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Abstract

Sialylation is a crucial post-translational modification that covalently attaches sialic acid
to glycoproteins and glycolipids, and is driven by a superfamily of enzymes -called
sialyltransferases (STs). Alterations in sialylation have been identified in different biological
contexts including cancer biology (transformation, progression and malignancies); immunology
(cellular communication, cell signaling); infectious dieases (host-pathogen interactions); and
neurodegenerative disorders. The expression levels of STs directly impact the cellular sialylation
content through which they in turn affect cell normal physiological and pathological status. Protein
homeostasis, the balance of proteins, is tuned post-transcriptionally. microRNA (miRNA, miR)
mediate protein expression via direct interactions with corresponding transcript, mainly with 3'
untranslated region (3'UTR). In my Ph.D. journey in the Mahal laboratory, I aim to address the

query of “how human sialylation is regulated by miRNA?”

In Chapter 2, the miRNA regulatory landscape of a-2,6-sialyltransferases (i.e., ST6GAL1
and ST6GAL2) were profiled using a ratiometric fluorescence assay called “miRFIuR”.
Unexpectedly, the analysis reveals a bidirectional tuning of protein expression by miRNA: the
inhibition of translation and protein upregulation. The observed miRNA-mediated protein
expressions were validated across different cancer cell lines for their impact on protein, mRNA of
ST6GALI and ST6GAL2, and «-2,6-sialylation levels. Direct miRNA: 3'UTR interactions,
predicted by RNAhybrid or Targetscan, confirmed via mutating the interacting nucleotides and
testing WT and mutant pFmiR sensors using miRFIuR assay. The scope of the newly discovered
miRNA function, protein upregulation in actively dividing cells, were then expanded to co-

upregulation of functionally associated proteins by microRNA, a story described in Chapter 3 for
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co-upregulation of a-2,3-sialyltransferases, ST3GAL1, ST3GAL2 and their glycoprotein substrate
CD98hc. The three proteins were recently found to be functionally correlated in melanoma. In
Chapter 3, my analysis showed that microRNA cooperatively upregulate either
CDO98hc:ST3GALT1 or CD98he:ST3GAL2 protein pairs in melanoma cell lines. The direct impacts
by miRNA on the protein co-regulation is confirmed by mutational analysis of the corresponding

3'UTRs.

In Chapter 4, the miRNA modulatory axis of another member of ¢-2,3-sialyltransferases,
ST3GALS, was examined. While its miRNA regulation has been partially investigated by the
Mahal laboratory, I screened the potential human miRNA interactome over ST3GALS 3'UTR via
the high-throughput miRFIuR assay. ST3GALS initiates the ganglioside biosynthetic pathway by
providing GM3 substrate for other glycosyltransferases to extend the glycan chain on lipids.
Intriguingly, miRNA were identified to mediate both ST3GALS expression and cell surface GM3

epitope in different cancer cell lines.

Apart from sialyltransferases, a key enzyme that impacts cellular sialylation levels is
CMAS. This enzyme is responsible for providing activated substrate (CMP-sialic acid) for
sialyltransferases, accordingly, it can impact both cellular CMP-sialic acid content and sialylation.
In Chapter 5, miRNA were identified to both down- and up-regulate CMAS expression as well as

sialylation via direct miRNA: CMAS 3'UTR interaction.

Together, my Ph.D. dissertation may help to expand our current understanding of the

regulation of sialylation as well as microRNA biology.
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Chapter 1

Introduction



1.1 Introduction to sialic acid

Alterations in glycosylation patterns as a hallmark of disease was first described in 1951,
however, the molecular details and underlying mechanisms were poorly understood!?. Advances
in genomics, proteomics and glycomics have enabled the association of specific glycan structures
with disease states. Among the glycans whose changes are associated with transformation between
physiological and pathological states are Sialic acid (SA, sia, NeuSAc). Sialic acid is named after
its acidity (pKa = 2.6) derived from the salvia®*. This term is given to three parental molecules N-

acetyl neuraminic acid (Neu5Ac), N- glycolylneuraminic acid (Neu5Gc), and 2-Keto-3-
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Figure 1.1 Biosynthetic pathway of sialic acid in human.



deoxynononic acid (KDN). The family of sialic acids includes 50 different derivatives, the most
prevalent derivative in humans is Neu5Ac*?. Of note, the ability to biosynthesize Neu5Gec is lost
due to a mutation in the CMP-Neu5Ac hydroxylase (CMAH) gene in human®. In my Ph.D. thesis,
I focused on human biology, thus, the term “sialic acid” will be used in this thesis to refer to
Neu5Ac, rather than other derivatives. Sialic acid, a nine-carbon glycan, is biosynthesized through
multi-step enzymatic reactions (Figure 1.1). Glucosamine (UDP-N-acetyl)-2-epimerase/N-
acetylmannosamine kinase (GNE) is a bifunctional enzyme catalyzing the conversion of UDP-
GlcNAc to N-acetylmannosamine-6-P. This reaction comprises two steps: 1- epimerization of
GlcNAc of UDP-GIcNAc at C-2 and cleavage of the UDP moiety to result in N-
acetylmannosamine (ManNAc); 2- Formation of ManNAc-6-P, which consumes adenosine
triphosphate (ATP). N-acetylneuraminic acid Synthase (NANS) facilitates the condensation of
phosphoenolpyruvate with ManNAc-6-P through an aldol condensation to form N-
acetylneuraminic acid-9-P. Next, the phosphate is removed by /N-acetylneuraminate-9-
phosphatase (NANP). Finally, the sialic acid is transported to the nucleus where Cytidine
monophosphate N-acetylneuraminic acid synthetase (CMAS) activates sialic acid, forming
Cytidine monophosphate sialic acid (CMP-sialic acid, CMP-Neu5Ac). The activated precursor is
then imported into the Golgi by an energy-independent nucleotide sugar antiporter called Solute

carrier family 35 member Al (SLC35A1)° (Figure 1.1).

1.1.1 Regulation of engymes involved in sialic acid biosynthetic pathway
Gene regulation occurs across central dogma: DNA (i.e., epigenetics) transcribed to RNA
(post-transcriptional control), RNA translated to protein (post-translational control), ultimately

impacting cellular phenotypes” (Figure 1.2).
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Figure 1.2 Several gene regulation levels across central dogma.

Numerous evidence indicates that the expression levels of enzymes involved in SA
pathway impact cellular content of sialic acid, accordingly, the protein expression regulation of
these enzymes can directly affect cell sialylation status and corresponding biological processes.
For example, in adult-onset GNE myopathy (caused by mutation in enzymatic domains of GNE),
reduced sialylation is observed in mouse models. One could argue that salvage pathways can
provide sialic acid from degraded glycoproteins. GNE-deficient mice have early embryonic
lethality, indicating the significance of sialylation during development!®!!. Oetke, C., et. al,
showed that a hypo-sialylated phenotype is caused by downregulation of GNE messenger RNA
(mRNA) through DNA methylation of its promoter region (e.g., CpG island) in two human
hematopoietic cell lines. In this work, the GNE mRNA, GNE enzymatic activity and cell surface
sialic acid are repaired using “5-aza-dC” compound which is a DNA methylation inhibitor (5'-aza-
2'-deoxycytidine)'?. The hypermethylation of GNE CpG promoter is also reported in HIV-1-

infected CEM T cells'. Also, nans is an essential gene for brain development as well as skeletal



growth. Mutations in nans impairs NANS enzymatic activity, leading to accumulation of N-
acetylmannosamine in vivo'®. Together, these examples indicate the prominent roles of epigenetics
regulation of enzymes involved in the SA metabolic pathway. To date, there is no report on
miRNA-mediated expression regulation of SA biosynthetic enzymes. For the first time, I will

discuss miRNA-mediated regulation of CMAS expression in Chapter 5.

1.1.2 Sialylation by Sialyltransferases

Sialylation is a major biosynthetic pathway through which CMP-Neu5Ac is transferred
onto oligosaccharide acceptors to generate N- or O-glycans and gangliosides. In human, 20
different sialyltransferases (STs) use CMP-NeuSAc served as their donor to transfer NeuSAc to
glycan acceptors terminated with Gal, GalNAc, or NeuSAc residues' (Figure 1.3). Mammalian
sialic acids can be linked to the 3- or 6-hydroxy group on Gal, 6-hydroxy group on GalNAc and
8-hydroxy group on NeuSAc. The position of hydroxyl group on Gal, GaINAc, or NeuSAc residues
where sialic acid is bound defines three different linkages: a-2-3, a-2-6, and a-2-8, based on which
STs are categorized into 4 main families: ST3--galactoside-a-2,3-sialyltransferases (ST3GALs
with 6 members), ST6-3-galactoside-a-2,6-sialyltransferases (STOGALs with 2 members), ST6-
N-acetylgalactosaminidase-a-2,6-sialyltransferases (ST6GALNAcs with 6 members), and STS8 a-
N-acetyl-neuraminide 0-2,8-sialyltransferase (ST8SIAs with 6 members)'>!6. Each of the
sialyltransferases has distinct expression profiles even within a sub-family, for instance, STO6GAL1
is expressed throughout the human body, whereas ST6GAL?2 expression is known to be limited to
brain, breast, and colon!”!®, Different structures of sialosides resulting from STs activities play
specific biophysical roles in biological processes including masking recognition sites'® and/ or
recognized by receptor proteins and serve as ligands?’, which can impact the cell physiological

and pathological states.
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Figure 1.3 General sialoside linkages in human.

1.1.3 Regulation of Sialyltransferases

Gene regulation provides cell-specific expression patterns of proteins, herein,
sialyltransferases®!. In this section, a few key works were briefly described to show roles of
transcriptional regulation in defining sialyltransferases expression patterns in different biological
contexts (e.g., cancer and immunology). The transcription of st6gall, as one of the most cancer-
associated sialyltransferases, is coordinated by four cell type-specific promoters (P1-P4), driving
different 5' untranslated regions (5'UTR)?!. P1 and P3 are shown to drive ST6GAL1 upregulation

in cancer cells*%23,

Dorsett, K. A., et. al., reports that transcription factor, Sox2, upregulate
ST6GALI expression by binding to its P3 promoter in ovarian cancer cell lines?*. In another work,
the Bertozzi laboratory demonstrated that Myc transcription factor drives st6galnac4 expression.
ST6GALNAc4 transfers sialic acid to sialyl-T antigen, forming disialyl-T antigen which causes

tumor immune escape by engaging human Siglec-7 on macrophages, suggesting Myc contributes

to tumorigenesis via controlling host immune response>*



1.2 Sialic acids as regulators of molecular and cellular interactions

The biological function of sialic acid is mainly driven by their intrinsic structural
properties. Carrying a negatively charged carboxyl group contributes to the degree of
hydrophilicity of cellular membrane, thereby regulating different biological processes including
cell-cell communication. This makes cells use sialic acid as a tool to contact with their
microenvironment. While there are biophysical effects, the sialic acid linkages provide specificity
in biology and pathology. Glycome profiling of normal versus disease (e.g., tumor or infected
patients) samples using lectin microarrays clearly shows distinct patterns of sialic acid linkages,
showing that sialylation patterns are context dependent®>2. The pivotal role of sialylation is known
in almost every aspect of cell biology>?’, therefore, changes in cellular sialic acid content, in a
linkage specific manner, can have a substantial impact in the mechanisms of disease pathogenesis,

including those operating in nervous system embryogenesis and disease?®°, inflammation3%3!,

32,33 34,35

infection’>¥, autoimmunity***>, and cancer biology?®*¢. In addition, a compelling body of
evidence highlights the tremendous potential of sialic acid as valuable diagnostic, predictive and

prognostic biomarkers in several clinical applications. Some of them will be discussed.

