interaction can cause either translational
repression or inhibition mainly via mRNA degradation. miRNAs can also bind to the
5’-untranslated region of target mRNA and regulate protein expression in humans,
though the general role of 5’-untranslated region in miRNA mediated regulation still
remains unknown.

In the field of glycobiology, miRNAs are now given special consideration as
they now have been proven to be a key regulator in many glycosylation pathways. N-
linked branching of glycans is one of the important glycosylation pathways in
eukaryotes and is critical for both the structural and functional integrity of many
eukaryotic proteins. Several glycosyltransferase enzymes mainly encoded by MGAT
genes are involved in the synthetic pathway of N-linked branching. MGAT3 (B-1,4-
mannosyl-glycoprotein ~ 4-beta-N-acetylglucosaminyltransferase) ~ enzyme  is
responsible for the addition of a bisecting GIcNAc to the core mannose residue of
complex or hybrid N-glycans. The addition of bisecting GIcNAc is a unique

modification of complex N-glycans that has been reported to play important role in
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signal transduction and growth factor signaling pathway, tumor progression and
metastasis.

In this thesis, we aim to generate a comprehensive map of the regulation of
MGAT3 by miRNA using a newly developed high throughput assay: miRFluR. This
assay uses a genetically encoded dual-color fluorescence reporter to identify regulatory
miRNA-mRNA interactions. At first we cloned 3’'UTR sequence of MGATS3 into
empty pFmiR backbone downstream to cerulean protein. Then we co-transfected this
3’UTR-plasmis sensor of MGAT3 with a library of 2601 miRNAs that represent the
known human miRNAome in HEK293T cells. After 48 hours of transfection, we
performed a ratiomatric analysis of cerulean and mCherry protein expression and
established a complete map of miRNAs regulating MGAT3 protein expression.

miRFIuR assay data revealed a significant number of miRNAs upregulating
MGATS3 expression as opposed to their common repression mechanism. These up-
regulatory miRNAs were later validated in three different mammalian cancer cell lines
by Western blot, RT-qPCR, PHA-E lectin staining and site specific mutation of 3’UTR-
sequence of MGAT3. Total 125 up-regulatory miRNAs were identified from the assay
compare to only 15 down-regulatory miRNAs. This indicates the dominance of
miRNA-mediated upregulation over MGAT3. In addition to that the up-regulatory
miRs are highly enriched in cancer pathways predicting the potential role of MGAT3
in cancer. miRNA regulation of genes has been shown to predict functional roles in
disease pathways. Thus mapping MGAT3 has enabled us to look deep into the

functions of MGAT3 and bisecting GIcNAc in diseases.
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Preface

Chapter 1 contains a brief introduction to miRNAs, their discovery,
biogenesis, mechanism of gene regulation, significance of glycosylation and role of
MGATS3 and bisecting GIcNAc in N-linked branching pathway. Figure 1-3. is adapted
with permission from Reily, C., Stewart, T.J., Renfrow, M.B. et al. Glycosylation in
health and disease. Nat Rev Nephrol 15, 346-366 (2019). Copyright © Nature
Publishing Group. All other figures were created with BioRender.com© Chapter 2
contains methodology and experimental workflow and data analysis process of
miRFIuR assay. Materials and methods used in for miRFIuR assay and validation
experiments have also been discussed. In Chapter 3 results of miRFIluR assay and data
analysis as well as data from post-assay validation experiments have been discussed.
Chapter 3 contains non-published work. Chapter 4 contains a conclusion discussing
the overall summery of the thesis. I conducted all the experiments and performed data

analysis.
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Chapter 1: Introduction

1.1. An Overview of MicroRNAs

microRNAs (miRNAs) are small non-coding RNAs (ncRNAs), typically of 19
to 24 nucleotides in length that act as post-transcriptional regulators of gene expression.
miRNAs were first discovered in 1993 when a group of scientists discovered the
regulatory effect of a tiny RNA encoded by the lin-4 gene on the lin-14 protein in
Caenorhabditis elegans nematodes. Downregulation of lin-14 protein is essential for
the progression of the larval stage of these organisms and was found to be directly
dependent on a lin-4 in the initial transition. Transition from the late larval stage to the
adult stage required another small RNA named let-7. Surprisingly, these small RNAs
did not translate into biologically active proteins. Later it was found that both of these
RNAs had complementary sequences in the 3’ untranslated region (UTR) of their target
mRNAs resulting in a downregulation of the gene expression. !>

Soon after this discovery, homologs of let-7 were discovered in the genome of
human and flies. Additionally, let-7 RNA was found in human, Drosophila, and eleven
other bilateral species.’ These small non-coding RNAs were later termed microRNAs.
Since their discovery, they have been found in almost all eukaryotes and select
miRNAs are conserved across various species.’ To date, 2,654 mature miRNA
sequences have been annotated in the human genome.* Discovery of new miRNAs is
ongoing. It is now well-established that miRNAs play a vital role in critical cellular
functions at the post-transcriptional level. By binding primarily at the 3’- untranslated
region (UTR) of target mRNA, they can finely tune the expression of a target gene and

alter protein level.” miRNAs play a more significant role in regulating gene expression



networks by targeting multiple genes that are functionally related. Therefore, changes
in the expression of a single miRNA can have a broad impact on the expression of
many genes and the overall function of the cell or organism. Although studies related
to miRNA biogenesis and their regulatory mechanism in humans are well documented,
recent studies have shown more complex pathways involved in miRNA-mediated gene
regulation. The following sections briefly review miRNA biogenesis, regulatory

mechanism, and their association with disease pathways.

1.1.1. miRNA biogenesis

miRNA encoding sequences are located in the exons or introns of either
protein coding genes or intergenic regions. They can be co-regulated together by
their host genes or can be under control of their own promoters. Genes that produce
miRNA are usually transcribed by RNA polymerase II or I1I to form primary miRNA
(pri-miRNAs) which can be up to several thousand nucleotides and shaped as hairpin
structures.® These pri-miRNAs then go onto a multistep process to become mature
miRNAs following either the canonical or non-canonical biogenesis pathways
(Figure 1-1).

In the canonical pathway, Drosha, an RNase III family member, in complex
with DGCRS8 digests the primary miRNA (pri-miRNA) hairpin into precursor
miRNA (pre-miRNA). In contrast, the non-canonical pathway generates pre-
miRNAs via mRNA splicing machinery, bypassing the need for Drosha-DGCRS
mediated digestion in the nucleus. In either pathway, pre-miRNAs are transported to

the cytoplasm by the nuclear export protein Exportin 5 and then further processed by



a second RNase III enzyme, Dicer and TARBP (TAR-RNA binding protein 2). The
mature double-stranded miRNAs are then loaded onto the RNA-induced silencing
complex (RISC), a ribonucleoprotein complex responsible for miRNA-mediated
post-transcriptional gene silencing. RISC comprises multiple protein factors, with
Argonaute (AGO) proteins serving as the key catalytic enzymes within the complex.
AGO proteins bind miRNAs and are crucial for downstream gene-regulatory

mechanisms that regulate mRNA degradation and protein expression.”
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Figure 1-1: An illustration of canonical and non-canonical miRNA biogenesis
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1.1.2. miRNA-mediated gene regulation mechanism

Putative knowledge of regulation by miRNA revolves around their ability to alter
protein levels by downregulation. Currently, there are 3 commonly accepted
mechanisms for miRNA action- i) Translational repression by inhibiting translation
initiation, ii) Post-initiation translational repression by impeding the elongation of
polysome, leading to ribosomal stalling, and iii) miRNA-mediated decapping and/or

deadenylation. (Figure 1-2).
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Translational repression
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Figure 1-2: miRNA mediated gene repression mechanism. Three most commonly
assumed gene repression mechanisms for miRNAs are presented here. miRNA induced
silencing complex (miRISC) is composed ribonuceloproteins (miRNPs). AGO1-4
complex is essential for miRNA mediated regulation of gene while GW182 has been

reported to bind with AGO complex for miRNA mediated silencing.



In the pre-translational initiation phase, miRNA-mediated silencing complexes
(miRISCs) act by affecting eukaryotic translation initiation factor 4F (elF4F) cap
recognition causing 5’ to 3’ decay of target mRNA. In post-initiation translational
repression, miRISCs can inhibit polysome elongation, preventing the ribosome from
moving along the mRNA molecule and resulting in stalling of the ribosome. It causes
them to drop off the mRNAs or facilitates the degradation of newly synthesized
peptides.” miRISCs can also destabilize target mRNAs by binding to them and
recruiting RNA decapping enzymes (DCP1/2) and/or deadenylating enzymes
complexes, leading to mRNA degradation.!® P-bodies play a critical role in the storage
and degradation of targeted mRNAs. P-bodies are rich in enzymes and protein
complexes that can affect the translational machinery by mRNA degradation and
sequestration. One of the known P-body components GW 182, also known as TNRC6,
has been found to physically interact with AGO proteins in the miRISC complex during
the miRNA-mediated gene repression process.!! When miRISCs bind to target
mRNAs, they can be transported into P-bodies for storage, but may re-enter the
translation phase under certain circumstances like stress.!?

Emerging evidence suggests that miRNAs possess a broad range of regulatory
mechanisms, extending beyond their established role in translational repression. In
contrast to the general assumption of miRNA-mediated downregulation, studies have
reported that miRNA can also upregulate target gene expression in a particular cellular
state (e.g., quiescent cells, mitochondrial cells) depending on the presence of specific

co-factors such as shortened poly-A tail or destabilized mRNA.'*'*!5 However, a more



recent study on miRNA-mRNA interaction from our lab has found evidence of miRNA
upregulation of protein expression in actively dividing cancer cells. Although the
underlying mechanism of miRNA mediated upregulation is still unknown, our study
revealed the possible association of Fragile X mental retardation syndrome-related
protein 1(FXR1) with AGO?2 instead of GW182 in the upregulation process.'® These
findings give insight into the multifaceted nature of miRNA’s role and function for
gene regulation. It is still unclear how and when a particular mechanism prevails in a
particular condition, which miRNA-mRNA binding rules correspond to each
mechanism, and which factors are crucial in regulating these mechanisms. More
research is necessary to gain a better understanding of how miRNAs work and their

effects.

1.1.3. Predicting miRNA target and gene regulatory network

miRNAs and their ability to target gene expression have gained much attention
in recent years. More and more studies have been carried out to identify potential
miRNA targets. While early studies on miRNAs often focused on individual miRNA -
target interactions and their effects on specific pathways, it is now widely recognized
that miRNAs act as key regulators of gene expression networks. Each miRNA typically
targets multiple genes, and many of these genes are functionally related, meaning that
they are involved in the same biological pathways or processes. As a result, changes in
the expression of a single target gene can have far-reaching effects on the overall
regulatory network and functioning of the cell or organism. This complexity has led to

a growing interest in systems-level approaches to studying miRNA-target network



analysis, which can help to identify the key biological processes and pathways that are
regulated by that particular network.