1.2.1 Examples of sialic acid regulation in cancer biology and immunology

Sialyltransferases contribute to the definition of the sialylation patterns of normal and
tumor cells. High levels of sialic acid suggest high metastatic capacity in many types of cancers®’.
Figure 1.4 shows some of roles of sialyltransferases in cancer: transformation (ST6GALI in
Pancreatic Ductal Adenocarcinoma (PDAC)?*%; ST3GAL4 in Cervical cancer®), progression
(ST3GAL2 in Colon Adenocarcinoma (COAD)*; ST3GAL1 and ST3GAL2 in melanoma®*!),
metastasis (ST6GALI in: Breast Cancer (BRCA)*?, Non-small Lung Cancer (NSLC)*, Ovarian

Cancer (OVCA)?**, Prostate Cancer (PCa)*, and Hepatocellular Carcinoma (HCC)*®; ST3GALLI



in melanoma*” and OVCA*; ST6GALNAcI in Gastric cancer*®), survival (ST6GAL1 in COAD;

ST3GALS5 in Lung Cancer (LUAD)’!; ST3GAL1 & ST3GAL4 in PDAC?®), and breast metastasis

to brain (STOGALNAc5%?). Some of these studies will be discussed in Chapters 2-5. In this
Chapter, I describe examples of sialyltransferases’ roles in cancer biology and immunology.
Functional analysis of clinical samples identified a-2,6-sialyltransferase STOGALNAcS as a
mediator for brain metastasis of breast cancer. STOGALNACcS is known to be highly expressed in
brain both in human and mice®2. This study shows 50% of brain metastatic samples from breast
cancer patients (MDA231-BrM2 and CN34-BrM2 cells) are enriched in Sambucus Nigra lectin
(SNA) staining in compared to parental MDA231 and CN34 cells. Of note, st6galnac5 messenger
RNA level was found to be higher in brain metastatic derivatives in compared to parental cell lines,
which could result from differential post-transcriptionally regulation in normal and brain
metastasis states®?. Another regulatory axis driven by sialic acid is Sialic acid-binding
immunoglobulin-like lectins (Siglec)/sialic acid thay are considered as a glycoimmune
checkpoint?®. Tumor cells upregulate sialic acid on their surface, as an inhibitory marker, to
engage Siglec on immune cells, dampening host immune response and promoting tumor cell
survival. For instance, the Kooyk laboratory reports that monocyte to macrophage differentiation
is induced by the upregulation of tumor-derived sialic acid (by the action of ST3GAL1 and

ST3GAL4) and their interactions with Siglec-7 and Siglec-9 in PDAC cells*® (Figure 1.4).

1.2.2 Therapeutic aspect of sialic acid in cancer
Cell surface sialylation patterns undergo selective changes in normal physiology and
pathological states. Sialic acid, as terminal glycans on glycoconjugates, coordinate cellular

interactions via binding to different receptors®. Siglecs are a family of immunomodulatory



receptors which are predominantly express on immune cells and modulate their communications

with cellular microenvironment via binding to the terminal sialic acid-containing ligands expressed

normal cells
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Figure 1.4 Identified roles of sialyltransferases in cancer. Sialyltransferases roles in cancer
developmental process from normal cells to cancer cells (transformation), progression, and either invasion/
migration to a secondary site (metastasis) or immune trapping (apoptosis).

on either the same (cis) or different (trans) cells. The majority of Siglecs: sialic acid interactions
provoke immune cell signaling through Siglecs’ cytoplasmic immunoreceptor tyrosine-based

inhibitory motif (ITIM) domains®*. Such interactions are considered as self-associated molecular



patterns which occur under normal physiology. As mentioned earlier, tumor cells can trick immune
cells via expressing sialic acid on their surface, and engaging Siglec receptors on the immune cell

surface, resulting in immune scape and tumor survival*®>,

From therapeutic standpoint, tumor immune evasion drived by Siglec: sialic acid
interactions have drawn specific attentions. Gangliosides, sialylated glycosphingolipids, comprise
~75% of sialic-acid containing ligands in human brain?®. GD2 is a disialoganglioside, which is
highly expressed on tumor cells in neuroblastoma®®. This epitope binds to Siglec-7 which is
expressed on immune cells (e.g., macrophages and NK cells). GD2: Siglec-7 axis suppresses
immune cell activity via its cytoplasmic ITIM domain. This interaction is blocked using anti-GD2

antibody, inhibiting Siglec-7’s suppressive effects on the immune system®’.

Moreover, sialic acid can mask the ligands for other regulatory proteins called “galectins”
which are a family of soluble glycan-binding proteins, and can reprogram innate and adaptive
immune systems®®>°. Galectin-1 (Gal-1) binds to the N-acetyllactosamine [GalB(1-4)GIlcNAc,
LacNAc] moiety on cell surface glycosylated ligands, controlling several immune cell processes
including activation, differentiation, trafficking, and survival. ST6Gall counteracts Gal-1 activity
through «-2,6-sialylation, and masking Gal-1 ligands. Therefore, the altered expression of
ST6Gall impacts Gal-1 activity, potentially altering intestinal inflammatory status'®. Given that
sialoside levels with distinct patterns (a-2,3, a-2,6, a-2,8; with or without further modifications,
such as acetylation®*!) drives various events within cellular microenvironment, understating the
regulation of these motifs is vitally important. As shown earlier in Figure 1.2, gene regulation
occurs in the flow of transferring genetic information in central dogma, one of them is post-

transcriptional miRNA-mediate protein expression regulation.

10



1.3 Introduction to microRNA

microRNAs (miRNA, miR), small (~ 22 nucleotides (nt))
non-coding RNAs, are master regulators of protein
expression®?. In human, the canonical miRNA biogenesis
comprise a multi-step pathway which starts in the nucleus
(Figure 1.5). RNA polymerase II transcribes primary
miRNAs (pri-miRNA) from protein coding region of a
transcript or a non-coding region®. It next converts to a
stem-loop structure called ‘‘pre-miRNA” through the
actions of a complex of proteins®, followed by exporting to
the cytoplasm by Exportin-5. In the cytoplasm, Dicer cuts
the loop, generating a miRNA duplex with two strands:

¥65, The resulting

“star strand” and “passenger strand
duplex is loaded into an Argenaute (AGO) protein which is
concomitant with changes in AGO conformation, and
requires Hsp70/Hsp90 chaperone machinery and their ATP
hydrolysis. AGO retains one strand called “guide strand”,
and discards the second one called “ passenger strand”,
resulting in a functional mature miRNA within a complex
called RNA induced silencing complex (RISC). Now,
miRNA within the RISC complex binds to its cognate
mRNA (mainly on its 3' untranslated region (3'UTR)) to

result in post-transcriptional regulatory impact®®.

11
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1.3.1 AGO2 and TNRC6A: the two core components of RISC complex

The RISC complex comprises different components: guide strand of miRNA, target
mRNA, AGO?2 protein, and other RNA binding proteins (RBP). Our current knowledge about the
RBPs involved in the RISC function is incomplete. I describe the two most-studied RBPs
associated with the RISC complex: AGO and TNRC6 proteins. Human cells have four different
isoforms of AGO proteins which share ~80% amino acid sequence identity®’. AGO?2 is the most
well-studied paralog due to its unique features: it is the most abundant AGO paralog in different
cell types®®, and is thought to be the only AGO paralog with the “slicing” function®®. The
miRNA:AGO complex binds to a scaffolding protein which is the second well-known RISC
complex RBP called trinucleotide repeat containing 6 (TNRC6, also known as GW182). This
protein has three different human paralogs: TNRC6A, TNRC6B, and TNRC6C which have ~40%
amino acid sequence identity’®. All paralogs bind to AGO2 via three AGO-binding domains, each
contains >2 tryptophan (Trp, W) amino acids, and are separated by >10 amino acids. TNRC6, as
a scaffolding protein, recruits other proteins, constructing the high molecular weight RISC

7173, miRNA loaded in the RISC complex mediate post-transcriptional regulation of target

complex
transcript via either target mRNA degradation or translation inhibition®>¢. Of note, in Chapter 2,

I tested AGO2 and TNRC6A impacts within the context of a novel story that we found.

1.3.2 Cognate microRNA: 3'UTR interactions

The interaction between miRNA and its cognate 3'UTR is thought to rely on specific
binding patterns and are considered to drive mRNA destabilization or translation inhibition®. The
complementarity between cognate miRNA: mRNA pair is primarily thought to be the 7-8 nt at the
5'-end of the mature miRNA, known as the “seed region” which is the most likely predictor of

cognate miRNA: mRNA interactions’ (Figure 1.6). Soon after, miRNA scientists found that
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complementarity binding between target mRNA and miRNA 3'-end can occur within positions
13-16 of the mature miRNA, compensating for imperfect pairing at the seed region (3'-end of
miRNA)”. To this end, prediction algorithms including targetscan, RNAhybrid, miRanda consider
seed complementarity and/or the thermodynamic stability of miRNA: mRNA interactions.
Scientists use bioinformatics to identify transcript targets of a single miRNA. The miRNA is then
introduced (either in vitro or in vivo) to a target and further analysis can be performed using

different experimental techniques.

target MRNA 5' 3

MIRNA 3" s
~Re

RBPs

miRNA Binding Site Patterns

Supplementary Seed Compensatory Imperfect
pairing match pairing Seed match
—_—N — N

(IIITTTRL ITTITTY _5"3' 9008004 707

-5

Figure 1.6 miRNA: 3'UTR interaction patterns for miRNA-mediated downregulation.

1.3.3 Investigation of microRNA: 3'UTR interaction

Human cells express 2654 mature miRNAs (miRbase v. 227%), each can bind to hundreds
of messenger RNAs, predominantly to 3'UTR regions®®. Given the importance of post-
transcriptional regulation in controlling cellular homeostasis, for instance, by maintaining protein
expression, it is crucial to understand the miRNA regulatory landscape. To this end, research
groups employ different methods to survey miRNA-mediated gene regulation. The luciferase

assay is the first reporter assay that was designed, and widely used by many researchers for
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studying cognate miRNA: mRNA direct interactions. This system requires Luciferase vector
construction containing Renilla luciferase vector (rLuc) cloned downstream of either Sp6 or T7
RNA polymerase binding sites for in vitro transcription. The target 3'UTR is cloned downstream
of rLuc, co-transfected with the miRNA into mammalian cells”’. Although this method is widely
used for investigating miRNA: 3'UTR interactions, it can only be operated in a moderate
throughput format due to the intrinsically laborious steps, such as cell lysis and expensive reagents.
A need for mapping miRNA-mediated regulation of a target transcript, in a high throughput
format, motivates research groups to design new platforms. The high throughput miRFIuR assay
is a recently introduced dual fluorescence ratiometric method created by the Mahal laboratory, by
which we can test the entire human miRNAome against a target 3'UTR®. This assay contains three
main components: a dual fluorescence sensor called “pFmiR” embedded with target 3'UTR
(pFmiR-3'UTR), human miRNA library, HEK293T cells (Figure 1.7). In the pFmiR-3'UTR
sensor, the target 3'UTR is cloned downstream of the reporter fluorescence protein, Cerulean. A
second fluorescent protein, mCherry, is also integrated in the sensor as a control for transfection.
The Cerulean fluorescence intensity is lower for those miRNAs hitting target 3'UTR, with a
concomitant reduction in the normalized fluorescence ratio. This assay is conducted in a 384-well
plate format which enables us to analyze the complex regulatory landscape of the entire known
human miRNAome for a single gene in a high-throughput format without further experimental
manipulation’®. T took advantage of this assay in my Ph.D. projects, and will further discuss this
in the rest of this dissertation. It is worth noting that for each target transcript, I tested the most

prevalent 3'UTR as denoted in the Targetscan database’.
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Figure 1.7 miRFIluR assay components. This assay contains (a) pFmiR-3'UTR sensor and (b) human
miRNA library which will be transfected to HEK293T cells.