However, establishing a complete targetome and gene regulatory network for
miRNAs is still a major challenge. Our knowledge about potential targets of miRNAs
mostly come from miRNA target prediction algorithms which heavily rely on the
canonical rules of “seed” pairing, i.e., the perfect consecutive base-pairing between the
target mRNA and the miRNA in the seed region, which typically involves positions 2-
7 or 2-8 at the 5° end of miRNA.!7 This pattern has been verified through
crystallographic studies of ribonucleoprotein AGO-miRNA complexes.'® Although the
seed region is important for target silencing, it is not the only determinant of miRNA-
mRNA interaction. For example, G:U wobble base pairs are often tolerated within the
seed region, and extensive base-pairing at the 3’ end of the miRNA may offset missing
complementarity at the seed region.!*?* Additionally, centered sites, exhibiting 11-12
contiguous base-pairing in the central region of the miRNA without pairing to either
end, have also been reported.’! Moreover, some studies have reported efficient
silencing from sites that do not conform to any of the aforementioned patterns,
appearing random. Furthermore, sites with extensive 5’ complementarity may not
always exhibit activity when tested in reporter constructs.?>** The complex nature of
miRNA-mRNA interactions is the prime reason for the poor prediction accuracy of
prediction algorithms. Tools like TargetScan, miRANDA, miRWALK etc. incorporate
factors such as binding site accessibility, AU rich elements, evolutionary conservation
in addition to seed pairing but still show poor prediction result with an accuracy rate of

only 20-60%.2*?* This underscores the importance of an experimental approach for



identifying miRNA targets. However, miRNAs are growing in number and the
experimentally validated miRNA-target interaction numbers are comparatively low.?
Current high-throughput experimental approaches for miRNA target validation are
based on transcriptomic analysis and crosslinking immunoprecipitation assays (CLIP).
However, both of these methods do not always correspond to the regulatory changes
that take place on protein level. This is more significant for low abundance genes, like
glycogenes, where relying solely on transcriptomic data may result in inaccuracies due
to the intrinsic noise present in the data. Fluorescent reporter assays are currently used
as standard methods for identifying miRNA-target interactions. However, they are low
to moderate throughput in nature allowing investigation of only a single miRNA at a
time. Recently, our lab has developed a high-throughput, genetically encoded dual
color fluorescence reporter based system- miRFIuR to map miRNA-target interaction
for the entire miRome. It has allowed us to map the interaction between a target gene

and an entire cohort of miRNAs in the biological system at a single time; bringing more

of an “omics” approach to the study of miRNA mediated gene regulation.’

1.1.4. High-throughput miRFIluR assay for the identification of miRNA-target

interactome

The identification of miRNA:target interactomes faces significant challenges
in modern research. There is a low accuracy and sensitivity in predicting these
interactions, with success rates ranging between 17-66%.” Existing reporter assays such
as the luciferase assay, provide more accurate results but they are not highly scalable.

High-throughput transcriptomic profiling is not the ideal method for comprehending



the protein regulatory network of miRNAs. This is much more significant for lower
gene expression levels, particularly for glycogenes that present technical complications
in both transcriptomic analysis and RISC complex pulldown.

To develop a better high-throughput platform and create an accurate miRNA-
target database based on validated miRNA-target interactions, our lab has recently
introduced miRFIuR assay. The assay utilizes a genetically encoded fluorescent
ratiometric reporter to indentify miRNA-target 3°UTR interactions in 384 well plates®
(Figure 1-3). The miRFIuR assay uses pFmiR-3’UTR plasmid sensor to identify
regulatory miRNA-target interactions. miRNAs primarily bind to the 3’UTR region of
the target gene. That is why the system requires 3’UTR sequence of a gene of interest
cloned downstream of cerulean, the primary reporter protein. The sensor contains a
second fluorescent protein, mCherry, acting as a control. This sensor is then co-
transfected with a miRNA mimic library (2601 miRNAs) into HEK293t cells aliquoted
in 384 well-plates. 48 hours post-transfection, the data are analyzed for ratiometric
cerulean/mCherry expression levels. The data are normalized to the ratios for a non-
targeting control (NTC) miRNA that is present in all plates. If the miRNA represses
the target gene then the cerulean/mCherry ratio will be lower than the NTC. If the ratio

is higher, then the miRNA is upregulating the target gene.
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Figure 1-3: Schematic representation of high-throughput miRFIuR assay.

miRFIuR assay surpasses the limitation of all the challenges we faced before
to established miRNA-target interactome. With the increasing amount of information
about genuine miRNA-target interactions, we will be better equipped to utilize this data
to gain a better understanding of the biological roles played by miRNAs and their target

genes.

1.2.  Anintroduction to glycans and their significance

Glycans are long-chained carbohydrates and are one of the most abundant
macromolecules that decorate almost every cell in human body. Along with nucleic
acids, proteins, and lipids, glycans are one of the four fundamental classes of molecules
that make up all living systems. They play a crucial role in various aspects of cell and
organismal biology, including cell adhesion, molecular trafficking and clearance,

receptor activation, signal transduction and endocytosis.?” The glycocalyx, a thick layer

10



of glycans covering the cell surface, can protrude more than 30 nm from the plasma
membrane in some cells, consequently surrounding cell surface proteins by a matrix of
glycans.?® Glycosylation is an intricate biological process, governed by hundreds of
glycosylation enzymes catalyzing the transfer of activated forms of monosaccharides
(building blocks of glycan) from a donor molecule to a an acceptor molecule i.e.,
protein or lipid. It is the most abundant and diverse post-translational modification
process which has enormous capacity to alter biological function in different disease
conditions. To date more than 130 rare genetic or metabolic disorders have been

identified due to any defect in complex glycosylation process.?

1.2.1 Structural diversity of glycans

Glycans in nature are often conjugated. Most protein and lipid molecules in different
cellular compartments are covalently attached to glycans making them structurally
diverse and complex in nature. More than 200 glycosylation enzymes are reported to
drive the glycosylation process through which glycans are synthesized, altered or
attached to a polypeptide or lipid backbone. There are nine monosaccharide residues

most commonly found in mammals that act as building blocks of glycan structure.
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Figure 1-4: Major components of human glycome. Glycan structures present here
represent the most common forms of cellular glycome components in human. This
illustration has been adapted with permission from Reily, C., et al.>!, Nature Review of

Nephrology.

Glycosylation takes place predominantly in the secretory pathway of the cell.
More specifically, the biosynthetic process of glycans starts at the endoplasmic
reticulum (ER) and then move to Golgi apparatus where they become highly oligomeric
and branched as they transit to the cell surface or other extracellular compartments.>>
Protein glycosylation mostly represents N-glycans, O-glycans and proteoglycans (also
known as glycosaminoglycans). N-glycans are linked to the amide group of asparagine

residues of proteins often in a consensus with Asn-X-Ser/Thr motif. O-linked glycans

12



are characterized by their bond to the hydroxyl group of the serine and threonine
residues in proteins. Proteoglycans are also linked to the serine or threonine motifs but
they are linear in structure, follows a different biosynthetic pathway than O-linked
glycans and are highly sulfated. Glycosylphosphatidylinositol (GPI)-anchored proteins
are another modification where the GPI-linked proteins are found in the lipid bilayer
facing the extracellular compartment. Lipid glycosylation is also prevalent in secretory
pathway that produce in glycoshingolipid. In addition to this, hyaluronan is a unique
glycan type that is unattached to any protein or lipid and secreted into extracellular

compartments.?’-33

1.2.2. N-linked glycosylation and role of bisecting GIcNAc

N-linked glycosylation is one of the most diverse and structurally complex
glycosylation modifications that takes place in ER and Golgi complex. It is evident that
N-linked glycans undergo significant modifications as they move through the ER and
the Golgi complex, eventually reaching their final destinations within or outside the
cell. During early stages of protein synthesis, when the variety of oligosaccharide
structures 1is limited, these glycans play a crucial role in protein folding,
oligomerization, quality control, sorting, and transportation processes.>*

Biosynthesis of N-linked glycosylation generally has three major steps. The
first one is the synthesis of dolichol-phosphate (Dol-P) linked precursor that comprises
of N-acetylglucosamine (GlcNAc), glucose and mannose residues. This single
precursor N-glycan is then transferred to a nascent glycoprotein in the second step and

undergoes trimming of glucose and mannose residues from the precursor structure. The
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final step involves the branching and core modification of mature N-glycans to produce
hybrid and complex structures. This late processing of mature N-glycans starts at the
medial Golgi and regulated by glycosyl transferase enzymes primarily encoded by
MGAT genes. Biosynthesis of complex N-glycans initiated in the medial-Golgi
compartment yields a bi-antennary structure which can lead to the tri and tetra
antennary structures of complex N-glycans (Figure 1-5 and 1-6). Complex and hybrid
structures can sometimes have an additional sugar residue called "bisecting" GlcNAc.
This residue is attached to the f-Man sugar of the core structure by an enzyme called

B-1,4-mannosyl-glycoprotein 4-B-N-acetylglucosaminyltransferase (MGAT?3).

Terminal glycosylation Further timming
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Figure 1-5: Biosynthetic pathway of N-linked glycosylation in ER and Golgi. An
illustration of biosynthetic pathway of N-linked glycosylation. The process starts with

the synthesis dolichol-phosphate (Dol-P) linked precursor synthesis in endoplasmic
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reticulum. The synthesis of terminal hybrid and complex N-glycans take place in Golgi.
Glycan symbols are drawn according to Symbol Nomenclature for Glycans (SNFG)

format.
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Figure 1-6: Enzymes involved in N-linked glycosylation and synthesis of bisecting
GlcNAc. N-linked glycosylation enzymes can be classified into two groups. Dol-P
linked precursor synthesis enzymes are predominantly present in ER and terminal N-

linked glycan processing and branching enzymes are present in cis, trans and medial
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Golgi. Addition of bisecting GIcNAc to core mannose residue of bi-antennary N-glycan
structure is catalyzed by MGAT3 enzyme. UDP-GIcNACc acts as the substrate. Glycan

symbols are drawn according to Symbol Nomenclature for Glycans (SNFG) format.

The addition of bisecting GIcNAc to the core mannose residue of hybrid or
complex N-glycans is a unique modification that plays important role in various
biological processes. It can affect cell adhesion, fetal development, signal transduction,
growth factor signaling, neurogenesis, tumor metastasis and development, and immune
biology.**> For example, altered levels of bisecting GIcNAc on integrin p1 have been
linked to early spontaneous miscarriages in humans, while its presence on
glycoproteins has been found to inhibit hypoxia-induced epithelial-mesenchymal
transition in breast cancer cells.’®*” Additionally, increased levels of glycoproteins with
bisecting GlcNAc have been reported in ovarian carcinoma and glioblastoma leading
to a poor prognosis and survival rate.*® The presence of bisecting GlcNAc on
glycoproteins can also confer resistance to natural killer cells. In addition to their roles
in disease prognosis, bisecting GIcNAc can also play crucial role in tuning N-glycan
branching by preventing further branching and elongation for hybrid N-glycans.
Addition of bisecting GlcNAc restricts the activity of MGATS and FUT8 enzymes,
responsible for initiating branching and core-fucosylation in complex N-glycans
respectively. In cancer cells, N-glycans tend to become more branched, which
promotes the progression of cancer. Thus MGAT3 may play a crucial role as a tumor
suppressor in select cancerous cells.>* On the contrary, aberrant synthesis of bisecting

GlcNAc can also alter the cellular and molecular function of N-glycans, leading to
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impaired immunity, neuronal cell migration, emphysema, or inflammation.** Given the
importance of MGAT3 and subsequent bisecting GIcNAc synthesis, it is crucial to

further investigate its functions and implications.

1.3.  Significance of miRNAs in the study of glycosylation

Changes in glycosylation can change inflammatory responses, promote viral
immune escape, cancer cell metastasis or regulate apoptosis.’! Abnormal glycosylation
has been identified as a characteristic feature of cancer, playing a significant role in the
development and progression of the disease. Many of the tumor biomarkers currently
used in clinical practice are glycoproteins,*® which shows the importance of
investigating the underlying mechanisms of aberrant glycosylation and translating
these findings into clinical applications. However, glycosylation is a complex
regulatory network that requires hundreds of glycosyltransferase and glycosidase
enzymes to coordinate in an intricate manner. Genes encoding glycosylation enzymes
are very low in abundance, making it difficult to study their regulation at the
transcriptomic level, leading to a poor understanding of corresponding regulatory
mechanism in a particular biological process.

miRNAs have emerged as critical regulators of the cellular glycome in recent
years. Our lab has previously established miRNAs as major regulators of glycogenes.*!
In previous work from our lab, we saw several glycogenes being targeted by miRNA-
200 family and phenocopying their biological effect on epithelial to mesenchymal
transition (EMT) and cell migration.** This finding was extremely significant and led

to the miRNA proxy hypothesis which states, “If a miR drives a specific biological
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phenotype, such as migration or metastasis, the targets of that miR will drive the same
biological phenotype.” But to test the hypothesis and see glycosylation enzymes truly
imitate the concordant miRNA effect, it was necessary to identify and validate miRNAs
targeting glycogenes in biological condition. This led to the development of high
throughput miRFIuR assay from our lab to map a complete miRNA regulatory network
for a particular glycogene in a high throughput manner. To date, our lab has established
miRNA-glycogene regulatory network for three glycogenes- B3GLCT, ST6GALI1 and
ST6GAL2 leveraging miRFIuR assay.>'® According to the miRNA prediction
algorithms, B3GLCT was primarily thought to be highly regulated by miRNAs.
However, miRFIuR assay revealed <4% of predicted miRNAs targeting the gene with
more than 96% false positive rate. In addition to that both down-regulatory and up-
regulatory miRNAs were identified for B3GLCT and validated at the protein and
mRNA levels. Enrichment analysis of miRNA hits also identified Peters’ Plus
syndrome, the known disorder caused by mutation of B3GLCT gene supporting
miRNA-proxy hypothesis.’ Similar to BSGLCT, miRFluR analysis of ST6GALI and
ST6GAL?2 also identified significant numbers of up-regulatory miRNAs. ST6GALI1
was predominantly regulated by up-regulatory miRNAs where ST6GAL2 was mostly
downregulated. A subset of miRNA hits were validated in mammalian cancer cell lines.
In contrast to the dominant view of miRNA mediated down regulation, high-throughput
analysis of ST6GAL1 and ST6GAL?2 revealed that up-regulatory interactions may be

more conventional than anticipated.'®
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Figure 1-7: Effect of miRNA in altering MGAT3 protein expression. Upon binding
to 3’UTR of MGAT3, miRNA can alter the protein expression in specific tissue leading

to disease pathogenesis.

1.4. Overview of thesis

The aim of this thesis is to generate a comprehensive map of the miRNA-
MGATS3 regulatory network using the newly developed high throughput miRFIuR
assay. MGATS3 is responsible for the addition of bisecting GIcNAc to N-glycan
structure that holds an unprecedented role in disease pathways and tuning of N-glycan
branching. But the majority of the functional role of MGAT3 is still unknown to the

researchers. Since miRNAs are critical regulators of human glycome, mapping the

19



miRNA-MGAT3 regulatory network for the entire cohort of human miRNAs will give
us substantial insight into the regulatory function of MGAT3 in a high throughput

manner.

In this thesis, we start with an overview of miRNAs and glycosylation
highlighting the significance of MGAT3 and bisecting GIcNAc in disease
pathogenesis. Then we present methodology describing the experimental design and
workflow of the project. The framework of the project can be divided into three parts
i.e., cloning of pmiR-3’UTR plasmid sensor for MGAT3, running miRFIuR assay and
validation of the assay by western blot, qPCR, PHA-E lectin staining and site directed
mutagenesis experiments. The results and data analysis are discussed in the next

chapter followed by a conclusion.
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Chapter 2: Methodology
2.1. Experimental design and workflow

The experimental design of the thesis has three major components- i) cloning
of pmiR-3"UTR plasmid sensor for MGATS3, ii) mapping miRNA-target interaction on
high throughput miRFIuR assay platform and iii) conducting validation assays to test
miRFIuR assay data.

The miRFIuR assay uses a pFmiR-3’UTR plasmid sensor to identify regulatory
miRNA-target interactions. Traditional cloning method has been used to clone pFmiR-
3’UTR plasmid sensor for MGAT3 (Figure 2-1). The sensor contains genetically
encoded dual-color fluorescent reporter proteins- cerulean and mCherry. 3’UTR
sequence of MGAT3 was cloned downstream of cerulean which acts as the positive
control. The second fluorescent protein mCherry acts as the negative control. The
plasmid sensor is co-transfected with a library of 2601 miRNA mimics into HEK293T
cells in 384 well plate format. The miRNA library contains the known human
miRNAome as defined by miRBase.* The current miRBase version of complete human
miRNAome is V.22.1 and here we used the version V.22.0. Thus virtually all known
human miRNAs were represented in our assay. All miRNAs are aliquoted in triplicates
across 24 plates. All plates also contain six replicates of non-targeting control (NTC)
miRNA. After 48 hours of transfection, each well is scanned to obtain ratio of cerulean
and mCherry expression. A higher ratio corresponds to the high expression of cerulean
due to MGAT3 upregulation and a lower ratio corresponds to the low expression of
cerulean compared to mCherry due to down-regulation of MGAT3. The data analysis

process is discussed in detail in materials and methods section.
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It is important to note that most of the mammalian genes express more than
one transcript often generated as a result of alternative splicing. More than 70% of
human genes are known to express transcript variants.*> Multiple transcript variants
can have altered biological effect and regulation mechanisms. Recent studies have
shown that transcript variants frequently determine changes in 3’UTR length. Multiple
variations of mature RNA transcripts that differ in their 3' ends may encode for the
same protein, differences in the transcript's 3' end can impact the final protein's level,
localization, and its ability to interact with other molecules such as miRNAs, RNA
binding proteins etc.** It is not clear if MGAT3 has alternative 3’UTR isoforms, but
multiple transcriptomic analysis identified alternative variants of MGAT3 expressed in
different cancer tissues and cell lines. For MGAT3, three different alternative
transcript variants have been identified that encode the same protein. To clone pFmiR-
3’UTR plasmid sensor of MGATS3, the most prevalent transcript variant (Ensembl ID:
ENSTO00000341184.7, RefSeq ID: NM_002409.5) was used for 3’UTR sequence. The
most prevalent transcript variant of MGAT3 contains 5394 base pair coding 533 amino
acid. In other variants, a truncated version of mRNA transcript and protein coding has
been identified.

Downstream validation experiments to test miRFIuR assay data in a biological
environment include Western blot, reverse transcription quantitative PCR (RT-qPCR)
analysis, Phaseolus vulgaris Erythroagglutinin (PHA-E) lectin staining and site
directed mutagenesis experiment discussed in details in materials and methods section.
Here we used three different mammalian cancer cell lines- HT29 (human colorectal

adenocarcinoma cell line), A549 (human lung adenocarcinoma) and PANC1 (human
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pancreatic ductal adenocarcinoma) to observe miRNA mediated regulation of MGAT3

protein and bisecting GIcNAc.
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Figure 2-1: Plasmid map for pFmiR-3’UTR sequence of MGAT3

The selection of mammalian cancer cell line was based on the expression of
MGATS3 in select cells. MGAT3 is a low abundance gene, with moderate to high
expression in brain, small intestine and placenta.***¢ However, recent studies has

shown that MGATS3 is highly associated with hepatocellular carcinoma and pancreatic
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cancer acting as a tumor suppressor and oncogene respectively.*’*® A549 cell line has
been found to be associated with multiple miRNA hits from miRFIuR assay that are
discussed in results and discussion chapter. Altogether, all three cell lines hold
significant importance relevant to the regulation of MGAT3 and associated miRNA

his. Hence, these cell lines were selected for downstream validation experiments.
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Figure 2-2. Experimental workflow of miRFIuR assay.
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2.2. Materials and methods
2.2.1. Cloning

Genomic DNA of HEK293t cells was extracted using QIAquick gel extraction
kit according to manufacturer’s guide. It was then subjected to PCR analysis using
forward and reverse primers specific to the 3’UTR sequence of MGAT3 (Table-1).
The PCR products were cleaned up using PCR clean-up kit from Truin Science. PCR
fragments and empty pFmiR backbone were subjected to restriction enzyme digestion
and using 1 unit of High-Fidelity (HF®) restriction enzymes Nhel and BamHI (from
NEB) in 1x rCutSmart"" NEB buffer at 37°C for 1 hour. Digested fragment and pFmiR
backbone were then ligated using 2 pL. of T4 DNA ligase in 10x T4 DNA ligase buffer
(NEB). The newly synthesized pFmiR-3’UTR construct was then transformed into
High-efficiency NEB® 10-beta Competent E. coli (DH10- E. coli derivative) cells and
plated on Carbenicillin LB agar plates for colony formation. Few colonies were verified
by colony PCR followed by gel electrophoresis. PCR amplified products of select
colonies were sent to Molecular Biology Service Unit, University of Alberta, for
Sanger sequencing. Upon verifying the expected pFmiR-3’UTR sequence of the
construct, large scale endotoxin free preparation of DNA was performed using
QIAGEN miniprep and maxiprep kits. The sequence of MGAT-3’UTR is shown in

Appendix-1 section.
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Table-1. Primer list for cloning pmiR-MGAT3-3’UTR sensor

Primer list 5-3
MGAT3-Fwd CGTGAGCTAGCCCAAGTACCTGCTGAAGAAC
MGAT3-Rev CATCAGGATCCCAGACTTTGTAGCTGTTTTTATTATTAATAT

2.2.2. Cell culture

Mammalian cancer cell lines- HEK293T, HT29, A549 and PANCI1 were
purchased from American Type Culture Collection (ATCC). The cells were cultured
and maintained in following media- HEK293T, HT29 and PANCI cell line:
Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS),
A549 cell line: F-12K (Kaighn's) Medium with 10% FBS. All cells were cultured under
standard conditions (5% CO., 37°C). Cell passage number used in all experiments

were below 15.

2.2.3. miRFIluR assay

Assay method: The human miRNA mimic library of 2601 miRNAs was
purchased from Dharmacon. The miRNAs were resuspended in ultrapure nuclease free
water and aliquoted into black 384 well, clear optical bottom tissue culture treated
plates (Nunc). Each plate contained three replicate wells of each miRNA in that plate
(1.8 pmol/well). In addition, each plate contained a minimum of 6 wells containing non

targeting control (NTC). To each well, 30 ng of pFmiR-3’UTR plasmid was added
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diluted in 5 ul OptiMEM (Gibco). 0.1 pl Lipofectamine™ 2000 (Life Technologies)
was diluted in 5 ul OptiMEM (Gibco) and incubated at room temperature for 5 minutes.
Then the lipofectamine solution was added to each well. The solution mixture was then
allowed to incubate at room temperature for 20 min. HEK293T cells (25 ul per well,
10000 cells/well in phenol red free DMEM with FBS 10%) were then added to the
plate. Plates were incubated at 37°C, 5% CO2. After 48 hours, the fluorescence signals
of Cerulean (excitation: 433 nm; emission: 475 nm) and mCherry (excitation: 587 nm;
emission: 610 nm) were measured using a plate reader (SYNERGY H1, BioTek, Gen
5 software, version 3.08.01).