1.4 microRNA modes of actions in normal physiology and pathology

microRNA are found to have different modes of action through which they mediate various
biological processes in normal physiology and disease state. From a functional standpoint, miRNA
activity is pleiotropic. They can act as a tumor suppressor or an oncomiR (oncogenic miRNA) in
different biological contexts. These tiny RNAs can act either individually or can they control
protein expression in cooperation with other miRNAs. 1- Act in a singular manner: miR-155-5p
(processed from BIG transcripts) acts with distinct functional roles as both oncomiR and tumor
suppressor’?%°, As an oncomiR, it was first discovered to be upregulated in B-cell lymphoma8!#2,
Activated B cells showed on average 3-fold higher tumor cells positive for BIG transcript in
comparison with germinal center B cells®!#2, As a tumor suppressor, miR-155-5p downregulates
CLDNI (claudin-1) via direct interaction with its 3'UTR, inhibiting proliferation and invasion of

Ovarian cancer cells®. 2- Act within a network with other miRNAs: several miRNAs can act
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cooperatively to exert their impacts on expression levels of functionally associated proteins. A
standout example of this can be miR-200 family cooperative roles in controlling epithelial to
mesenchymal transition (EMT). This is a family of 5 members (encoded by two separate genomic
loci, resulting in two subfamilies: miRs: -141, -200a and miRs: -200b, -200c, -429). In each sub-
family, miRNAs have an identical seed region. The miR-200 family is expressed in most epithelial
cells and their expression is dampened in order for EMT to ensue. EMT, an embryonic
development program, is a mechanism by which many cancer cells increase their migratory and
invasive capacities®®. Peng, F., et. al., showed miR-200b/200c inhibit the invasion and migration
of cholangiocarcinoma cancer (Bile Duct Cancer) by downregulating rho-kinase-2 via direct
miRNA: 3'UTR interactions®>. 3- Act within a network with alternative molecules: miRNA can be
involved in functional networks with other regulatory molecules including long non-coding RNAs
(IncRNAs)% and transcription factors®”#8, For example, Cdrlas is a circular RNA whose function
is known to dampen neuronal activity in mice®’. miR-7 and miR-671 cooperatively mediate the
inhibition of Cdrlas expression. Cyrano is a IncRNA which can trigger the miR-7 degradation in
the brain, leading to the accumulation of miR-7 target, Cdrlas®. These examples clearly highlight
the functional roles of microRNAs in regulating protein expression in both normal and disease
states. In my Ph.D. dissertation, we asked whether miRNA regulate sialosides. In seeking
understanding the regulation of sialylation, I focused on the profiling miRNA regulatory landscape

of human sialic acid-related genes.

1.4.1 microRNA as a proxy approach for identifying roles of glycosylation
Unlike nucleic acids and proteins, glycan biosynthesis is not directly template-driven.
Rather, it is intrinsically controlled at multiple levels including monosaccharide compositions,

linkage patterns, and further modifications (phosphorylation, sulphation, etc.)?®. Glycosylation
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regulates central pathways in human physiology and diseases®’. A better understanding of
glycosylation regulation can provide useful insights of underlying mechanisms in human health
and disease. An integrated analysis for glycomics and miRNA expression datasets identified
regulatory networks between miRNA and different glycosylation patterns (Tn and T-antigens,
terminal B-GalNAc, hybrid-N-glycans, and blood group B), suggesting functional impacts by

miRNAs on glycosylation patterns®>?3

. In 2015, the Mahal laboratory proposed miRNA proxy
hypothesis, stating that miRNA and its cognate target(s) may drive the same biological
phenocopies. This hypothesis was first tested for uncovering the glycosylation network regulation
in breast cancer”. In this work, the Mahal laboratory showed that miR-200b-3p, EMT mediator,
controls the protein expression of B3GIcT ( Beta-3-glucosyltransferase), ST3GALS,
ST6GALNACc5%. Knocking down each of the glycogenes phenocopies the overexpression of miR-
200b-3p including returning mesenchymal to epithelial states®. This work shows miRNA-

mediated regulation can be considered as a proxy approach to identify the biological functions of

glycosylation proteins.

1.5 Aims of dissertation

In the Mahal laboratory, my Ph.D. journey is focused on investigating miRNA-mediated
regulation of sialylation. It begins with a simple question of “whether miRNA regulate a.-2,6-sialic
acid” (Chapter 2), then extended to address “do they control ct-2,3-sialic acid” (Chapters 3 & 4),
and ultimately, to further explore miRNA-mediated sialylation, I target the key enzyme in sialic

acid biosynthetic pathway, CMAS (Chapter 5).

In Chapter 2, using miRFIuR assay, the 3'UTRs (the most predominant miRNA binding
sites) of STOGAL1 and ST6GAL2 were screened over the human miRNAome in a high throughput

format. The canonical view of miRNA function in proliferating cells is that miRNA destabilize
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mRNA or inhibit protein translation via direct interaction with 3'UTR. During my analysis, we
serendipitously found that miRNA predominantly upregulate STO6GAL1 expression. I found that
miRNA upregulating ST6GALI level also increases c-2,6-sialic acid on target cell surface. This
study showed ST6GAL2 is mostly downregulated by miRNA. The binding sites for a subset of
upregulatory miRNAs were validated by mutating nucleotides on predicted miRNA binding sites
on target 3'UTRs, indicating that the observed upregulation is via direct miRNA: 3'UTR
interactions. Furthermore, 1 identified that AGO2 and FXR1 (RNA binding proteins) are

indispensable for upregulatory machinery of miRNA.

In Chapter 3, I expanded our understanding of the newly discovered role of miRNA,
protein upregulation, during studying the miRNA-mediated gene regulation of ST3GAL1 and
ST3GAL2. The miRNA regulation was tested in different levels: mRNA, protein, and functional
assay for ST3GALI1/2 (lectin staining of a-2,3-sialylation). Previous collaborative work from the
Mahal and Hernando laboratories identified CD98hc (s/c3a2) as an essential gene in melanoma
growth whose stability is ensured upon a-2,3-sialylation by ST3GALI and ST3GAL2. Given that,
I tested a hypothesis whether the observed correlation between three proteins is post-
transcriptionally mediated by miRNA. To this end, I mapped the CD98hc, ST3GAL1 and
ST3GAL2 miRNA regulatory landscapes. Comparison of all three miRNA datasets: ST3GALI,
ST3GAL2, and CD98hc reveals several upregulatory miRNAs between either CD98hc: ST3GAL1

or CD98hc: ST3GAL2. The miRNA: mRNA interactions were evaluated via mutational analysis.

In Chapter 4, I focused on miRNA regulation of gangliosides. Among different genes
modifying gangliosides, we chose to study ST3GALS gene regulation using the miRFIuR assay.
Several miRNA: 3'UTR interactions of ST3GALS5 have been tested using the luciferase assay,

providing us with miRNA-mediated ST3GALS regulation in metastatic breast cancer: EMT and
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migration. Given the newly found role of miRNA, protein upregulation, and the importance of
GM3 synthase (ST3GALS) in different cancer types, I took advantage of the high throughput

format of miRFIuR assay to examine human miRNA interactome over ST3GALS 3'UTR.

In Chapter 5, the miRNA regulatory landscape of CMAS was investigated. It is known that
the CMAS levels can impact the sialylation patterns in human as it provides the activated precursor
for sialyltransferases. The miR hit list identified to regulate CMAS expression was examined over
endogenous CMAS expression in different cancer cell lines. This project is further explored for

potential impacts by miRNA targeting CMAS on cellular sialylation status.
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Chapter 2

High-throughput Analysis Reveals miRNA Upregulating a-2,6 Sialic

Acid through Direct miRNA: mRNA Interactions
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This chapter is adapted from: “ACS Cent. Sci. 2022, 8, 11, 1527-1536".
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2.2 Introduction
The terminal monosaccharide a-2,6-sialic acid is one of the most studied glycan motifs,

96,97

with clear roles in immunolo , infectious disease®?, and cancer biology?®%-1%°  This
Yy

modification is biosynthesized by a family of two enzymes: ST6-B-galactoside-a-2,6-
sialyltransferase-1 (ST6GALI), expressed throughout the human body, and ST6-3-galactoside-a-
2,6-sialyltransferase-2 (ST6GAL2), predominantly seen in brain, thyroid gland and colon'”-13:101-
104 (Figure 2.1). ST6GALI is a well-characterized o-2,6-sialyltransferase that is upregulated in
almost all cancer types, except bladder cancer'?®. In addition, it is known that ST6GALI1 and the
resulting a-2,6-sialic acid alter the physiological and pathological states in immune system”%27-1%6,
DNA damage response!?’. Despite the vital roles of a-2,6-sialic acid in the phenotypic features of

various diseases?6-9%-104.108

, insufficient attention has been paid to the mechanisms responsible for
the regulation of this motif. To date, different research groups have studied ST6GALI regulation
by transcription factors?*19-11° however, the questions that I try to answer in this chapter: How a-

2,6-sialyltransferses regulated post-transcriptionally? and How this may impact their post-

translational regulation? have not been addressed.
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Figure 2.1 a-2,6-sialylation by ST6GAL1 or ST6GAL2.
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Figure 2.2 Tissue expression map for ST6GAL1 and ST6GAL?2.

microRNAs (miRs, miRNAs) are master regulators that tune protein expression through
modulation of mRNA. The tiny non-coding RNAs (~22 nucleotides) are thought to be post-
transcriptional repressors, binding to the 3'UTR of mRNA and causing mRNA destabilization

and/or loss of translation®®'!!

. To study miRNA-mediated gene regulation, existing reports
generally rely on choosing miRNA predicted by available algorithms (e.g., Targetscan’,
PicTar!'?) for miRNA target identification, and further study of cognate miRNA: mRNA
regulation in selected biological contexts is used to validate the inhibition of target protein
expression!>115, However, this method has two disadvantages: 1- the prediction tools for miRNA
target interactions suffer from a high level of false positive target prediction’®!16, 2- the method is
low-throughput (single miRNA) and cannot provide a comprehensive analysis for miRNA-
mediated target regulation. Luciferase assays, which require cell lysis and expensive reagents!!?,

contain a reporter luciferase mRNA downstream of which a 3'UTR of interest is appended to verify

a predicted miRNA:3'UTR interaction site. This method has been used to screen the potential
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miRNA regulation at a moderate-throughput!!'®. To explore miRNA-mediated gene regulation in
a high-throughput format, the Mahal laboratory has recently created a high-throughput miRNA
Fluorescent Ratiometric reporter assay (miRFIuR)’®. In this assay, the human miRNAome is
provided in 24 x 384 well plates containing miRNAs in triplicates. Using the liquid handler
equipment, this assay is conducted in a high-throughput format and a time-efficient manner,
providing us with a miRNA hit list which results from comprehensively screening the whole

human miRNA: 3'UTR interactome (Figure 2.3).
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Figure 2.3 miRFluR assay workflow.

This assay uses a genetically-encoded ratiometric sensor called “pFmiR” which contains
the fluorescent protein Cerulean under the control of the 3'UTR of the protein of interest, and a
control fluorophore mCherry. The pFmiR sensor is transfected into HEK-293T cells along with a

human miRNA library in 384 well plates (2,601 miRNA mimics, Dharmacon, v21) (Figure 2.4).
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In this Chapter, I applied the high-throughput miRFIuR assay to map miRNA regulation of
ST6GALI and ST6GAL2. Together, this chapter provides a comprehensive survey into post-
transcriptional gene regulation of o-2,6-sialyltransferases by miRNAs which can be further

explored for biomarker discovery and targeting a-2,6-sialic acid in disease state.
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Figure 2.4 miRFIuR assay results in three distinct miRNA: 3'UTR interaction outcome. miRFIuR
assay compromise pFmiR sensor, miRNA library, and HEK293T cells. The assay results are categorized
to “No effect”, “Repression”, or “Activation”.
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2.3 Results

2.3.1 Mapping gene expression regulation of a-2,6-sialyltransferases

To map miRNA-mediated gene regulation of a-2,6-sialyltransferases, I first cloned the
most prevalent 3'UTR of ST6GAL1 (2750 kb) or STO6GAL2 (5078 bp) in the pFmiR sensor,
followed by testing human miRNome against each sensor individually through the high-
throughput miRFIuR assay’® (Figure 2.5). Using the miRFIuR assay, miRNA regulatory landscape
for ST6GALI1 (Figure 2.6a-c) and STO6GAL2 (Figure 2.6d-f) were mapped for the most prevalent
3'UTR of the corresponding transcript’?. Data analysis is discussed in detail in Section 2.6.4.
Briefly, miRNAs with high error of measurement (>15% for STOGAL1 and >14% for ST6GAL2)

were all removed, resulting 2,161 miRNAs for STO6GALI and 2,166 miRNAs for ST6GAL?2 (out
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Figure 2.5 pFmiR sensor maps. (a) pFmiR-ST6GAL1 sensor. (b) pFmiR-ST6GAL?2 sensor.

of 2601 total miRNAs screened). This represents 4% of the miRNA screened over STOGALI1
3'UTR (Figure 2.6a), and 3% of the miRNA tested for ST6GAL2 3'UTR (Figure 2.6d) which
passed QC. A z-score of +£1.965 (i.e., 95% confidence interval) results in 69 miRNA hits for
ST6GAL1 (Figure 2.6¢) and 62 miRNA hits for ST6GAL2 (Figure 2.6f). Surprisingly, data
analysis revealed an unexpected result, namely that most miRNAs impacting ST6GALI1
upregulate the enzyme in proliferating cells. Upregulatory miRNAs (up-miRs) were also observed
for ST6GAL?2, although in this case, it was not their major mode of action. The high-throughput
miRFIuR assay data indicates that upregulation by miRNA may be a common function of these

tiny non-coding RNAs in actively dividing cells.