Data analysis: For data analysis, each well of each plate was scanned by plate
reader to measure the fluorescence expression of cerulean and mCherry. Then the
expression of cerulean was divided by mCherry expression for each well. Each miRNA
contained three replicates of cerulean/mCherry ratio values. The mean ratio, standard
deviation (SD) and % error (100xSD/mean) were then calculated for each miRNA. At
this stage, miRNAs were subjected to a quality control (QC) process where any miRNA
with 15% or higher error was eliminated from the final data analysis. Additionally, if
any plate had more than 50% of its total miRNA eliminated, that particular plate was
also removed from the final data analysis. A total of 1600 miRNAs passed the QC from
the library of 2601 miRNAs. The mean ratio of each miRNA in a plate was then divided
by the mean ratio for NTC of that particular plate to calculate the normalized value and
the error was propagated within that plate. Data from all plates were then combined
and z-score was calculated.

A z-score of £1.96 (95% confidence interval) is usually the standard cut-off for
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the down-regulatory (down-miRs) in our previous works>'®. However, in this particular
case only 2 miRNAs passed the standard threshold. So to test more miRNAs, we
decided to set a z-score of +1.440 (85% confidence interval) as initial threshold for
both down-miRs and up-miRs. Similar to our previous miRFIuR assay investigation, a
significant number of miRNAs were found across the dataset that induced MGAT?3
upregulation. These upregulatory miRNAs (up-miRs) were subjected to special
consideration as very few studies can be found on the mechanism of miRNA-mediated
upregulation. The miRNAs selected for post-assay validation experiments were from
different regions of the dataset representing both down-regulatory and up-regulatory
effects. The selection was based on the data obtained as well as the literature review

which is discussed in results and discussion section in details.

2.2.4. Western blot

miRNA mimics and miRNA hairpin inihibitors (anti-miRs) were purchased from
Dharmacon and resuspended in nuclease free water according to manufacturer’s guide.
MGATS3 antibody was purchased from Proteintech (rabbit, polyclonal, catalogue:
17869-1-AP). Cells were seeded onto 6 well plates with appropriate media at a density
of 60000cells/well for HT29, 80000 cells/well for A549 and 100000 cells/well for
PANCI and cultured for 24 hours. 50 nM miRNA mimics and anti-miRs (diluted in
250 pL Optimem) were then added to the cells followed by the addition of 5 pL of
Lipofectamine™ 2000 (Life Technologies) diluted in 250 pL Optimem and cells were
incubated in room temperature for 20 minutes. 1500 pL. of fresh culture media was ten

added to the cells. The transfection media was aspirated and fresh media was added
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again after 12 hours post transfection to ensure cell viability. After 48 hours, the cells
were washed with PBS and lysed with ice-cold NP-40 (nonionic polyoxyethylene
surfactant) lysis buffer with protease inhibitors (Pierce™ Protease inhibitor tablets
from Thermo Scientific™). The protein concentration of whole lysate was measured
by BCA assay (Micro BCA assay kit, Invitrogen). For Western blot, 50ug protein in
was run in each well of 10% SDS-PAGE gel. Proteins were denatured in 4% Laemmli
sample buffer containing B-mercaptoethanol at 95°C for 5 minutes before running in
the gel. The proteins were then transferred to iBlot2 Transfer Stacks (nitrocellulose,
Invitrogen) using the iBlot2 transfer device (Invitrogen). Blots were incubated with
Ponceau S Solution for 10 minutes and the total protein levels were imaged using gel
imager (Azure 600, Azure Biosystems Inc.).The blots were then blocked with 10%
non-fat dry milk in TBST (TBS buffer with 0.1% Tween 20) buffer at room temperature
on a platform rocker at 60 rpm. After 2 hours of blocking, the blots were treated with
primary anti-MGAT3 antibody (from Proteintech; rabbit, polyclonal, catalogue:
17869-1-AP) at 1:1000 dilution in TBST at 4°C overnight. Blots were then washed
with TBST 4x%, 2 minutes. After washing, a secondary antibody (anti-rabbit IgG-HRP)
was added at a dilution of 1:10000 in TBST. Blots were then incubated on platform
rocker at 60rpm for 1 hour at room temperature. After the incubation, the blots were
again washed with TBST buffer for 4%, 2 minutes. The blots were then developed using
Clarity and Clarity max Western ECL-substrate (from Bio-Rad) according to
manufacturer’s instruction. The blots were imaged using a gel imager (Azure 600,
Azure Biosystems Inc.) choosing the chemiluminescent option. All Western blots were

quantified with ImageJ software. All experiments were done in biological triplicate.
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2.2.5. RT-qPCR

Cells were treated with miRNA mimics as described in the Western blot
section. After 48 hours of transfection, cells were lysed with TRIzol reagent
(Invitrogen) for total RNA extraction according to manufacturer’s guide. RNA
concentrations were measured using NanoDrop. Isolated RNA was then reverse-
transcribed to synthesis cDNA using Superscript III Cells Direct cDNA synthesis kit
(Invitrogen) following manufacturer’s instruction. Syber Green method was used for
RT-gPCR analysis and cycle threshold (Ct) values were obtained using Applied
Biosystem (ABI) 7500 Real-Time PCR machine and normalized to GAPDH, a
housekeeping gene. The primers used for MGAT3 and GAPDH are listed in table-2.

All experiments were done in three biological replicates.

Table-2. Primer list for RT-qPCR

Primer list 5-3
MGAT3-qPCR-Fwd AGTGGGTTGAGTGTGTGTGC
MGAT3-qPCR-Rev CTCGTGGTTGATGTTGATGG
GAPDH-qPCR-Fwd ACCACAGTCCATGCCATCAC
GAPDH-qPCR-Rev TCCACCACCCTGTTGCTGTA

2.2.6. PHA-E lectin staining

Phaseolus vulgaris Erythroagglutinin (PHA-E) is a legume lectin that has high
specificity toward biantennary glycosylated N-glycan with bisecting GIcNAc. It is

often used in glycobiology applications to see the presence of bisecting GIcNAc in a
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given sample. Fluorescein (F1) conjugated PHA-E lectin was purchased from Vector
Laboratories. For cell culture, sterile 22x22 no. 1 coverslips were placed onto 6 well
plates or, 35 mm dishes. Cells were then seeded and treated with miRNA mimics as
described in the Western Blot section. At 48 hours post-transfection, cells were washed
with 1 ml sterile PBS buffer 3x. Cells were then fixed with 4% para-formaldehyde in
sterile PBS buffer at room temperature for 15 minutes. After the fixation, cells were
again washed with sterile PBS buffer for 3x. FITC conjugated PHAE lectin (Vector
Laboratories) was then added to the cells at a dilution of 1:500 in PBS. Cells were
incubated at 4°C in dark. After 1 hour of incubation, cells were again washed with PBS
(3x) and each well was counterstained with 1 uL of Hoeschst 33342 (Invitrogen) at
room temperature for 10 minutes in dark. The coverslips were then mounted onto slides
with mounting media (90% glycerol in PBS) and imaged with a Zeiss fluorescent
microscope (Camera: Axiocam 305 mono, software: ZEN 3.2 pro). PHA-E lectin
staining assay was performed in HT29 and A549 cell lines at a minimum of 2 biological
replicates. To confirm the appropriate staining and rule out the possibility of non-
specific fluorescence, some cells were treated with PNGase F enzyme (cleaves almost
all N-linked glycans from glycoproteins) prior to staining according to manufacturer’s

instruction (NEB).

2.2.7. Site directed mutagenesis

3’UTR sequence of MGAT3 and hsa-miR-92a-1-5p (up-miR) sequence were
analyzed with RNAhybrid* to get the predicted binding interaction site. RNAhybrid

calculates the maximum free binding energy between a miRNA and target mRNA
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sequence. The most stable predicted site for miR-92a-1-5p had a free energy of -33.3
kcal/mol. T mutated this site to determine whether the miR-92a-1-5p has a direct
binding effect on MGAT3. Primers for mutated sequence were designed using
NEBaseChanger™ tool (Table-3). Site-specific mutagenesis reaction was carried out
using Q5® Site-Directed Mutagenesis Kit from New England Biolabs inc. following
the manufacturer’s guide. The mutant plasmid was then transformed into E. coli
bacterial cells for amplification. The mutated sequence was verified by gel
electrophoresis followed by Sanger sequencing (Molecular Biology Service Unit,
University of Alberta). miRFIuR assay was then performed for the mutant sensor along
with the wild type sensors. A minimum of 3-wells for miR-92a-1-5p and 3-wells for
NTC were transfected for each sensor. Mean ratio of cerulean/mCherry expression was
calculated for miR-92a-1-5p and NTC of both sensors. The ratio of miR-92a-1-5p of
each sensor was first normalized to respective NTC and then the mutant sensor data
was compared to wild type sensor. The sequence of mutated sensor is attached in

Appendix 2.
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Figure 2-3: Schematic representation of site specific mutation experiment of
pFmiR-3’ UTR sensor. Mutation of miRNA binding site in 3’UTR of target mRNA
causes a loss of regulation for up-miRS. If the miRNA does not have a direct binding

effect on target gene then no change in regulation is seen.

Table-3. List of primers for cloning mutated pFmiR-3"UTR sensor

Primer list 5-3

Mut-92a-1-5p-Fwd CTACCTCCCCAGCCCCTC

Mut-92a-1-5p-Rev TCAGGTCAGGATTCTCATTCCTCAG
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Chapter 3: Results and Discussion
3.1. MGAT3 is predominantly upregulated by miRNAs in miRFIuR assay

To understand the role of miRNA in MGAT3 regulation, we conducted a high-
throughput miRFIuR assay to map the complete regulatory network of miRNAs for
MGAT3. Data analysis reveals that miRNA mediated upregulation is the most
dominant regulatory action of miRNAs on MGAT3. A library of 2601 miRNAs was
screened for the assay from which a total of 1542 miRNAs passed the quality control
process. In the final analysis, we identified 125 miRNAs hitting the cut-off for both
downregulation and upregulation (Appendix-5) which is 8% of the total miRNAs that
passed QC. We identified 15 down-miRs and 110 up-miRs in final dataset using our
cut-off. The number of down-miRs in the assay is surprisingly low in contrast to the
popular notion of miRNA mediated repression. Interestingly, we found a significant
number of miRNAs upregulating MGAT3 which is 88% of total miRNA hits. When
compared to TargetScan, one of the most used miRNA prediction algorithms, only two
down-miRs from the assay were predicted by TargetScan as miRNA hit for MGATS3.
On the other hand, 28 up-miRs from the assay were predicted by TargetScan but as
down regulatory miRNAs (context++ score >50). There are two miRNA hits found
from literature review- has-miR-23a-3p and has-miR-188-5p.*”*° However, both of
these miRNAs did not pass the QC in miRFIuR assay.

There are not many studies related to the miRNA-mediated gene activation
process. Very few studies reported miRNAs activating gene expression but most of

them were in quiescent cells or any other particular cellular state.'*'* However, from
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our assay, it is evident that miRNAs may activate gene expression in normal
proliferating cells. MGAT3 is responsible for catalyzing the addition of a bisecting
GlcNAc to the beta 1-4 linkage of core tri-mannose residue of N-glycan. Addition of a
bisecting GIcNAc is extremely significantly as it changes both the composition and
conformation of N-linked glycans. The presence of bisecting GlcNAc interferes with
other N-linked branching enzymes especially, MGAT5*->! which is highly associated
with tumor malignancies.’> miRNAs predominantly upregulating MGAT?3 may help us
to modulate the regulation of N-linked glycan branching in general to control tumor

malignancies.
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Figure 3-1: miRFIluR assay data analysis. A) The percentage of miRNA hits

compared to the total miRNAs that passed quality control process. B) Comparison of
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miRFIuR assay data with predicted hits from TargetScan for MGAT3. Only 30 miR
hits from assay matches with predicted hits from TargetScan that may interact with
MGATS3. Predicted hits from TargetScan represent context++ score percentile of >50.
C) Bar graph of miRNA hits for MGAT3. The data are normalized to NTC. Error bars

represent propagated error.

3.2 Selection of miRNAs for post-assay validation experiments

To validate miRFIuR assay data, we initially selected 16 miRNAs from the
miRFIuR dataset (Table-4). Five of them are down-miRs and eleven of them are up-
miRs. miRNAs were chosen on the basis of data obtained from miRFIluR assay and
literature review. Literature review of miRNA hits for MGAT3 revealed them to be
highly enriched in cancer pathways. For example, miR-876-5p has a tumor suppressive
role in breast cancer and hepatocellular carcinoma.”*=* It was also the highest hit for
MGATS3 downregulation in miRFIuR assay. In a recent study, miR-let-7g-5p has been
identified as a tumor suppressor and predictive biomarker for chemo-resistance in
human epithelial ovarian cancer.>® Interestingly, MGAT3 and corresponding bisecting
GlcNAc level has also been associated with poor survival of ovarian cancer patients.®

Among all the selected up-miRs, most significant ones are miR-661, miR-889-
5p, mIR-146b-3p, miR-212-5p, miR-124-3p, miR-92a-1-5p. All of them have been
associated with multiple cancer progression and metastasis. High level of miR-661 has

been identified in non-small cell lung carcinoma.>®>’

miR-889-5p is highly expressed
in hepatocellular carcinoma and has been linked with poor prognosis and cancer

metastasis. MGAT3 is a known suppressor for hepatocellular carcinoma. This indicates
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a potential role of this up-miR in regulating MGAT3 and corresponding bisecting
GlcNAc in liver cancer metastasis. miR-92a-1-5p is another significant up-miR which
is the ighest hit for MGAT3 upregulation in miRFIuR assay data. High expression of
miR-92a-1-5p has been linked with poor prognosis, increased cell proliferation and
metastasis of cervical cancer and osteosarcoma.’®>° It has also been reported to
suppress non-small cell lung carcinoma in a synergistic effect with miR-18a.°%! miR-
212-5p is associated with poor prognosis of breast cancer and have been identified to
upregulate a-2,6-sialic acid through direct miRNA-mRNA interaction.'®

Not all miRNAs selected for post-assay validation experiments were within the
cut-off. miR-544b (down-miR), miR-146a-3p (down-miR) and miR-221-5p (up-miR)
were chosen outside the cut-off. miR-544b and miR-146a-3p were just below the cut-
off. As MGAT?3 had a low number of down-miR hits, I wanted to test if the miRNAs
that did not meet the cut-off had any effect on MGAT3. miR-221-5p was chosen
because it was validated as an up-miR for ST6GALI in previous work from our lab.!®
miR-221-5p is highly expressed in pancreatic cancer and prostate cancer leading to

decreased survival %%

Table-4: Selected miRNA hit list of MGAT3 for post-assay validation experiments

miRNA Normalization over NTC Z-score

hsa-miR-876-5p 0.380980345 -2.35311
hsa-let-7g-5p 0.609172463 -1.60088
hsa-miR-3921 0.643201496 -1.48871
hsa-miR-544b 0.66227508 -1.42583
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hsa-miR-146a-3p 0.671871185 -1.3942

hsa-miR-221-5p 1.365773253 0.893218
hsa-miR-661 1.54861416 1.495945
hsa-miR-1289 1.566160006 1.553784
hsa-miR-146b-3p 1.839291916 2.454152
hsa-miR-212-5p 1.917495578 2.711947
hsa-miR-129-1-3p 1.930104976 2.753514
hsa-miR-124-3p 2.071235 3.218743
hsa-miR-1254 2.087367629 3.271923
hsa-miR-3135b 2329111195 4.068821
hsa-miR-889-5p 2.43548965 4.419493
hsa-miR-92a-1-5p 4.674151271 11.79915

3.3. Western Blot validation in mammalian cancer cell lines

To validate the miRFIuR assay data, we performed Western blot experiments
on three different mammalian cancer cell lines- HT29, A549 and PANC1. miRNA
mimics of selected assay hits (discussed in previous section) were overexpressed in
these particular cell lines through transient transfection and MGAT3 protein regulation
was checked through Western blot. The results showed majority of miRNA mimics
reproducing assay data in cancer cells. 16 miRNAs were tested in HT29 cell line where
hsa-miR544b, has-miR-146a-3p and hsa-miR-221-5p were also tested to check
whether miRNAs that did not make the cut-off have effect on protein regulation. The

results in HT29 cell line were completely in line with the assay data. In line with the
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previous works from our lab, MGAT3 was significantly upregulated by some up-miRs
in HT29 particularly by miR-92a-1-5p, miR-124-3p, and miR-889-5p when compared

to non-targeting control (Figure 3-2).
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Figure 3-2: Western Blot validation data in HT29. miRNA mimics of miRFIuR
assay hits were tested in HT29. A) and B) shows representative blots for MGAT3 (at
61 kD). D) Western blot quantification data in HT29. MGAT3 expression was
normalized to Ponceau and divided by the normalized signal of NTC. All experiments
were performed in biological triplicate. Errors shown are standard deviations. Paired t
test was used to compare miRs to NTC (ns: not significant, * p <0.05, ** <0.01, ***

<0.001).

MGATS3 protein regulation was seen to vary in PANCI cell line. Compared to

downregulation, upregulation of MGAT3 was more consistent with the assay result in
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however, statistical analysis did not find much significant data (Figure 3-3). miRNA
mimics are chemically synthesized exogenous molecule which in few cases may also
cause perturbation of bigger regulatory network causing disruption in gene regulation.
This is also crucial for the regulation of low abundance genes like glycogenes. For
example, several transcriptomic profiling of PANC1 and other pancreatic cancer cell
lines revealed very low expression of MGAT3. In contrast to transcriptomic data,
MGAT3 has been reported as one of the most significant and highly expressed
glycosylation enzymes (on protein level) in pancreatic cancer modulating the cancer
progression.*%4* The difference in transcriptomic and proteomics data in pancreatic
cancer is perhaps reflecting the presence of more complex regulatory network of
MGATS3 in pancreatic cancer that may result in a discrepancy of miRNA mediated

regulation on cellular level.
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Figure 3-3: Western Blot validation data in PANC1. miRNA mimics of miRFluR

assay hits were tested in PANCI1. A) and B) shows representative blots for MGAT3 (at
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61 kD). D) Western blot quantification data in PANC1. MGAT3 expression was
normalized to Ponceau and divided by the normalized signal of NTC. All experiments
were performed in biological triplicate. Errors shown are standard deviations. Paired t
test was used to compare miRs to NTC (ns: not significant, * p <0.05, ** <0.01, ***
<0.001).

In A549 cell line, I only tested six miRNA hits which also showed a consistent
result with miRIuR assay data except for miR-661 which showed a significant

upregulation of MGAT3 in HT29 (Figure 3-4).
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Figure 3-4: Western Blot validation data in A549. miRNA mimics of miRFIuR assay
hits were tested in A549. A) and B) shows representative blots for MGATS3 (at 61 kD).
D) represents Western blot quantification data in A549. MGAT3 expression was
normalized to Ponceau and divided by the normalized signal of NTC. All experiments
were performed in biological triplicate. Errors shown are standard deviations. Paired t
test was used to compare miRs to NTC (ns: not significant, * p <0.05, ** <0.01, ***

<0.001)
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Western blot data for MGAT3 in three different cell lines indicate miRNAs
may act as cell dependent manner for the regulation of target gene. To test the effect of
endogenous miRNAs on MGAT3 regulation, we next performed Western blot
experiment of anti-miRs in HT29. Anti-miRs or, antagomiRs are chemically
synthesized oligonucleotides designed to inhibit the effect of corresponding
endogenous miRNA in a biological environment. They are also known as hairpin
inhibitors of miRNAs. Anti-miRs of selected miRNAs were transfected into HT29 cells

and the MGATS3 protein level was evaluated (Figure 3-5).

a-876-5p a-let-7g-5p a-3921 a-544b a-146a-5p NTC NTC a-146b-3p a-92a-1-5p

— — — —— — . *

Normalized signal
o
=

Figure 3-5: Western blot validation data for anti-miRs. Anti-miRs were tested in
HT29 to evaluate the effect of endogenous miRNAs on MGAT3 A) representative blots
for anti-miRs. B) quantitative Western blot data for selected anti-miRs in HT29.
MGAT3 expression was normalized to Ponceau and divided by the normalized signal

of NTC. All experiments were performed in biological triplicate. Errors shown are
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standard deviations. Paired t test was used to compare miRs to NTC (ns: not significant,
*p<0.05, ¥ <0.01, *** <0.001). Anti-down miRs and anti-up miRs are color coded

as red and blue respectively.

The result indicates small amount of change in MGAT3 protein level in HT29
for all down-miRs and some of the up-miRs. miR-661 upregulated MGAT3 in HT29
significantly in Western blot. Transfecting HT29 with anti-miR-661 reverted the
protein regulation in statistically significant level. Loss of upregulation was also seen

for miR-92a-1-5p, miR-146b-3p, miR-124-3p.

34. RT-qPCR datain HT29 and A549 cell line

RT-qPCR analysis was performed in HT29 and A549 cell lines for selected
miRNAs to evaluate the effect of miRNAs on MGAT3 mRNA level. However,
transcript levels do not always accurately reflect protein abundance, particularly for
low abundance genes such as glycogenes and cell surface receptors. These genes are
known to have low transcript levels but high protein abundance. Therefore, changes in
transcript levels may not necessarily correspond to changes in protein levels in response
to microRNAs. In fact, the correlation between changes in transcript and protein levels
in response to microRNAs is much lower for these particular genes.® Intriguing results
have been observed in cells following perturbation, single cell study relating the
difference in protein abundance and transcriptomic level.®® Although the impact of
miRNAs on transcriptomic level is less significant compared to protein level, few

studies have reported that more highly repressed targets may exhibit higher level of
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mRNA destabilization.’

Our data revealed effects of miRNA MGAT3 mRNA level in both HT29 and
AS549 do not always correspond to the protein level upon as observed in Western blot
data. In Ht29, three up-miRs- miR-92a-1-5p, miR-146b-3p, and miR-1254 that
significantly increased the protein expression in Western did not have any effect on the
mRNA level which was also the case for down-miR let-7g-5p. In A549, data RT-qPCR
data was more in line with data from Western blot or miRFIuR assay. In summary, both
cases were observed where miRNAs are regulating both mRNA and protein level in
the same direction or impacting the protein level having no effect on mRNA level.