The majority of miRNA regulating ST6GAL1 (76%, 50 up-miRs, Figure 2.6b) were found
to be activating (>1.4 fold change), indicating that the primary roles for miRNA are target-
dependent. In contrast to STOGALI, the majority of hits for STOGAL2 (69%, 40 down-miRs,
Figure 2.6e) were downregulatory miRNAs (down-miRs), suggesting the predominant mode of
miRNA regulation is target dependent. Given the different expression patterns of ST6GAL1 and
ST6GAL2 across the human body, they may have substrate specificity. For example, Siact2-
6GalB1-4GIcNAc (Sia6LacNAc) trisaccharide results from ST6GALI activity. Mice lacking

ST6GALLI
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Figure 2.6 miRFIluR assay result for a-2,6-sialyltransferases. (a) Pic chart representing percentage of
hits observed from miRNA library for ST6GALI. (b) Pie chart representing percentage up- vs. down-miRs
seen in hits. (¢) Bar graph of miRNA hits for ST6GAL1. Data is normalized to non-targeting control (NTC).
(d) Pie chart representing percentage of hits observed from miRNA library for STOGAL?2. (e) Pie chart
representing percentage up- vs. down-miRs seen in hits. The miRFIuR assay results were obtained 48 hours
post-transfection. (f) Bar graph of miRNA hits for ST6GAL2. Star represents a known hit'"’. Data is
normalized to non-targeting control (NTC). Error bars represent propagated error.

showed severe immunosuppression, revealing an essential immune function of ST6GALI1 via a-
2,6-sialylation of N-glycan served as a ligand for CD22 (Siglec-2)”’. While ST6GALI is not
expressed in brain tissues'?’, ST6GAL?2 expression is limited mainly to brain'°!. Herein, no overlap

in either upregulatory or downregulatory miRNAs (up-miRs and down-miRs, respectively) was
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observed between the two enzymes’ miRNA hit lists. The distinct lists of miR hits identified for
ST6GALI1 and ST6GAL2 may be due to their definite biological functions resulting from their

tissue-specific expression patterns?6-9-101:104,

2.3.2 miRNA upregulate ST6GALI and a-2,6-sialylation in cancer cells

ST6GALLI is upregulated in almost all cancer types. It has been shown that both ST6GAL1
and «a-2,6-sialic acid level are increased in tumors in compared with normal tissues?*%*-!%, Given
the roles of ST6GALI and «-2,6-sialylation in tumor initiation and progression, I aimed to test
whether up-miRs drive enriched ST6GAL1 expression in cancer cells. To test whether our
miRFIuR assay is representative of regulation for the actual enzyme ST6GAL1, The miRFIuR data
is validated for a subset of hits (4 down-miRs, 8 up-miRs). As upregulation was a surprising
finding, we validated twice the number of up-miRs and prioritized miRNA with known roles in
the literature!'?!-124, To ensure that the newly discovered miRNA function is reproducible across
cell types, I tested different cancer cell lines including A549 (lung), PANCI (pancreatic), and HT-
29 (colon) (Figure 2.7). Consistent with previous work’®, the miRFIuR assay accurately identified
regulation of ST6GAL1 by miRNA. Overall, up- and down-miRs had the anticipated impact on
ST6GALLI protein levels. Although a few cell-specific differences was observed, most notably for
down-miRs (miR-499a-5p, miR-216a-3p), in all cases the expected result was observed in at least

one cell line, validating the accuracy of the miRFIuR assay.

The regulatory processes occurring post-transcription result in a substantial difference
between the abundance of an mRNA and its corresponding protein. miRNA function post-
transcriptionally through de/stabilizing of mRNA or bypassing transcription and impacting
translation level, meaning that miRNA can potentially affect protein level without having impact

on the corresponding mRNA level'?. T tested ST6GALI mRNA regulation by a select subset of
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miRNAs in cancer cells (A549, PANCI1, HT-29). The results indicate that the response at the
mRNA level was often discordant with protein levels and showed a high dependency on the cell
(Figure 2.7). The results follow data from multiple studies showing discrepancies between mRNA

transcript and protein levels’9%125:126,
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Figure 2.7 miRNAs control STO6GALI1 expression at the protein level. (a-f) Regulation of STOGAL1 by
down- and up-miRs in A549 (a-c), PANCI (d-f) and HT-29 (g-i) cell lines. (a, d, g) Western blot analysis
of STO6GALI for indicated miRNAs in A549 (a), PANCI (d), and HT-29 (g, MW: molecular weight) cells.
(b, e, h) Quantification of Western blots of ST6GALI in a, d, g. Cells were transfected with miRNA mimics
or non-targeting control (NTC, 50 nM, 48 h). In each cell line, a representative blot is shown. ST6GALI1
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expression was normalized by Ponceau and divided by the normalized signal from NTC. miRNAs indicated
in figure (blue: up-miR, red: down-miR). (¢, f, i) RT-qPCR analysis for expression of ST6GALI mRNA
by individual down- and up-miR in A549 (c), PANCI (f) and HT-29 (i) cell lines. RT-qPCR samples are
normalized to GAPDH as an endogenous housekeeping gene and then to NTC (n=3). All experiments were
performed in biological triplicate. Errors shown are standard deviations. Paired #-test was used to compare
miRs to NTC (ns not significant, *p < 0.05, ** < 0.01, *** <0.001, ***** <0.00001, ****** <(.000001).

Given the ST6GALI function, I examined whether miRNA regulating protein expression
could also impact protein activity (Figure 2.8). I tested the potential impact of up-miRs (miR-221-
5p, miR-212-5p) and down-miRs (miR-499a-5p, miR-4531) targeting ST6GAL1 on a-2,6-

sialylation using the a-2,6-sialic acid specific Sambucus nigra lectin (SNA)!27-128,

Down-miRs
9 ) ST6GAL1
a-2,6-sialylation

MiRNA

_MIRIEA_y,
mimics

T
75,
miRNA Complex . 0 ipd
Up-miRs ‘ & <
g

ST6GAL1
P?? f a-2,6-sialylation

Figure 2.8 miRNA mediate ST6GALI1 and resulting a-2,6-sialylation.

The results were consistent with the effects of miRNA on protein expression, with up-miRs
increasing and down-miRs decreasing o-2,6-sialic acid levels in A549 cells (Figure 2.9).
Intriguingly, the up-miR-221-5p, which has a strong impact on ST6GALI1 and a-2,6-sialylation in
A549 cells, is highly expressed in pancreatic cancer, and is associated with decreased survival'?.
In recent work, STO6GALT1 and a-2,6-sialylation have also been shown to be important in pancreatic
cancer formation and progression and correlate with decreased survival??%!2°, Given the

importance
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Figure 2.9 miRNAs regulate a-2,6-sialylation via controlling ST6GAL1 expression in A549 cell line.
SNA staining of up-miR (miR-221-5p or miR-212-5p) and down-miR (miR-499a-5p, miR-4531) treated in
A549 cells. NTC is the control for miRNA and Neuraminidase is a negative control for SNA staining.

4531

Neuraminidase
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Quantification of SNA staining is shown in Figures S4 on published work (PMID: 36439307)"%. All
experiments were performed in biological triplicate.

of both ST6GAL1 and miR-221-5p, miR-212-5p in pancreatic cancer, I also tested the potential
impact of these two up-miRs on a-2,6-sialylation in PANCI cells (Figures 2.10). I observed an
increase in SNA intensity stained for a-2,6-sialylation. This points towards a potential functional
role for upregulatory miRNA in controlling cancer-related proteins and glycan expression (Figure

2.10).

Bright Field

Neuraminidase

Figure 2.10 Upregulatory miRNAs increase a-2,6-sialylation via upregulating ST6GAL1 expression
in PANCI1 cell line. SNA staining of up-miR (miR-221-5p or miR-212-5p) treated in the PANCI cells.
NTC is the control for miRNA and Neuraminidase is a negative control for SNA staining. Quantification
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of SNA staining is shown in Figures S5 on published work (PMID: 36439307)"*°. All experiments were
performed in biological triplicate.

Next, to confirm that the miRNA mimics accurately represent the actions of endogenous
miRNA, antimiRs were utilized. These hairpin inhibitors soak up an endogenous miRNA, causing
relief of repression for down-miRs. Given their mode of action, it would anticipate that anti-miRs
of upregulators would cause repression of protein expression (Figure 2.11). A subset of anti-miRs
(4 anti-up-miRs: anti-212-5p, -221-5p, -765, -488-5p, and 2 anti-down-miRs: anti-4531, -499a-
5p) were tested in A549 cell line (Figure 2.12a-b). The anti-up-miRs were also examined in
PANCI cell line (Figure 2.12¢-d). All anti-miRs chosen had high to moderate levels of miRNA
expression in the selected cell lines'?!>131-133 In accordance with expectation, I found that anti-up-
miRs downregulated and anti-down-miRs upregulated protein expression for STOGALI. For anti-
up-miRs a concomitant loss of a-2,6-sialic acid was also observed, supporting a function for these

miRNAs in maintenance of sialyltransferases and sialylation levels (Figure 2.12e).

Prrerec™
%%

Adding miRNA Hairpin Inhibitors

5 >
Target mMRNA

3

Down-miRs ¢ Anti-Down-miRs T

Up-miRs T Anti-Up-miRs ¢

Figure 2.11 Schematic representation of miRNA hairpin inhibitor (anti-miR) function.
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Figure 2.12 Endogenous miRNA both up- and down-regulate STO6GALI1. (a) Western blot analysis of
ST6GALI for indicated anti-miRs in A549 cells. (b) Graph represents normalized data for three biological
replicates for samples in a. Inset shows sample Western blot. (¢) Western blot analysis of STO6GALI1 for
indicated anti-miRs in A549 cells. (d) Graph represents normalized data for three biological replicates for
samples in c¢. The A549 and PANCI cells were transfected with anti-miR or non-targeting control for anti-
miR (NTC, 50 nM, 48 h). In each cell line, a representative blot is shown. STO6GAL1 expression was
normalized by Ponceau and divided by the normalized signal from NTC. Anti-miR indicated in figure (blue:
anti-up-miR, red: anti-down-miR). (€¢) SNA staining of cells treated as in b with NTC, anti-miR-221-5p and
anti-miR-212-5p. Data for SNA staining for anti-down-miRs are not shown here (PMID: 36439307)'*°. All
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experiments were performed in biological triplicate. Errors shown are standard deviations. Paired ¢-test was
used to compare miRNAs to NTC (ns not significant, * p < 0.05, ** < 0.01, *** < 0.001).

2.3.3 High-throughput analysis of ST6GAL2 shows predominantly downregulation by miRNAs

Mapping the miRNA regulatory landscape for the most prevalent 3'UTR for the st6gal2
transcript (Figure 2.5) indicates that, in contrast to ST6GALI1, 69% of miRNA hits of ST6GAL?2
are down-miRs, suggesting the miRNA mode of action is transcript dependent. In choosing the a
subset of miRNA to validate, three up-miRs (miRs: -3619-5p, -124-3p, -605-3p) and three down-
miRs (miRs: -30c-2-3p, -6828-5p, -22-3p) were selected which is in accordance with their known
biological roles in cancer biology!'**!37. The select subset of miRNA hits were validated for their
impact on ST6GAL?2 expression in two different cancer cell lines: A549 (Figure 2.13a—b) and
HT-29 (Figure 2.13d-e). Consistent with the previous work’®, the impact of miRNA mimics on
ST6GAL?2 protein expression matched with the impact observed using the pFmiR-ST6GAL2
sensor in the miRFIuR assay. The miRNA regulation of st6gal2 transcript was examined using
RT-gPCR in A549 and HT-29 cell lines (Figure 2.13¢, f). Overall, I observed consistent
downregulation of st6gal2 mRNA by down-miRs and activation of target transcript by up-miRs.
To verify the observed protein expression regulation is resulted from endogenous miRNA activity,
I used anti-miRs against two up-miRs (anti-3619-5p, anti-124-3p) and two down-miRs (anti-30c-
2-3p, anti-6828-5p) in A549 cell line. As expected, inhibiting the endogenous up-miRs caused a
loss of protein expression, and inhibiting endogenous down-miRs caused an increase in STOGAL?2

levels (Figure 2.13g-h).

In comparison to ST6GALI, the biological roles of STOGAL?2 are far less studied. Liu, R.,
et. al., reported that the low expression levels of STOGAL2 may correlate with liver inflammation

in hepatocellular carcinoma (HCC)!%®, The high expression of ST6GAL?2 is shown to be associated
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Figure 2.13 miRNAs regulate ST6GAL2 expression at mRNA and protein levels. (a) Western blot
analysis of STOGAL2 in A549 cells. (b) Quantitation of Western blot analysis shown in a. (¢) RT-qPCR
analysis for expression of STOGAL2 mRNA by individual down- and up-miR in A549. (d) Western blot
analysis of ST6GAL?2 in A549 cells. (e) Quantitation of Western blot analysis shown in d. (f) RT-qPCR
analysis for expression of STOGAL2 mRNA by individual down- and up-miR in HT-29. (g) Western blot
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analysis of STOGAL?2 for indicated anti-miRs in A549 cells. (h) Graph represents normalized data for three
biological replicates for samples in g. In each cell line, representative blot is shown. A549 and HT-29 cells
were treated with miRNA mimics as in Figure 2.7 and anti-miRs as in Figure 2.12. RT-qPCR samples were
normalized to GAPDH and NTC. All experiments were performed in biological triplicate. Paired z-test was
used to compare miRs to NTC (ns not significant, * p < 0.05, ** < 0.01,*** <0.001).

with tumor progression in follicular thyroid carcinoma (FTC) in vitro and in vivo'?. As discussed
in Section 1.4, IncRNAs can modulate miRNA levels, altering miRNA regulatory function.
Intriguingly, loss of miR-22-3p function, a known down-miR for ST6GAL?2, is observed in FTC
by the action of IncRNA, HCPS. This results in STO6GAL?2 upregulaion in FTC which leads to FTC
progression'"”. Herein, miR-22-3p was used as a positive control across miRFIuR assay (Figure
2.6f), Western blot experiments (Figure 2.13a-b, d-e), and RT-qPCR (Figure 2.13e, f) for
ST6GAL2, showing consistent downregulation of ST6GAL2 through Cerulean channel or
endogenous ST6GAL2 protein and mRNA expression, respectively. This points towards the
accuracy of miRFIuR assay in correctly identifying miR hits for a target 3'UTR. Furthermore, in
human, miR-124 is encoded on three loci: miR-124-1, -2, and -3, resulting primary miR-124-1, -
2, -3 (pri-miR-124), among which pri-miR-124-1 is dominantly expressed and results in mature
miR-124-3p (miR-124-3p-1). This miR-124-3p, identified and validated as an up-miR for
ST6GAL?2, is a brain-specific miRNA. The Furukawa laboratory showed miR-124-3p functional
roles in human and mouse central nervous system (CNS) development (neuronal differentiation,
maturation, and survival)!313° Of note, ST6GAL2 is mainly expressed in adult and embryonic
brains and plays a functional role in brain development!®!. Together, the miR hit list identified for

ST6GAL2 may help to further explore STO6GAL?2 roles in different biological contexts.
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2.3.4 Upregulation by miRNA is via direct interactions with the 3'UTR and requires AGO2 and
FXRI1

Multiple mechanisms exist by which miRNA could upregulate protein expression. These
include regulation by miRNA of gene promoters and enhancers, competition between miRNA,
and other indirect effects'**!4!, The identification of up-miRs via miRFIuR precludes that the
observed upregulation of endogenous proteins STOGAL1 and ST6GAL2 is through miRNA
modulation of gene promoter or enhancer elements. To test whether competition between miRNA
could explain upregulation, I used RNAhybrid!*? to identify potential miRNA binding sites for
ST6GALI1 and ST6GAL?2 (Figure 2.14). As a result, the majority of predicted sites for STOGALI1
and ST6GAL2 miR hit lists are via non-canonical binding sites, and up-miR predicted sites did
not overlap with down-miRs, arguing that the observed upregulation is not predominantly via
miRNA competition (Figure 2.14a-c). As discussed in Section 1.3.2, miRNA drive their inhibitory
functions (as down-miRs) via interacting with their target transcript mainly within seed regions
involving two distinct binding patterns: seed match and imperfect seed match with supplementary
and compensatory pairing, respectively (Figure 1.6). Herein, only 47% (28 out of 59) of
downregulatory miRs and 38% (27 out of 72) of upregulatory miRs identified for both STOGALI1
(down-miRs: 19; up-miRs: 50) and ST6GAL2 (down-miRs: 40; up-miRs: 22) were predicted by
Targetscan’® and followed seed binding patterns, showing ~ 50% and ~ 70% false negative

predictions for the down-miRs and up-miRs, respectively (Figure 2.14d).

Consistent with this work, miRNAs have been shown to activate expression in select

143,144

circumstances (e.g. senescent cells , oocytes!® and mitochondria'*®) where the mRNA is

destabilized, lacking a 5'-cap and a typical poly(A) tail. In actively dividing cells, mRNA do not
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Figure 2.14 Predicted miRNA binding site analysis for a-2,6-sialyltransferases. (a) Map of the binding
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sites for miRNA identified as hits by our miRFIluR assay. Sites shown are the most stable hybridization
sites predicted by RNAhybrid'*?. Annotations are given for every 300 bp. (b) Map of the binding sites for
miRNA identified as hits for ST6GAL2 by our miRFIuR assay. Sites shown are the most stable
hybridization sites predicted by RNAhybrid'*>. Annotations are given for every 600 bp. (¢) Pie charts
representing the distribution of miRNA sites overlap within the 3'UTR for ST6GAL1 and ST6GAL?2. Sites
are defined as overlapping if the annotated hybridization sites share nucleotides. Periwinkle blue: up-miRs
with no overlap, turquoise blue: overlap between 2 or more up-miRs, green: overlap between a set of up-
miRs and down-miRs, magenta: overlap between 2 or more down-miRs, red: down-miRs with no overlap.
Percent is a function of sum of miRNA hits. (d) Pie charts show the percentage of down-miRs (left) and
up-miRs (right) identified for ST6GAL1/2 predicted by Targetscan™ (e) Bar graphs representing the
percentage of AU content of four different predicted miR sites (canonical seed: perfect seed match,
supplementary pairing: base pairing near to canonical site, non-canonical seed: imperfect seed match,
compensatory pairing: base pairing near to non-canonical site) for all predicted up-miRs sites for STOGAL1
and ST6GAL?2. Sites considered in b are the most stable predicted sites based on RNAhybrid'*? shown in
a.

typically meet these requirements and upregulation of expression by miRNA is not thought to

occur.

The observed upregulation of protein expression via direct miRNA: mRNA interactions in
non-dividing (quiescent) cells or in mitochondria was thought to require AU rich elements and

unstable mRNA, respectively!#4146

. In this Chapter, the miRNA-mediated upregulation is
observed in dividing cancer cells. To gain more insight into the requirements for upregulation
observed in this work, I classified the predicted sites for the up-miRs on ST6GAL1 and ST6GAL?2
by two categories: site motif and AU content. Currently, contiguous binding of at least 6—8 base
pairs in the seed region (5’-end of the miRNA), is thought to be required for strong binding by
RISC complexes which mediates miRNA effects Section 1.3.27+!11147 However, imperfect seed
miRNA, in which non-contiguous binding is observed at the 5'-end and cases with compensatory
interactions at the 3'-end of the miRNA can downregulate, as well. For up-miRs, the vast majority
were predicted to have non-canonical binding (without seed binding patterns) and were not AU

rich (Figure 2.14e). Of the three validated up-miR sites, only one has a perfect seed pairing (miR-

221-5p, Figure 2.15b), and none are AU rich or contain the AU rich element sequence (AUUUA).
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This contradicts the earlier proposal by Steitz and co-workers!#* that this motif is required for the

activation of protein expression by miRNA, although that work was done in quiescent cells.

I next tested whether up-miRs act via direct base-pairing. RNAhybrid!#? is used to identify
the most stable potential binding sites and an additional potential site for two up-miRs of
ST6GALI1 (miR-212-5p and miR-221-5p, Figure 2.15a-b, d) and one for ST6GAL2 (miR-3619-
5p, Figure 2.15¢-d). All interacting base pairs in the 3'UTRs were mutated to the corresponding
miRNA sequence in the pFmiR-ST6GALT1 and pFmiR-ST6GAL2 sensors and tested them against
the mimics using the miRFIuR assay (Figure 2.15d). In all cases, the most stable site predicted by
RNAhybrid!*? was the binding site for the up-miRs, the mutation of which caused a significant
loss of upregulation in comparison with the wildtype sensor (WT). Mutation of down-miR
predicted sites for STOGAL1: miR-4531 (Figure 2.15¢); ST6GAL2: miR-30c-2-3p (Figure 2.15f)
also gave the expected results (Figure 2.15g). The data confirmed upregulation as a direct effect

via binding of the miRNA to the 3'UTR.

In quiescent cells, Argonaute 2 (AGO?2), an important part of the machinery for miRNA-
mediated protein repression, and Fragile-X-mental retardation related protein 1 (FXR1) were

found to be required for upregulation!43!44

. However, upregulation was not found in actively
dividing cells such as cancer cells. I next tested whether the upregulation I observe in cancer cells
might use the same machinery required for upregulation in quiescent cells. To this end, pooled
siRNAs were used to deplete FXR1 and AGO2 in A549 cells. I also knocked down the TNRC6A
(aka GW182), a scaffolding protein that directly interacts with AGO2 leading to miR-mediated
repression’®!*8, Silenced cells (control (NTP), si-AGO2, si-FXR1, si-TNRC6A) were next

transfected with either non-targeting control (NTC) or individual up-miRs: miR-212-5p or miR-

221-5p and examined their impact on ST6GAL1 protein expression.
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Figure 2.15 Upregulation of expression by miRNAs requires direct interaction with 3’'UTR. (a and b)
Alignment of miRs (a: 212-5p, b: 221-5p) with predicted STOGAL1-3'UTR sites and their corresponding
mutants. (¢) Alignment of miR-3619-5p with predicted STO6GAL2-3'UTR sites and their corresponding
mutants. (d) Bar graph of data from mutant miRFIuR sensors as in b and c. (e and f) Alignment of miRs
(a: 4531, b: 30c-2-3p) with predicted STOGAL1-3'UTR and ST6GAL2-3'UTR sites, respectively, and their
corresponding mutants. (g) Bar graph of data from mutant miRFIuR sensors as in e and f. Mutated
nucleotides are shown in red. Data were normalized over NTC in each sensor. Statistical analysis using the
standard t test compared the impact of each miRNA in the wild-type (WT) sensor with the corresponding
mutant. Errors are standard deviations. Standard #-test was used to compare the impact of miRNA in
knockdowns with impact in NTP (ns not significant, *p < 0.05, *** < (0.001, ***** < (0.00001).
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AGO2 and FXRI1 were found to be required for upregulation of ST6GAL1 by up-miRs
(Figure 2.16). In contrast, depletion of TNRC6A mildly enhanced upregulation by miR- 221-5p
compared to the control (~23% increase, p < 0.01), in line with a proposed role for TNRC6A as a
repressor'#, Similar results were seen with miR-212-5p, but they did not meet the statistical
threshold. This data precludes the “RISC dissociation/relief of repression!*!5%” as desired
mechanism as in such circumstances, TNRC6A depletion should not give increased levels of
protein upregulation. In mitochondria, the absence of TNRC6A was noted as a critical requirement

146

for miRNA-mediated activation'*°, showing a distinct miRNA regulatory machinery drives protein

upregulation which does not require TNRC6A, and it is not through relief of repression.
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Figure 2.16 Upregulation of expression by miRNAs occurs within a complex containing AGO2 and
FXRI1. (a) Schematic representation of potential miRNA complex. (b) Representative Western blot of
ST6GAL1. A549 cells were treated with pools of siRNA (non targeting (NTP), si-AGO2, si-FXR1, si-
TNRC6A, 48 h) prior to treatment with miRNA mimics (NTC, miR-212-5p, miR-221-5p, 48 h) and
analysis. (¢) Quantitative Western blot analysis of experiment shown in b. Western blot analysis of
ST6GALI1 expression normalized as before. (d) RT-qPCR analysis for samples as in c. All RT-qPCR
samples are normalized to GAPDH and NTC. All experiments were performed in biological triplicate.
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Errors are standard deviations. Standard #-test was used to compare the impact of miRNA in knockdowns
with impact in NTP (ns not significant, *p < 0.05, ** < 0.01, *** < (0.001).