Although a higher error was noticed in both datasets.
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Figure 3-6: RT-qPCR data in HT29 cell line. A) represents RT-qPCR data in HT29.
Down-miRs and up-miRs are color coded in red and blue respectively. Data represents

summery of triplicate experiments. All samples were normalized to GAPDH as house-
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keeping gene then to NTC. Paired t-test was used to compare miRs to NTC (ns: not

significant, * p <0.05, ** <0.01, *** <0.001).
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Figure 3-7: RT-qPCR data in A549 cell line. A) represents RT-qPCR data in A549
cells. Down-miRs and up-miRs are color coded in red and blue respectively. Data
represents summery of triplicate experiments. All samples were normalized to GAPDH

as house-keeping gene then to NTC. Paired t-test was used to compare miRs to NTC

ns: not significant, * p <0.05, ** <(0.01, *** <0.001).
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3.5. PHA-E lectin staining detects bisecting GIcNAc level follows miRFIuR assay

Phytohemagglutinin from Phaseolus vulgaris (PHA-E) is highly specific for
biantennary N-glycans bearing bisecting GIcNAc which makes it a very useful reagent
in the field of glycobiology.®® We stained HT29 and A549 cell lines with fluorescein
conjugated PHA-E lectin to observe the miRNA regulatory impact on MGAT3. We
tested one down-miR and three up-miRs in HT29. hsa-miR-876-5p and hsa-miR-92a-
1-5p were the highest hits in miRFIuR assay for MGAT3 down-regulation and up-
regulation respectively. These miRNAs were also validated by Western blot analysis.
So we wanted to check whether the data reflects on the level of bisecting GlcNAc.
Additionally, we tested hsa-miR-661 and has-miR-124-3p. miR-661 showed the
highest upregulation of MGAT3 in Western blot analysis and miR-124-3p is one of the
most highly regulating miRNA, associated with multiple cancer pathogenesis primarily
acting as a tumor suppressing miRNA. I observed an increased level of bisecting
GlcNAc when cells were transfected with up-miRs and decreased bisecting GIcNAc
level for down-miR reflecting miRNA mediated regulation of MGATS3 protein (Figure
3-8).

Bisecting GlcNAc regulation in A549 cell line also reflects the miR-mediated
regulation of MGAT3 (Figure 3-9). miR-146b-3p which moderately upregulated
MGAT3 in Western blot analysis, highly increased the level of bisecting GlcNAc level
on cell surface level in A549. miR-146b-3p is considered as a prognostic biomarker in
lung cancer.®’ Overexpressing miR-146b-3p in A549 may have caused higher

regulation of MGAT3 resulting in higher synthesis of bisecting GIcNAc.
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Figure 3-8: PHA-E lectin staining of HT29 cells. Change in bisecting-GlcNAc level
is consistent with miRFIuR assay data. All experiments were performed in biological

triplicate. Up-miRs and down-miRs are color coded as blue and red respectively.
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Figure 3-9: PHA-E lectin staining of A549 cells. Change in bisecting-GlcNAc level

is consistent with miRFIuR assay data. Up-miRs and down-miRs are color coded as

blue and red respectively. All experiments were performed in two biological replicates.

3.6.  Site specific mutation of 3’'UTR sequence revealed miR-92a-1 Sp directly

binds to MGAT3 - 3’°UTR and mediate upregulation

The general impression of miRNA regulatory mechanism is that they finely
tune protein expression by repressing the target gene. In contrast, we have observed a
significant amount of miRNA-mediated upregulation in our assay. Although I have
validated the target gene expression at the protein level, it is important to determine the
binding interaction between miRNA and target mRNA to show direct interactions.

To test if the miRNA has a direct binding effect, I performed site specific
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mutation experiment on the pFmiR-3"UTR sequence of MGAT?3 and tested the sensor
against miRNA mimic. I focused on miR-92a-1-5p which is highly associated with
miR-mediated cancer pathways. miR-92a family has been identified as a potential
diagnostic biomarker for lung cancer.”’ miR-92a-1-5p is generally poorly expressed in
non-small cell lung cancer. Overexpression of this miRNA has resulted in promoting
invasion, metastasis and celluar proliferation of lung cancer, cervical cancer and
osteosarchoma.>*~617® miR-92a-1-5p upregulated MGAT3 in all three cell lines used in
validation experiments. It is also the highest hit for MGAT3 upregulation in miRFluR
assay.

To validate miR-92a-1-5p target site in 3’UTR of MGAT3, I analyzed their
sequences using RNAhybrid to identify the most stable prediction site. RNAhybrid
calculates the minimum free binding energy, also known as hybridization energy,
between the miRNA and target mRNA 3°UTR sequence and predicts the most stable
interacting sequence. Site predicted for miR-92a-1-5p and MGAT3 located at a site
position 2010 in the 3’UTR with a free minimum energy of -33.3 kcal/mol making it
highly stabilized. Unlike the canonical miRNA seed region (2-8 nucleotides at the 5’
end of miRNA), the site predicted by RNAhybrid did not show seed region
complementarity. The predicted site was also high in GC content unlike some studies
that reported the presence of AU rich region as a requirement for miRNA mediated
upregulation in quiescent cells.!* To validate the prediction site, I mutated all the
interacting base pairs of the 3’UTR region to the corresponding miRNA sequence in
the pFmiR-3’UTR plasmid. The mutated sequence was verified by Sanger sequencing.

I then tested the mutated sensor along with the original sensor against miR-92a-1-5p
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mimic in HEK293T cells. The result showed a significant loss of protein regulation by
miR-92a-1-5p upon mutation of the predicted binding site, confirming that miR-92a-

1-5p upregulates MGAT3 by directly binding to its 3’UTR.

+2036 +2065
A. MGAT3-3'utr 5’—G|G|G|CUGUGCAGCUGAGAGC(ﬁACUAC|C|UC—3’
miR-92a-1-5p 3 UCGUAA(|ZGI|L|JL|J|G|G(|ZLA----GGGU---UGGA---5

Mut-MGAT3-3’utr 5~ UCGUAACGAUGGCUA-—--- GGGU-—-UGGA-—-3'
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Figure 3-10: Site specific mutation analysis for miR-92a-1-5p. A) Represents the
binding site for miR-92a-1-5p in MGAT3-3” UTR sequence. The mutated sequence is
presented as Mut-MGAT3-3’UTR and mutated nuleotides are color coded as red. B) is
the miRFIuR analysis data for the mutated plasmid sensor compared with the wild type
pmiR-MGAT3-3’UTR plasmid sensor. miRNA mediated regulation is normalized over

NTC. Data representative of three biological replicates.
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Chapter 4: Conclusion

Here we aimed to generate a complete miRNA regulatory map for miRNA-
MGATS3 interaction by using newly developed miRFIluR assay. miRNA targets have
been often seen to mimic the biological function of the corresponding miRNA hits.
Leveraging this hypothesis we would be able to predict the biological function of
MGAT3 once a complete miRNA-MGAT3 interactome is established. First we created
a genetically encoded dual color fluorescent plasmid sensor for the 3’UTR sequence of
MGAT3. By transfecting the sensor in HEK298t cells with a miRNA library of ~2700
miRNAs, we were able to create a high-throughput “Omics™ approach in miRNA
regulation study. miRFIluR assay revealed MGATS3 to be predominantly upregulated
by miRNAs. There are very few studies related to miRNA mediated upregulation of
gene expression as opposed to the general impression of miRNA mediated gene
repression. A smaller number of luciferase assays were conducted for POT1, PTEN,
MXI1 and other cancer related genes where miRNA mediated upregulation was
observed. However, they were cancelled out as noise.”! In previous works from our lab,
miRNA mediated upregulation was observed and validated for BAGLCT, ST6GALI
and ST6GAL2. miRFIuR assay findings for MGAT3 also revealed significant amount
of miRNA-mediated upregulation of MGAT3. The miRFIuR assay finding for up-miRs
is significantly important. For downstream validation experiments, these up-miRs were
given special consideration.

Next we validated miRFIuR assay in three different mammalian cancer cell
line - HT29, A549 and PANCI1. Western blot data for selected miRNA mimics was

consistent with assay data except for PANCI. To our surprise, all up-miRs were found
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to upregulate the MGATS3 protein level in HT29 and A549 cell lines indicating this
may be a general regulatory mechanism of miRNAs. Next we performed RT-qPCR to
evaluate the impact of miRNA hits on MGAT3 mRNA level. Transcriptomic level and
protein level of a gene do not always go in accordance. As expected, we saw variation
in mRNA levels for both up-miRs and down-miRs. We also tested the effect of
endogenous miRNAs on MGATS3 protein level in HT29 by using the hairpin inhibitors
of selected miRNAs. miRNA hairpin inhibitors or anti-miRs are designed to
competitively block the action of endogenous miRNA. Theoretically, if the endogenous
miRs actually bind with target MGAT3, then we will observe a negative regulation for
anti-up-miRs and positive regulation of anti-down miRs. The data showed a varied
regulation for both anti- up and down miRs. The highest repression was observed for
anti-miR-661 in HT29 cells. Interestingly, miR-661 was seen to highly upregulate
MGAT3 in HT29. PHA-E lectin staining of HT29 and A549 cells also revealed that
the level of bisecting-GlcNAC imitate the miR-mediated regulation of MGAT3 for
both up and down miRs. The data indicates that miRNA mediated upregulation also
impact on the synthesis of bisecting-GlcNAc¢ and may modulate the disease pathways.
To verify if miRNA mediated upregulation occurred by directly binding to the

3’UTR sequence, we created a mutated sensor for miR-92a-1-5p. This is the highest
hit for MGAT3 among the up-miRs in miRFIuR assay. The mutated sensor was tested
against miR-92a-1-5p mimic in the assay comparing with the wild type sensor. The
data revealed a significant loss of protein regulation in case of mutated sensor
indicating miR-92a-1-5p indeed possesses a direct binding effect on MGAT3 to

mediate upregulation.
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Most of the miR hits from the assay data are highly enriched in cancer
pathways. Up-miRs such as, miR-92a-1-5p, miR-661, miR-146b-3p were identified in
association of cancer progression and metastasis of lung cancer, cervical cancer,
osteosarcoma.’®%%’ Another up-miR-124-3p is one of the most highly regulating
miRNA and was identified to suppress the metastasis and invasiveness in breast cancer
and hepatocellular carcinoma.”’> MGAT3 was also reported as tumor suppressor and
hepatocellular carcinoma. MGAT3 deficient tumor cells were associated with poor
survival rate and prognosis. Higher expression of MGAT3 has been related to poor
prognosis in ovarian and cervical cancer as well as colorectal cancer.’®’**” MGAT3
has also been reported to inhibit tumor metastasis by targeting growth signaling
pathway, EMT pathway.”>’® Apart from cancer pathways, aberrant regulation of
MGATS3 has also been associated with Alzheimer’s disease. miRFIuR assay data
indicate the possibility of miRNAs having much larger role in regulation of MGAT3
specially through upregulation. The study of miRNA mediated upregulation may help
us to control the dysregulation of MGATS3 in certain disease types.