2.4 Discussion
In many cancers, a-2,6-linked sialic acids are overexpressed, and dysregulation of this
glycan is emerging as a crucial driver of cancer formation, metastasis, and immune

recogniti0n26’96’97’99’100’ 151

. miRNA are major regulators of the glycome, but their role in controlling
a-2,6-linked sialic acid has not been well studied®>*+>:152-134 The comprehensive analysis of the
miRNA regulatory landscape for the a-2,6-linked sialylation enzymes ST6GAL1 and ST6GAL?2,
described in this Chapter, has revealed new potential links between miRNA and the upregulation
of a-2,6-linked sialosides observed in cancer. The dominant view of miRNA regulation is that in
proliferating cells the direct impact of miRNA on protein expression is downregulatory. The high-
throughput analysis of STOGAL1 and ST6GAL2 contradicts this, revealing that upregulatory
interactions may be commonplace. Consistent with this, a smaller high-throughput luciferase assay
for POT1, PTEN, MXI1, and other cancer-related genes also identified a number of upregulatory
miRNA interactions, but these were ignored as noise!>>. The previous miRFIuR analysis of miRNA
mediated regulation for B3GLCT also identified potential up-miRs for that enzyme’®. These
interactions have been missed by the scientific community because the current pathway for
identifying miRNA interactions has depended on validating potential targets of miRNAs predicted
by Targetscan and other algorithms that are focused on downregulation’. Recent work knocking
out AGO complexes found that removal of the miRNA machinery caused most genes to lose
expression, consistent with upregulation being a primary function of miRNA, rather than the
expected gain that would come from loss of a repressor!*®. Taken together, the data support
upregulation as part of the broader landscape of miRNA regulatory mechanisms in both dividing

and quiescent cells.
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For ST6GALI, which is known to be upregulated in many cancers®, upregulation appears
to be the major mode of action of miRNA, although these same miRNAs have downregulatory
activity for other genes. Given the importance of miRNA in tuning the expression of genes, it is
perhaps unsurprising that regulation by miRNA would be in both directions. Precise control over
protein expression is critical for low abundance proteins, where noise becomes an increasing
problem®?. This class of proteins includes many glycosylation enzymes, GPCRs, and most cell
surface receptors. These proteins, which often act as initiators of amplified signals, would be
important to tightly regulate. The expanded understanding of the miRNA regulatory landscape
provided by our work opens new possibilities for miRNA mechanisms to modulate protein
expression and exposes our need to create tools to further explore the impact of these noncoding
RNA. Validation of our results shows that upregulation by miRNA occurs through direct binding
between the miRNA and 3'UTR. My data challenges our current understanding of miRNA
regulation, implying that upregulation is a normal mode of miRNA function, suggesting that
upregulation of protein expression might not be limited to non-dividing cells. This Chapter may
help explain why a-2,6-sialylation is commonly upregulated in cancer, as miRNA that upregulate
ST6GALLI are high in cancers, such as pancreatic cancer, that have high levels of a-2,6-sialylation

(Figure 2.17)°%123.157,
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Figure 2.17 Bidirectional tuning by microRNA. Contrary to the dominant model, miRNA upregulates
the expression of STO6GAL1/2 enzymes and a-2,6-sialylation. Upregulation requires FXR1 and AGO2 and
occurs via a direct miRNA—mRNA interaction.

2.5 Conclusion

Currently, the common presumption is that in proliferating cells the direct impact of
miRNA on protein expression is downregulatory. Steitz and coworkers were the first to propose a
miRNA mediated upregulation pathway, in which miRNA bound to AU-rich elements (AREs)
could activate translation in senescent cells'#!#4, In this Chapter, my work confirms a novel role
for miRNAs, protein upregulation in actively dividing cells which is validated to occur through
direct miRNA: mRNA interactions. My data further suggests the FXR1/AGO2 proteins are

involved in complexes with miRNAs to drive upregulation by miRNA in proliferating cells,
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arguing that distinct AGO2 complexes may mediate up- and down-regulation by miRNA. In
Chapter 3, I expand the miRNA-mediate protein upregulation to a cooperative upregulation by

miRNAs of functionally associated proteins.

2.6 Experimental methods

2.6.1 Cloning

ST6GALI1 and ST6GAL2 3'UTRs were cloned from genomic DNA (gDNA) extracted
from HEK293T cell line using QIAquick gel extraction kit (catalog #: 28706) and primers shown
in Table 2.1. The amplicons were cleaned up using the PCR clean-up kit (catalog #: KTS1115).
The 3'UTR fragments were cloned using the Nhel and BamHI restriction sites downstream of
Cerulean in the pFmiR-empty backbone’® using standard ligation protocols (NEB) and verified by
Sanger sequencing (Molecular Biology Services Unit, University of Alberta). Large-scale
endotoxin free DNA preparations were made for sequence-verified constructs (pFmiR-ST6GAL1
and pFmiR-ST6GAL?2) using QIAGEN maxi-prep (catalog #: 12362 and catalog #: 19048).
Plasmid maps for pFmiR-ST6GAL1 and pFmiR-ST6GAL2 and the glycogenes' 3'UTR sequences

can be found in Appendix A.

2.6.2 Cell lines

All cell lines (HEK-293T, A549, PANCI, HT-29, OVCAR-3) were purchased directly
from the American Type Culture Collection (ATCC) and cultured using suggested media (HT-29
& HEK-293T: Dulbecco's Modified Eagle Medium (DMEM), 10% FBS; A549: FK-12, 10%,
FBS; PANC1: DMEM* (catalog # 30-2002), 10% FBS; OVCAR3: RPMI-1640, 20% FBS with
0.01 mg/mL bovine insulin) under standard conditions (5% CO., 37°C). All cells used were below

passage number 15.
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2.6.3 miRFluR high-throughput assay

The Human miRNA mimic library version 21 (MISSION, Sigma) was resuspended in
ultrapure nuclease-free water (REF. #: 10977-015, Invitrogen) 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 was added 20 ng of pFmiR-ST6GALI
or pFmiR-ST6GAL?2 plasmids in 5 pl Opti-MEM (Gibco) and 0.1 pl Lipofectamine™ 2000 (Life
Technologies) in 5 pl Opti-MEM (Gibco). The solution was allowed to incubate at room
temperature for 20 min. HEK293T cells (25 pl per well, 400 cells/ul in phenol red free DMEM
with FBS 10%) were then added to the plate. Plates were incubated at 37°C, 5% CO». 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 the clear bottom read option

(SYNERGY HI1, BioTek, Gen 5 software, version 3.08.01).

2.6.4 Data analysis

We calculated the ratio of Cerulean fluorescence over mCherry fluorescence (Cer/mCh)
for each well in each plate. For each miRNA, triplicate values of the ratios were averaged, and the
standard deviation (S.D.) obtained. We calculated % error of measurement for each miRNA (100
x S.D./mean). As a quality control measurement (QC), we removed any plates or miRNAs that
had high errors in the measurement (median error=2 S.D. across all plates) and/or a high median
error of measurement for the plate (>15% for ST6GALI1 and >14% for STO6GAL2). After QC we
obtained data for 2,161 miRNAs for ST6GAL1 and 2,166 miRNAs for ST6GAL2 out of 2601
total miRNAs screened. The Cer/mCh ratio for each miRNA was then normalized to the Cer/mCh

ratio for the NTC within that plate and error was propagated. Data from all plates were then
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combined and z-scores calculated. A z-score of £1.965, corresponding to a two-tailed p-value of
0.05, was used as a threshold for significance. Post-analysis we identified 69 miRNA hits for

ST6GALLI and 62 for ST6GAL?2 (see Figure 2.6 and Datasets 2.1-2.2 (.xls sheets)).

2.6.5 Western blots: ST6GALI and ST6GAL?2

Cells were seeded in six-well plates (80,000 cells/well) and cultured for 24 h in appropriate
media. Cells were then washed with HBSS and transfected with miRNA mimics (50 nM mimic,
Dharmacon, Horizon Discovery, 5 pL Lipofectamine 2000, Life Technologies in 250 pL
OptiMEM). The media was changed to standard media 12 hours post-transfection. Cells were then
lysed at 48 h post-transfection in cold RIPA lysis buffer supplemented with protease inhibitors.
For Western blot analysis, 50 pg of protein was run on 10% gels (SDS-PAGE) and transferred to
iBlot2 Transfer Stacks (nitrocellulose, Invitrogen, catalog number: 1B23002) using the iBlot2
transfer device (Invitrogen). Blots were incubated with Ponceau S Solution (Boston BioProdcuts,
catalog #ST-180) for 10 min and the total protein levels were imaged using protein gel mode
(Azure 600, Azure Biosystems Inc.). Blots were then blocked with 5% (PANCI1, HT-29.
OVCAR3) or 10% (A549) non-fat dry milk in TBST buffer (TBS buffer plus 0.1% Tween 20) for
1.5 hours at 55 rpm on rocker (LSE platform rocker, Corning) at room temperature. For STO6GALI1
blots were incubated with rabbit a-human-ST6GALI 1° antibody (1:900 in TBST with 10% non-
fat dry milk, catalog #: 14355-1-AP, Proteintech). For ST6GAL?2, rabbit a- human-ST6GAL2 1°
antibody (1:900 in TBST with 10% non-fat dry milk, catalog #: 28367-1- AP, Proteintech) was
used. After overnight incubation at 4°C, blots were washed 4% for 2 min each with 0.1% TBST
buffer. After washing, a secondary antibody was added (a- rabbit IgG HRP, 1: 10,000 in TBST
with 10% non-fat dry milk, Abcam). After incubation for 1 h at room temperature with shaking

(60 rpm), blots were washed 4x for 2 min each with 0.1% TBST buffer. The blots were then
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developed using Clarity and Clarity Max Western ECL substrate according to the manufacturer’s
instructions (Bio-Rad). Membranes were imaged chemiluminescent mode (Azure 600, Azure
Biosystems Inc.). Western blot analysis was conducted for STO6GAL1 up-miRs in four cell lines
(A549, PANCI, HT-29, OVCAR3; miRs: miR-328-5p, -488-5p, -221-5p, -6883-5p, -5700, -765,
-212-5p, -4430) and for ST6GAL1 down-miRs in three cell lines (A549, PANCI1, HT-29; miRs:
miR-6782-5p, -499a-5p, -216a-3p, -4531). For ST6GAL?2, both up- and down-miRs were tested
in two cell lines (A549, HT-29; up-miRs: miR-3619-5p, -124-3p, -605-3p, down-miR: miR-30c-
2-3p, -6828-5p, -22-3p). All analysis was done in biological triplicate. The a-human-ST6GALI,
1° gave multiple bands in some cell lines. Therefore, we validated the antibody using the ON-
TARGET plus siRNA reagent against STOGALI in a smart pool format (Dharmacon, Horizon

Discovery, CA) in PANCI1 and A549 using the manufacturer’s protocol (Appendix B).

2.6.6 RT-qPCR

Total RNA was isolated from cells treated as in Western blot experiments using TRIzol
reagent (catalog #: 15596018, Invitrogen) according to the manufacturer’s instructions. RNA
concentrations were measured using NanoDrop, and high-quality isolated total RNA was reverse-
transcribed to cDNA using Superscript III Cells Direct cDNA synthesis kit (catalog #: 18080300,
Invitrogen). Reverse transcription quantitative PCR (RT-qPCR) was performed using the SYBR
Green method and cycle threshold values (Ct) were obtained using an Applied Biosystem (ABI)
7500 Real-Time PCR machine and normalized to housekeeping gene GAPDH. The primer
sequences used in RT-qPCR can be found in Table 2.1. All analysis was done in biological

triplicate.
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2.6.7 SNA staining assay

Cells were seeded onto sterile 22 % 22 no. 1 coverslips placed into 35 mm dishes at a density
of 5 x 10* cells/ml in standard media. After 24h, cells were transfected with miRNA mimics or
anti-miRs as in Section 2.6.5. At 48 h post-transfection, cells were washed with PBS (3%, 2 mL)
and fixed with 4 % paraformaldehyde for 15 min. Cells were again washed with PBS (3%, 2 mL).
blocked using 10 % BSA in PBS for 1h in incubator (37°C, 5% CO) and Cy3-SNA was added
(1:300 in 10 mM HEPES, 0.15 M NaCl, 0.1 mM CaCl,, pH 7.5, Vector Laboratories, catalog #
CL-1303). After 1 h in the incubator, coverslips were washed (PBS, 3x), and cells were
counterstained with Hoechst 33342 (1 pg/mL in PBS, 15 min in incubator). The coverslips were
then mounted onto slides with 60 pl of mounting media (90% glycerol in PBS) and imaged with a
Zeiss fluorescent microscope (Camera: Axiocam 305 mono, software: ZEN 3.2 pro). For each
biological replicate, 5 fields were obtained. Specificity of SNA staining was confirmed by using
Neuraminidase (gift from Dr. Matthew Macauley) prior to SNA staining. All analysis was done in
biological triplicate. For data analysis, the ZOI method in the ZEN 3.2 pro software was used to
quantify the fluorescence signal in membrane of all cells. Signal was normalized to cell count
using the Hoechst staining to count nuclei in the software. Final data was normalized to the NTC

for each biological replicate. A paired #-test was used to compare NTC with miRNA or anti-miR.

2.6.8 Endogenous miRNA activity validation

miRIDIAN microRNA Hairpin Inhibitors (ST6GAL1: anti-miR-221-5p, anti-miR-212-5p,
anti-miR- 488-5p, anti-miR-765, anti-miR-499a-5p, anti-miR-4531; ST6GAL2: anti-miR-3619-
5p, anti-miR-124-3p, anti-miR-6828-5p, anti-miR-30c-2-3p) and miRIDIAN microRNA Hairpin
Inhibitor Negative Control (NTC) were purchased from Dharmacon (Horizon Discovery,

Cambridge, UK). A549 cells were seeded and incubated as described for Western blot. A549 cells
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were transfected with anti-miRNAs, 50 nM using Lipofectamine™ 2000 transfection reagent in
OptiMEM following the manufacturer’s instructions (Life Technologies). After 12 h media was
changed to standard culture media. 48 h post-transfection A549 cells were lysed and analyzed for
ST6GAL1 and ST6GAL?2 protein and mRNA levels as previously described. For STO6GALI, anti-
up-miRs (anti-miR-221-5p, anti-miR-212-5p, anti-miR-488-5p, anti-miR-765) were also tested in

the PANCI cell line. All analysis was done in biological triplicate.

2.6.9 Multi-site mutagenesis: ST6GALI

The 3'UTR sequence of STO6GALI and the three miRNA sequences (miR-221-5p, miR-
212-5p, miR-4531) were analyzed with the RNAhybrid tool'*? which calculates a minimal free
energy hybridization of target RNA sequence and miRNA. The two stable predicted miRNA:
mRNA interaction sites were selected for designing mutant pFmiR-sensors. Multiple mutation
sites were designed and mutant sequences were ordered for synthesis from GenScript Biotech or
Integrated DNA Technologies (IDT). Each synthesized mutant fragment (221-MUTA-gBlock,
221 MUTB-gBlock, 212-MUTA-gBlock, 212-MUTB-gBlock) was amplified by standard PCR
machine (Bio-Rad), using the primer sequences found in Table 2.1. Amplicons were cleaned up
using Monarch PCR & DNA cleanup kit (catalog #: T1030S, NEB). The NucleoSpin Gel and PCR
Clean-up XS kit (REF. #: 740611.50) was used for DNA gel extraction when needed to exclude
non-specific bands. The amplicons were ligated into the empty pFmiR plasmid’® after enzymatic
digestion using a pair of restriction enzymes for each gBlock (221-MUTA: Nhel, Pasl; 221-
MUTB: Pasl, BamHI; 212-MUTA: Nhel, Pasl; 212-MUTB: Swal, BamHI). Sequences for the
mutant pFmiR-ST6GALI sensors were then verified by sequencing and used in the miRFIuR assay
as described previously. A minimum of 3-wells were transfected per sensor and the analysis was

done in 2 independent experiments.
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2.6.10 Multi-site mutagenesis: ST6GAL?2

The 3'UTR sequence of STO6GAL2 and the two miRNA sequences (miR-3619-5p, miR-
30c-2-3p) were analyzed with the RNAhybrid tool'#? which calculates a minimal free energy
hybridization of target RNA sequence and miRNA. The two stable predicted miRNA: mRNA
interaction sites were selected for designing mutant pFmiR-sensors. Multiple mutation sites were
designed, and mutant sequences were ordered for synthesis from GenScript Biotech or Integrated
DNA Technologies (IDT). Each synthesized mutant fragment (3619-MUTA-gBlock, 3619-
MUTB-gBlock, 30c-MUT-gBlock) was amplified by standard PCR machine (Bio-Rad), using the
primer sequences found in Table 2.1. Amplicons were cleaned up using Monarch PCR & DNA
cleanup kit (catalog #: T1030S, NEB). The NucleoSpin Gel and PCR Clean-up XS kit (REF. #:
740611.50) was used for DNA gel extraction when needed to exclude non-specific bands. The
amplicons were ligated into the empty pFmiR plasmid after enzymatic digestion using a pair of
restriction enzymes for each gBlock (3619-MUTA: Ajul, Pasl; 3619-MUTB: Psilv2, Pasl; 30c-
MUT: Ajul, Pasl). Sequences for the mutant pFmiR-ST6GAL2 sensors were then verified by
sequencing and used in the miRFIuR assay as described previously. A minimum of 3- wells were
transfected per sensor and the analysis was done in 2 independent experiments. siRNA knockdown
of microRNPs: ON-TARGETplus siRNA reagents against AGO2, FXR1, TNRC6A in a smart
pool format and ON-TARGETplus Non-Targeting Control Pool (NTP) were purchased from
Dharmacon (Horizon Discovery, CA). A549 cells were seeded in six-well plates (50,000
cells/well) and cultured for 24 h in appropriate media. Cells were then washed with HBSS and
transfected with each of the siRNA pools (50 nM, NTP, AGO2, FXR1 or TNRC6A, Dharmacon,
Horizon Discovery) with Lipofectamine™ RNAiIMAX transfection reagent (catalog #: 13778150,

Thermofisher) following the manufacturer’s instructions. Media was changed 12 hours post-
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transfection. After 48 hours, cells were then transfected with miR-221-5p, miR-212-5p, or NTC
as previously described. Cells were then harvested for Western blot and RT-qPCR analysis as
previously described. The knockdown efficiency for the siRNA was tested by Western blot
analysis using 1:1000 dilution of 1° antibodies targeting AGO2 (catalog #: 67934-1-Ig,
Proteintech), FXR1 (catalog #: 12295S, Cell Signaling) and TNRC6A (GW182) (catalog #:
ab114857, Abcam) in 10 % non-fat dry milk in TBST (Data not shown here. See Figures S13-14

in the published work (PMID: 36439307)!3%). Blots were processed as for ST6GAL1/2.

Table 2.1 Primer sequences for PCR amplification of WT 3'UTRs, RT-qPCR quantification of
mRNAs, and for PCR amplification of mutant 3'UTRs for ST6GAL1 and ST6GAL?2.

Primer Name Sequence (5' — 3') Sample

a. PCR amplification of ST6GALI and ST6GAL2 3'UTRs:

ST6GAL1-FWD?* CGGACCATTCACTGCTAAG gDNA, HEK293T
ST6GAL1-REV? TTAAAGAAACACACACACATTTATTTTA gDNA, HEK293T
ST6GAL2-FWD AAAGGGTTTCTTGGGAATC gDNA, HEK293T
ST6GAL2-REV TTCTAGACAAATGAAAACATG gDNA, HEK293T

b. RT-qPCR? quantification of ST6GAL1, STO6GAL2 or GAPDH mRNA

ST6GAL1-FWDI GAACACCCAAGAAACCATGCA Total RNA, A549 or HT-29
ST6GALI-REV1 ACGTGCTCCGCCCATTC Total RNA, A549 or HT-29
ST6GAL1-FWD2 AACACCCAAGAAACCATGCAA Total RNA, PANCI1 or OVCAR3
ST6GAL1-REV2 CGTGCTCCGCCCATTC Total RNA, PANCI1 or OVCAR3
ST6GAL2-FWD GAAGGAGCCACGTGTTGGA Total RNA, A549 or HT-29
ST6GAL2-REV GCGGGTTCAGCATTTTGG Total RNA, A549 or HT-29
GAPDH-FWD GGTGTGAACCATGAGAAGTATGA Total RNA, all cell lines
GAPDH-REV GAGTCCTTCCACGATACCAAAG Total RNA, all cell lines

¢. PCR amplification of ST6GAL1 and ST6GAL2 mutant 3'UTRs

221-MUTA-FWD CGGACCATTCACTGCTAAG 221-MUTB-gBlock

221-MUTA-REV TCTAGGAATGGACCGTCTACT 221-MUTB-gBlock
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221-MUTB-FWD

CTCTGCACTCTCAAGGC

221-MUTA-gBlock

221-MUTB-REV

TTAAAGAAACACACACACATTTAT

221-MUTA-gBlock

212-MUTA-FWD

CGGACCATTCACTGCTAAG

212-MUTB-gBlock

212-MUTA-REV

AGCTCCGAGATGGTTAGTTTG

212-MUTB-gBlock

212-MUTB-FWD

ATGATTCTGAAGTCTACAGAAC

212-MUTA-gBlock

212-MUTB-REV

TTAAAGAAACACACACACATTTAT

212-MUTA-gBlock

4531-MUT-FWD

CAGGCATTAAATGAATGGTCTCT

pFmiR-ST6GAL1

4531-MUT-REV

TTAAAGAAACACACACACATTTAT

pFmiR-ST6GAL1

3619-MUTA-FWD

CACCCTGTGCTTCTAGGGATGCACGCCT

3619-MUTA-gBlock

3619-MUTA-REV

ACGAGCATCGGTATTCCATGA

3619-MUTA-gBlock

3619-MUTB-FWD

AGCTGACCTTTCTCACTATG

3619-MUTB-gBlock

3619-MUTB-REV

ATGTTAGATTTTAACACCACCAATGC

3619-MUTB-gBlock

30c-MUT-FWD

CTTCTAGGGATGCACGCCTG

30c-MUT-gBlock

30c-MUT-REV

ACGAGCATCGGTATTCCATGAG

30c-MUT-gBlock

[a] FWD, forward; REV, reverse; RT-qPCR, Reverse transcription quantitative polymerase chain reaction.
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Chapter 3

Screening the human miRNA interactome reveals coordinated
upregulation in melanoma, adding bidirectional regulation to

miRNA networks
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3.2 Introduction

Cells are defined by protein expression patterns that require precise regulation!”-!'8,
microRNA (miRNA, miR), small non-coding RNA, provide such precision®!!!, The canonical
view of miRNA action is that miRNA dampen protein expression through binding the 3'
untranslated region (3'UTR) of a transcript (down-miR)!!'!. Chapter 2 has challenged this view,
demonstrating that miRNA can also increase protein expression through direct interactions with
the 3'UTR within actively dividing cells (up-miR)’®!13°, This work was in concordance with
previous reports of enhanced translation via miRNA:mRNA interactions in quiescent cells!#3144,
AGO2, a fundamental part of the miRNA machinery, is required for upregulation by miRNA. In
contrast, TNRC6A (aka GW182), which is a crucial component of the complexes required for
downregulation, was not required for upregulation — providing strong evidence that up-miRs do

not work by a “relief of repression” mechanism!30:146.158

. Given the important role miRNA have in
regulating levels of proteins that coordinate specific biological functions, we would expect that
upregulatory interactions would act cooperatively to tune protein expression in these regulatory
networks. In this Chapter, I show incorporation of upregulation into such networks, providing

evidence that miRNA co-upregulate related targets and positioning them as bidirectional tuners of

expression.