Glycosylation enzymes play key role in many cellular functions. But they are
often underrepresented due to their complex structure and low expression. Through our
work, we have shown that miRNAs can modulate the expression of MGAT3 in both
directions. This new mechanism of miRNA regulation can be very significant for genes
like MGAT3 that need a very tight regulatory control to not disrupt the cell
homeostasis. On the other hand, by mapping a complete miRNA-mRNA interactome
for MGAT3 will help us to leverage the use of miRNAs as proxy and decode the

underlying mechanism of MGAT?3 regulation in disease pathways.
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Appendix-1. 3’UTR sequence of MGAT3

AGCTGCATGATCTGATAGGGTTTGTGACAGGGCGGGGGTGGCGGCGGCCCCTAGCGCTATCTCCCTGCCTCCTGCC
GGCTCCTTGGTTCTTGAGGGGACCAGGAGTGGGTGGGGAGTGGGGGTGGGGGTAGGGTTTCCCTACTGAAGCCCT
TGTGAATCAAGGGTCAGGCCTTTGAGCTCAGAAAATATCCCTCCTGTTGGGAGAGGGCGCAGGCCGTGACGTCTG
GGTGGCCCTTATGACTGCCAAGACTGCTGTGGCCAGGAGGTGCCACTGGAGTGTGCGTGGTGGTCCCTGGGTAGC
GGGGGAGGGTAGGCAGGATTGGGGAAGAGAGCCTGCAGGATCTCACCAGGCAGCCTCTGGGGGGTGGCCAGGCC
GGGAAAAAGCCCACCATTTGGCATCCCTGGGCCTTGGGCTCCGTGTGGGAGACCGGCCTGCCAGGAGGACCCAGG
GCTCTGTAAGTAGATGCATTTGGGTCCAGGAGGAAGCGTGGACACCTCGTAGGGAAGAGATGAAAAAGCCACAT
CCTACCAAGAGGAGGTGCTGAGGGATGCTTTGCAGTGTAGTCAGAAGTGCTGGGCCAGATGGAGACAGAACTCC
ACCCCCTGCCGCAAAGGACAGGACCTGGCTGCCCTGGGATGCTGGTGCCTGAGTCTGTCTCTGTGCACCCCTCAGG
CTGTCGTGAGCCAACACAGGGGCCTGGAGAACCCTGAGGAGCTTTCCTTTTGGTTCTAAACCCGGCGTTGACGTTC
CTTCTCCCTTTCACATTGCTGTCTTGTGGACTGTGCACTCAGTCCTTGCAAGGCCAAGAGTCCAGTTGTAGGTGTGG
CCTTGAGGGGGAAGTGGGGAGGAGAAGACTGACATGAGTCCTCTGCACGGATCCGTCTCTCCCTCCCCATCACCC
CTTCCTTCTGACACCCAGTCCCAGCTGTCCACTGTCCCAGGTGCAGTCACTGTTGTGCCCTTCCTTGGGGCAGGCTG
GCTGGGGGCCAGAAAGGGGCCATGAGGCTGTCTTGGGCCCAAAAAGGGACAATAAGGCCAGTTGTATGCTTCCTG
TTCCTCATAGCTTGCCTTGGTGGGGATGTCTTTGTTGGAGTTGATTCTGAGCTGCTGTGATTAGGAGACCCTGAAA
TACAGTGGTTTAAGCAAGATGGAAGCTTGTTTCTAATTAGTCTAGATTGAGATGGCCCAGAGCTGGTAGGGCAGC
TCTGCGTTTCTTCATACGCACCTTCCAATTCTGGGTACACAGCGGCTGCTCCAGCGCCCACCCTCCTGTGTGCATCC
AAGCCTGGGGGAAGCAGAAATAGACAAGAGGGCACACCCACTTTTTGCTAAAGGCATGAGCCAGAATTGGCAGG
CTCACCTCTGCTGGCCTCTCATTGGCTGGGACTCAGTCACATGGCCACAAGCAGCTGCTAGGGAACCTGGGAAGT
GTAGTCTTCAGCGGGGCCGCCATGTGCCTGGCCTCACCTTGGGAGTTATCTTATTGATGGAGGAGAAGAGAATGG
ATATGGGGGACCAGTAGCATCTCTGGGAGAGGGGGAGGGAGCAGCAATAACTCAGTCGTCGGATCCAGCTCTCAT
TGTCAGAGTTTCCGGAACAGCTTGCTCCTGTTTCCCTCACTGTGCAGCCCAGGGCTGGGGGCAGTGAGGAGCTTGC
AGCTCTGTGGGAAGGGGAAACACCCCCTCCCCTCGGCCCCTCAGACGCTACCCAATGATGCCGGTTTGCAGAGTT
GGCCTGTGGAATGGCTCATGTTTGTGCGTGTGTGTGTGTATATTTATGGGCATGGGTGCATGCTTGGTGTGTATTTG
TACATGTCTGTATTGCTGTGTCCCTGTAAATACATGCTTGTGTATGGATGGAAGAGGCCAGGCCCAGGCCTGGCCT
CTTCCTCGGGCCTGTGGCCACACCTCCTGCAGCTCCCCAAAATGACTGAGGCAGAAAGCCCTTGGGGAGCCTAGA
AAGCAAAGCTAAAGGGGATGCAGGGTCTGTCTGTCTGTCTGTCTTTCAGTCTGAGGAATGAGAATCCTGACCTGA
GGGCTGTGCAGCTGAGAGCCCACTACCTCCCCAGCCCCTCTCGGCCCCAGCCGCATCATCCCACCTGTCCCCTCCC
CCCCACCTCCAGTGGGGCTTTCTCCAGATGTCTTATGGTTGGGGGTTTCCTGATGGGCCAGGAGAGGAGGGCATCT
TCTTGCGACAGCACTGTCTGGGTTAAGTGCCCAGTGAGGGCATGGTGTGGGGAGCTGGCCTCAGAGGAGCCGCTG
GTGGGCAAGCGTGAAGTGGGCTGAGGGGCTCTGAGCCACTTTGCTCCCATCTAGGGGACTGCCCCCCATGGAACT
CCTTTGAAGTCACAGCAGCCTTCCTTTCTGTTTGCTCTTGGGGCTGAGAGGTGGCTCAAACACTCGGGGTCCCTAT
GGCTCTGGGTCAATCTAGGCCAGGCTGCACCCCATGGACAGGGAGTCTCAGGGCTCCTGATCATGCCCAGGCCCT
GGCCTGGGGCCTCCCTCCTTGGCAGCTTTCCCACCCCCACGCCCCTGGCATCCTCAGTTGCTATGGGATGCCCCTC
CAGGGCACCAGCTCAGGGCTAAGCGAAGGAAGATAGGAGCAGCTCAGAGCTGCCAGGCTCTGCCTTCCTCACAG
ACCTGGTGGGGCAGGTCCTGTTCACAGCAGCAGGAGTGAAGGCCTGGCCATCGGTGGAGAGGGCAGCTGTCAGA
GGGCTGGGGGCCAGGGCACAGGATTGAAGAGTTTCACATATCATCACAGCATACACTGGGAATTTGGTGGGGGCA
GAAGAACCCAGGGCCACTCCCTCAATATGAAGGGAAACCAAGCTGAATGTGACCACCGGCACACTGCTGCCATGT
CCCATGTCCACCTTTCTCCCCGGGAATAACTGGCCCTGAGACCCCTAGACCCAAGGAGGCCTGTCCATGCCAAGC
ATCCGGGAAGCATGGCTGGCCTTATCCACCCATGGGTCACGTCGGTTCCCAGGGGCAGCATGGGAGATCTTTGGG
GGCAACAGGGAGAGTCTGGGTGGGGAGACGGGACTTGTCCAAGCAGAAGGCAGGACCCTGGGAAATGCATAATG
TAAGGACATCAATAATAGTATTATTTTTTTTGTAAGGGAAAATCAATATGTACATTCTGAAATCATTTTCTCTGTAA
ATGGTTGGATTTCATTTCACCCTTAAAGGGATGCTTAAAGGAGAAGATAATATTAATAATAAAAACAGCTACAAA
GTCTGAA
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Appendix-2. MGAT3-3’ UTR mutated sequence

AGCTGCATGATCTGATAGGGTTTGTGACAGGGCGGGGGTGGCGGCGGCCCCTAGCGCTATCTCCCTGCCTCCTGCC
GGCTCCTTGGTTCTTGAGGGGACCAGGAGTGGGTGGGGAGTGGGGGTGGGGGTAGGGTTTCCCTACTGAAGCCCT
TGTGAATCAAGGGTCAGGCCTTTGAGCTCAGAAAATATCCCTCCTGTTGGGAGAGGGCGCAGGCCGTGACGTCTG
GGTGGCCCTTATGACTGCCAAGACTGCTGTGGCCAGGAGGTGCCACTGGAGTGTGCGTGGTGGTCCCTGGGTAGC
GGGGGAGGGTAGGCAGGATTGGGGAAGAGAGCCTGCAGGATCTCACCAGGCAGCCTCTGGGGGGTGGCCAGGCC
GGGAAAAAGCCCACCATTTGGCATCCCTGGGCCTTGGGCTCCGTGTGGGAGACCGGCCTGCCAGGAGGACCCAGG
GCTCTGTAAGTAGATGCATTTGGGTCCAGGAGGAAGCGTGGACACCTCGTAGGGAAGAGATGAAAAAGCCACAT
CCTACCAAGAGGAGGTGCTGAGGGATGCTTTGCAGTGTAGTCAGAAGTGCTGGGCCAGATGGAGACAGAACTCC
ACCCCCTGCCGCAAAGGACAGGACCTGGCTGCCCTGGGATGCTGGTGCCTGAGTCTGTCTCTGTGCACCCCTCAGG
CTGTCGTGAGCCAACACAGGGGCCTGGAGAACCCTGAGGAGCTTTCCTTTTGGTTCTAAACCCGGCGTTGACGTTC
CTTCTCCCTTTCACATTGCTGTCTTGTGGACTGTGCACTCAGTCCTTGCAAGGCCAAGAGTCCAGTTGTAGGTGTGG
CCTTGAGGGGGAAGTGGGGAGGAGAAGACTGACATGAGTCCTCTGCACGGATCCGTCTCTCCCTCCCCATCACCC
CTTCCTTCTGACACCCAGTCCCAGCTGTCCACTGTCCCAGGTGCAGTCACTGTTGTGCCCTTCCTTGGGGCAGGCTG
GCTGGGGGCCAGAAAGGGGCCATGAGGCTGTCTTGGGCCCAAAAAGGGACAATAAGGCCAGTTGTATGCTTCCTG
TTCCTCATAGCTTGCCTTGGTGGGGATGTCTTTGTTGGAGTTGATTCTGAGCTGCTGTGATTAGGAGACCCTGAAA
TACAGTGGTTTAAGCAAGATGGAAGCTTGTTTCTAATTAGTCTAGATTGAGATGGCCCAGAGCTGGTAGGGCAGC
TCTGCGTTTCTTCATACGCACCTTCCAATTCTGGGTACACAGCGGCTGCTCCAGCGCCCACCCTCCTGTGTGCATCC
AAGCCTGGGGGAAGCAGAAATAGACAAGAGGGCACACCCACTTTTTGCTAAAGGCATGAGCCAGAATTGGCAGG
CTCACCTCTGCTGGCCTCTCATTGGCTGGGACTCAGTCACATGGCCACAAGCAGCTGCTAGGGAACCTGGGAAGT
GTAGTCTTCAGCGGGGCCGCCATGTGCCTGGCCTCACCTTGGGAGTTATCTTATTGATGGAGGAGAAGAGAATGG
ATATGGGGGACCAGTAGCATCTCTGGGAGAGGGGGAGGGAGCAGCAATAACTCAGTCGTCGGATCCAGCTCTCAT
TGTCAGAGTTTCCGGAACAGCTTGCTCCTGTTTCCCTCACTGTGCAGCCCAGGGCTGGGGGCAGTGAGGAGCTTGC
AGCTCTGTGGGAAGGGGAAACACCCCCTCCCCTCGGCCCCTCAGACGCTACCCAATGATGCCGGTTTGCAGAGTT
GGCCTGTGGAATGGCTCATGTTTGTGCGTGTGTGTGTGTATATTTATGGGCATGGGTGCATGCTTGGTGTGTATTTG
TACATGTCTGTATTGCTGTGTCCCTGTAAATACATGCTTGTGTATGGATGGAAGAGGCCAGGCCCAGGCCTGGCCT
CTTCCTCGGGCCTGTGGCCACACCTCCTGCAGCTCCCCAAAATGACTGAGGCAGAAAGCCCTTGGGGAGCCTAGA
AAGCAAAGCTAAAGGGGATGCAGGGTCTGTCTGTCTGTCTGTCTTTCAGTCTGAGGAATGAGAATCCTGACCTGA
CTACCTCCCCAGCCCCTCTCGGCCCCAGCCGCATCATCCCACCTGTCCCCTCCCCCCCACCTCCAGTGGGGCTTTCT
CCAGATGTCTTATGGTTGGGGGTTTCCTGATGGGCCAGGAGAGGAGGGCATCTTCTTGCGACAGCACTGTCTGGGT
TAAGTGCCCAGTGAGGGCATGGTGTGGGGAGCTGGCCTCAGAGGAGCCGCTGGTGGGCAAGCGTGAAGTGGGCT
GAGGGGCTCTGAGCCACTTTGCTCCCATCTAGGGGACTGCCCCCCATGGAACTCCTTTGAAGTCACAGCAGCCTTC
CTTTCTGTTTGCTCTTGGGGCTGAGAGGTGGCTCAAACACTCGGGGTCCCTATGGCTCTGGGTCAATCTAGGCCAG
GCTGCACCCCATGGACAGGGAGTCTCAGGGCTCCTGATCATGCCCAGGCCCTGGCCTGGGGCCTCCCTCCTTGGCA
GCTTTCCCACCCCCACGCCCCTGGCATCCTCAGTTGCTATGGGATGCCCCTCCAGGGCACCAGCTCAGGGCTAAGC
GAAGGAAGATAGGAGCAGCTCAGAGCTGCCAGGCTCTGCCTTCCTCACAGACCTGGTGGGGCAGGTCCTGTTCAC
AGCAGCAGGAGTGAAGGCCTGGCCATCGGTGGAGAGGGCAGCTGTCAGAGGGCTGGGGGCCAGGGCACAGGATT
GAAGAGTTTCACATATCATCACAGCATACACTGGGAATTTGGTGGGGGCAGAAGAACCCAGGGCCACTCCCTCAA
TATGAAGGGAAACCAAGCTGAATGTGACCACCGGCACACTGCTGCCATGTCCCATGTCCACCTTTCTCCCCGGGA
ATAACTGGCCCTGAGACCCCTAGACCCAAGGAGGCCTGTCCATGCCAAGCATCCGGGAAGCATGGCTGGCCTTAT
CCACCCATGGGTCACGTCGGTTCCCAGGGGCAGCATGGGAGATCTTTGGGGGCAACAGGGAGAGTCTGGGTGGG
GAGACGGGACTTGTCCAAGCAGAAGGCAGGACCCTGGGAAATGCATAATGTAAGGACATCAATAATAGTATTATT
TTTTTTGTAAGGGAAAATCAATATGTACATTCTGAAATCATTTTCTCTGTAAATGGTTGGATTTCATTTCACCCTTA
AAGGGATGCTTAAAGGAGAAGATAATATTAATAATAAAAACAGCTACAAAGTCTGA
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Appendix-3. PHA-E lectin staining in A549 cell line
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PHA-E lectin staining in A549 cell line. Change in bisecting-GIcNAc level is
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consistent with miR-mediated up and down regulation of MGAT3. Up-miRs and down-
miRs are color coded as blue and red respectively. Cells were treated with PNGaseF

enzyme prior to verify the staining of bisecting GIcNAc.

Appendix-4. PHA-E lectin staining in HT29

o ...

PHA-E lectin staining in HT29. Change in bisecting-GIcNAc level is consistent

with miR-mediated up and down-regulation of MGAT3. Up-miRs anddown-miRs are
color-coded as blue and red respectively. Cells were treated with PNGaseF enzyme

prior to verify the staining of bisecting GIcNAc.
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Appendix-5: List of miRNA hits for MGAT3 in the miRFIuR assay

miRNA Normalization over NTC Z-score

hsa-miR-876-5p 0.38098 -2.35311
hsa-let-7g-5p 0.609172 -1.60088
hsa-miR-3921 0.643201 -1.48871
hsa-miR-661 1.548614 1.495945
hsa-miR-1289 1.56616 1.553784
hsa-miR-146b-3p 1.839292 2.454152
hsa-miR-212-5p 1.917496 2.711947
hsa-miR-129-1-3p 1.930105 2.753514
hsa-miR-124-3p 2.071235 3.218743
hsa-miR-1254 2.087368 3.271923
hsa-miR-3135b 2.329111 4.068821
hsa-miR-889-5p 2.43549 4.419493
hsa-miR-92a-1-5p 4.674151 11.79915
hsa-miR-4434 0.404793 -2.27461
hsa-miR-4460 0.543127 -1.8186

hsa-miR-4709-3p 0.556351 -1.77501
hsa-miR-6875-3p 0.562321 -1.75533
hsa-miR-5100 0.595801 -1.64496
hsa-miR-1269a 0.605405 -1.6133

hsa-miR-4536-5p 0.631214 -1.52822
hsa-miR-432-3p 0.635394 -1.51445
hsa-miR-125a-5p 0.636496 -1.51081
hsa-miR-4764-5p 0.63942 -1.50117
hsa-miR-122-5p 0.654305 -1.45211
hsa-miR-3691-5p 0.656438 -1.44508
hsa-miR-6832-3p 1.532196 1.441822
hsa-miR-1238-3p 1.532811 1.44385

hsa-miR-223-5p 1.535026 1.451151
hsa-miR-361-5p 1.537228 1.458412
hsa-miR-1256 1.539574 1.466145
hsa-miR-1306-3p 1.54531 1.485052
hsa-miR-3679-3p 1.54669 1.489603
hsa-miR-548ae-3p 1.547477 1.492196
hsa-miR-877-5p 1.549 1.497216
hsa-miR-4649-5p 1.551428 1.505222
hsa-miR-4722-3p 1.552085 1.507385
hsa-miR-342-5p 1.55333 1.511492
hsa-miR-630 1.558231 1.527647
hsa-miR-766-3p 1.560197 1.534126
hsa-miR-767-5p 1.562354 1.541238
hsa-miR-574-5p 1.563649 1.545508
hsa-miR-329-5p 1.565202 1.550626
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hsa-miR-617 1.566998 1.556545
hsa-miR-3186-3p 1.567691 1.558831
hsa-miR-361-3p 1.569855 1.565963
hsa-miR-597-5p 1.573642 1.578448
hsa-miR-574-3p 1.576869 1.589085
hsa-miR-1228-3p 1.579112 1.596481
hsa-miR-6789-5p 1.581066 1.602921
hsa-miR-663b 1.587861 1.625321
hsa-miR-8081 1.591082 1.635939
hsa-miR-6504-5p 1.595132 1.649289
hsa-miR-5092 1.596288 1.6531
hsa-miR-200b-5p 1.596898 1.655109
hsa-miR-3163 1.602341 1.673055
hsa-miR-4650-5p 1.602686 1.67419
hsa-miR-548h-3p 1.612655 1.707053
hsa-miR-4268 1.613386 1.709463
hsa-miR-132-5p 1.623876 1.744043
hsa-miR-4732-3p 1.630792 1.76684
hsa-miR-4693-5p 1.636494 1.785638
hsa-miR-6502-3p 1.637094 1.787616
hsa-miR-6076 1.639407 1.79524
hsa-miR-4652-5p 1.640143 1.797665
hsa-miR-6744-3p 1.651578 1.835362
hsa-miR-4707-5p 1.65813 1.85696
hsa-miR-4740-3p 1.669992 1.896061
hsa-miR-5010-3p 1.672801 1.905323
hsa-miR-219b-5p 1.677102 1.9195
hsa-miR-5193 1.677279 1.920085
hsa-miR-5590-3p 1.688818 1.95812
hsa-miR-3154 1.691382 1.966573
hsa-miR-4667-5p 1.691633 1.967399
hsa-miR-151b 1.692238 1.969397
hsa-miR-3176 1.702083 2.00185
hsa-miR-6886-5p 1.708752 2.023832
hsa-miR-421 1.709957 2.027806
hsa-miR-4435 1.720565 2.062775
hsa-miR-4778-5p 1.727564 2.085846
hsa-miR-5702 1.732885 2.103387
hsa-miR-6723-5p 1.746261 2.14748
hsa-miR-4690-5p 1.751317 2.164148
hsa-miR-135b-3p 1.756436 2.181022
hsa-miR-1231 1.767392 2.217138
hsa-miR-4754 1.772049 2.232488
hsa-miR-18b-3p 1.784172 2.272453
hsa-miR-3181 1.787377 2.283018
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hsa-miR-4749-5p 1.790093 2.291969
hsa-miR-6855-5p 1.797519 2.316448
hsa-miR-3128 1.802085 2.331501
hsa-miR-4800-3p 1.803963 2.337693
hsa-miR-4666b 1.816292 2.378334
hsa-miR-6850-5p 1.840217 2.457201
hsa-miR-4725-5p 1.853643 2.501459
hsa-miR-4795-5p 1.866374 2.543426
hsa-miR-3926 1.879387 2.586322
hsa-miR-4785 1.886119 2.608515
hsa-miR-4749-3p 1.89837 2.648901
hsa-miR-7-2-3p 1.90384 2.666932
hsa-miR-4747-3p 1.914069 2.70065

hsa-miR-4467 1.915511 2.705404
hsa-miR-4697-3p 1.920371 2.721427
hsa-miR-488-5p 1.923402 2.731419
hsa-miR-5685 1.927115 2.743658
hsa-miR-372-3p 1.942605 2.794718
hsa-miR-1226-5p 1.95357 2.830864
hsa-miR-4789-5p 1.98895 2.947494
hsa-miR-23b-5p 1.989137 2.948112
hsa-miR-3922-5p 2.012974 3.026689
hsa-miR-4707-3p 2.019163 3.04709

hsa-miR-548au-5p 2.039283 3.113415
hsa-miR-449b-5p 2.054087 3.162216
hsa-miR-634 2.084458 3.262332
hsa-miR-3193 2.093941 3.293592
hsa-miR-3184-5p 2.157327 3.50254

hsa-miR-3192-5p 2.185694 3.596053
hsa-miR-4255 2.199637 3.642014
hsa-miR-1180-3p 2.235002 3.758595
hsa-miR-4524a-3p 2.235838 3.76135

hsa-miR-4720-5p 2.305796 3.991964
hsa-miR-506-3p 2.648716 5.122384
hsa-miR-30c-1-3p 2.663032 5.169577
hsa-miR-196a-3p 2.736287 5.411058
hsa-miR-4470 3.290954 7.239495
hsa-miR-3123 3.377701 7.525455
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Appendix-6: Ponceau images of Western blots in HT29
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Appendix-7: Ponceau images of Western blots in A549
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Appendix-8: Ponceau images of Western Blots in PANC1:

"-——_—-.__ - — —

NTC  let-7g 3921 544b 876-5p 146a-3p

71



876-5p 146a-3p 544b 3921 let-7g-5p NTC

- —— — — — ‘
. .
.

- ®
- = ., -
| — | — - —
——

3135b 1254 1288 146b-3p 889-5p NTC

NTC  889-5p 146b-3p 1289 1254  3135b

72