In a recent study, we identified a functional relationship between the CD98 heavy chain
(CD98hc) and the a-2,3-sialyltransferases ST3GAL1 and ST3GAL?2 in melanoma'>® (Figure 3.1).
CD98hc, encoded by slc3a2, is a type II transmembrane glycoprotein ubiquitously expressed at
high levels on many cell types. It is a part of the neutral amino acid transport complex LAT-116%-161,

CD98hc has roles in both physiological and pathological contexts, including in B- and T-cell clonal

expansion, integrin signaling and cell proliferation!¢%162-164 Tt is a target of anti-cancer antibodies
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in current clinical trials due to its importance in the biology of various solid tumors (e.g.,
bladder'®, breast!®, lung'®’, melanoma'**19%) and hematological cancers'®*'®, In melanoma, a-
2,3-sialylation of CD98hc by the enzymes ST3GAL1 and ST3GAL2 was found to be important in

the stability of CD98hc, protecting it from proteasomal degradation!™.

Figure 3.1 a-2,3-Sialylation of
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ST3GALI and ST3GAL2 transfer sialic acid onto the 3-position of terminal galactose
predominantly on O-glycans and glycolipids, respectively!’%!7!, ST3GALI, which can
biosynthesize the tumor antigen sialyl T (Neu5Aca2-3Galf1-3GalNAc)!”? plays functional roles

in the biology of several cancers including breast cancer!’3, ovarian cancer*®, and melanoma®*’-1%%,
9 b

' and recently was found to mediate

It is also an important regulator of cell migration!’
sequestration of CAR-T cells from circulation, inhibiting the cell’s ability to home to cancer
tissues!’*. In contrast to ST3GALL, less is known of the function of ST3GAL2. It is associated
with transformation in colorectal cancer*” and is highly expressed in pancreatic cancer compared

to normal tissue!”>. We have recently shown that it, along with ST3GAL1 and CD98hc, is an

essential gene in melanoma!®.
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I posited that, given the functional relationship between CD98hc and both ST3GALI1 and
ST3GAL2, that these genes might be co-regulated by miRNA. I screened the human miRNAome
for regulatory relationships for all three genes using the high-throughput miRFIuR assay. In the
previous work and Chapter 2, we have used this assay to uncover miRNA regulation of the
glycosylation enzymes B3GLCT’®, ST6GAL1 and ST6GAL2', leading to the discovery that
miRNA can upregulate protein expression through direct interactions with the 3'UTR of mRNA
(upregulatory miRNA or up-miR). In this Chapter, analysis of CD98hc, ST3GALI1 and ST3GAL2
provided a regulatory map of these genes, identifying 10 co-up-miRs: 6 between CD98hc and
ST3GALI and 4 between CD98hc and ST3GAL2. The majority of these co-upmiRs were

152,176

associated with either melanoma metastasis or progression , positioning upregulation as a

central part of miRNA regulatory network.

3.3 Results

3.3.1 Mapping miRNA regulation of CD98hc identifies up- and downregulatory interactions
To map the miRNA regulatory landscape of CD98hc, I utilized the previously described

miRFIuR assay’® (Chapter 2!3%). In Chapter 2 and previous work by the Mahal laboratory, we

analyzed the miRNA regulation of glycosylation enzymes, which are moderate to low abundance

proteins’®13%, In contrast, CD98hc is highly expressed in many cancer (e.g. melanoma)'%® and non-

cancer (e.g. immune) cells!'®3169,

To assess regulation, I cloned the most prevalent 3'UTR for CD98hc into the pFmiR empty
sensor’® to create pFmiR-CD98hc (Appendix A). While the 3'UTRs of the other genes studied in
the Mahal lab system were > 1 kilobase in length’®!3%; the 3'UTR of CD98hc is only 190
nucleotides (nt). I co-transfected the pFmiR-CD98hc sensor with a miRNA mimic library

(Dharmacon, v. 21, 2601 miRs, arrayed in 384-well plates) into HEK-293T cells. All miRNA were
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represented in triplicate and fluorescent signals were analyzed 48 hours post-transfection. Upon
data analysis, I found that the “non-targeting” controls (NTCs) provided with the library were
significantly shifted from the median signals within the plates, arguing that they impacted sensor
expression. These NTCs are two miRNAs (cel-miR-67, cel-miR-239b) from C. elegans, and were
reported to have minimal sequence identity with known miRNAs from human, mouse and rat
(Dharmacon, Horizon Discovery). These C. elegans miRNAs (cel-miRs) are assumed to not
interact with human, mouse and rat transcriptomes, however, the data provided by the company

for supporting their applications as NTCs is limited.
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Figure 3.2 Comprehensive map of CD98hc regulation by miRNA. a. Scatter plot of miRFIluR data for
3'UTR of CD98hc. miRNA in the 95% confidence interval by z-score are indicated (down-miRs: red, up-
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miRs: blue) and validated miRNAs are shown. b. Pie chart showing % miRNA hits compared to total library
post-QC. ¢. Pie chart indicates % down-miR (48%) vs. up-miR (52%) in CD98hc hit list.

Given that normalization over NTCs (provided with the library) have significantly shifted
my miRFIuR data from the median signals across the library, and they may have binding sites
within human 3'UTRs, I median normalized the data (Figure 3.2a). After quality control, I log>
transformed the data (954 miRs) and then applied a z-score at the 95% confidence interval to
identify miR hits. The high-throughput analysis found approximately even numbers of
downregulatory (down-miRs, n=30), and upregulatory (up-miRs, n=35) miRNA, representing 6%
of miRNA interactions passing QC (Figure 3.2a-c). Given that commercial NTCs (cel-miRs)
target s/c3a2 transcript, I sought to determine a new non-targeting controls for further validation
experiments (Figure 3.3). Of the three miRNA tested, miR-548ab was chosen as the new NTC

because there are no biological processes currently associated with this miRNA!77,

a Figure 3.3 Validation of miR-548ab as
kDa 548ab 135b-3p 378j 30c-1-3p 30b-5p 30d-5p 30d-3p 203b-5p new NTC. a. miRNA mimics of median
o controls (miRs: -548ab (NTC), -30d-5p, -
S0 M - — coesne  30d-3p), down-miRs (miR-203b-5p) and

up-miRs (miRs: -135b-3p, -378;j, -30c-1-

b 20— 3p, -30b-5p) were transfected into MeWo

i ] — cells (50 nM miR, 48 h) prior to Western
blot analysis. b. Bar graph shows
quantification of Western blot result shown
in a.
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3.3.2 CD98hc expression is both up- and downregulated by miRNA in cancer cells
CD98hc is an emerging cancer target, with a therapeutic antibody in Phase I clinical

trial!64166.178.179 ‘Therefore, I focused my validation on miRNAs associated with cancer biology!8"-

182 down-miRs: miR-17-5p, miR-34¢-5p, miR-203b-5p; up-miRs: miR-135b-5p, miR-155-5p. I
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utilized three cancer cell lines from two tissue types: two melanoma: MeWo and 131/4-5B1
(5B1'33) and one breast: MCF-7. Cells were treated with miRNA mimics for 48h prior to lysis and
analysis by Western blot. In line with my miRFIluR data, down-miRs resulted in a decrease in
endogenous CD98hc expression (~0.5-fold) and up-miRs in an increase in protein levels (Figure

3.4a-d, 1.6-2-fold) in melanoma cell lines. I next analyzed CD98hc cell-surface expression in
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Figure 3.4 CD98hc miRFIuR analysis identifies endogenous regulators of expression in MeWo and
5B1 cell lines. Impact of miRNA mimics on CD98hc expression. MeWo (a, b, e, f) or 5B1 (c, d, g, h) cells
were treated with miRNA mimics (down-miRs: miR-203b-5p, -34c-5p, -17-5p, upmiRs: miR-155-5p, -
135b-5p) or non-targeting control (NTC: miR-548ab was used for all miR mimic experiments) at 50 nM
for 48h and analyzed as indicated. a, ¢. Representative Western blot analysis of CD98hc in MeWo (a) and
5B1 (c). b, d. Bar graph of Western blot data for MeWo (b) and 5B1 (d). e, g. Representative flow cytometry
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analysis of CD98hc binding in MeWo (¢) and 5B1 (g). f, h. Bar graph of flow cytometry data for MeWo
(f) and 5B1 (h). Impact of endogenous miRNA on CD98hc expression (i-q). i. Anti-miRs sequester the
endogenous miRNA by interacting with target in AGO2 complexes, causing loss of protein expression for
up-miRs. MeWo (j, k, n, 0) or 5B1 (I, m, p, q) cells were treated with anti-miRs (anti-up-miRs: anti-155-
5p, anti-135b-5p) or non-targeting control (NTC) at 50 nM for 48h and analyzed as indicated. j, L
Representative Western blot analysis of CD98hc in MeWo (j) and 5B1 (1) cells. k, m. Bar graph of Western
blot data for MeWo (k) and 5B1 (m). n, p. Representative flow cytometry analysis of CD98hc binding in
MeWo (n) and 5B1 (p). o, q. Bar graph of flow cytometry data for MeWo (o) and 5B1 (q). All experiments
were performed in > biological triplicate. Errors shown are standard deviations. For Western blot analysis,
the One sample #-test was used to compare miRs to NTC (ns not significant, * p < 0.05, ** < 0.01, *** <
0.001). In flow cytometry analysis, paired #-test was used to compare miRs to NTC and p-values are
indicated on the graph.

MeWo and 5Blcell lines using flow cytometry approach. My data again confirmed that up-miRs
(miR-135b-5p, miR-155-5p) enhance cell surface expression of CD98hc, while down-miRs (miR-

203b-5p) decrease it (Figure 3.4e-h).

To test whether endogenous up-miRs enhanced CD98hc expression, I used miRNA hairpin
inhibitors, which displace target mRNA from AGO complexes (anti-miRs, Figure 3.4i). These
inhibitors should repress expression of proteins whose levels are enhanced by upregulatory
miRNA. I focused on up-miRs: -155-5p and -135b-5p, both of which are expressed in melanoma
176,184 = As expected, transfection with anti-up-miRs for miR-155-5p inhibited expression of
CDO98hc as observed in both Western blot analysis and flow cytometry for MeWo and 5B1 (Figure
3.4j-q). However, I observed cell line dependent differences for the anti-miRs of miR-135b-5p,
with MeWo showing clear loss of expression and no impact in 5B1. This discrepancy may be due
to the expression level of this miRNA in the two cell lines. In addition, I tested the select miR
subset for CD98hc in MCF-7 breast cancer cell line, showing consistent result with the two
melanoma cell lines (Figure 3.5a-b). Overall, my data confirms the validity of our miRFIuR assay

to identify endogenous miRNA regulating CD98hc.
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Figure 3.5 Validation of miRFluR data for CD98hc in MCF-
7 cell line. Impact of miRNA mimics on CD98hc expression.
MCEF-7 cells were treated with miRNA mimics (down-miRs:
miR-203b-5p, -34¢-5p, -17-5p, up-miRs: miR-155-5p, -135b-
5p) or non-targeting control (NTC: miR-548ab) at 50 nM for
48h and analyzed as indicated. a. Representative Western blot
analysis of CD98hc in MCF-7. b. Bar graph of Western blot data
shown in a. The One sample #-test was used to compare miRs to
NTC (NS: not significant, * p < 0.05, ** < (.01, *** <0.001).
Western blot experiments are performed in independent
biological replicates (n=3).

I, and others, have found discordance between the impacts of miRNA on the transcript

levels and the observed impacts on protein expression’®9%123:126.130 T therefore analyzed the impact

of miRNA mimics on transcript levels of CD98hc (s/c3a2) in 5B1 (Figure 3.6a) and MCF-7

(Figure 3.6b) cells. In keeping with Chapter 2'3%, T found a mixture of impacts on the transcriptome

with
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Figure 3.6 Validation of miRFIluR data for ¢d98hc in SB1 and MCF-7 cell lines. Impact of miRNA
mimics on cd98hc expression. Cells were treated with miRNA mimics (down-miRs: miR-203b-5p, -34c-
5p, -17-5p, up-miRs: miR-155-5p, -135b-5p) or non-targeting control (NTC: miR-548ab) at 50 nM for 48h
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and analyzed as indicated. a. RT-qPCR quantitative analysis of slc3a2 in 5B1. b. RT-qPCR quantitative
analysis of slc3a2 in MCF-7. Samples were normalized to GAPDH and NTC. The One sample #-test was
used to compare miRs to NTC (NS: not significant, * p < 0.05). RT-qPCR experiments are performed in
independent biological replicates (n=3).

little concordance between the transcript and protein levels for either down- or up-miRs. This
implicates mechanisms beyond transcript degradation or, conversely, stabilization, in the control

of protein levels by miRNA78-23130,

3.3.3 miR-155-5p upregulates CD98hc via direct miRNA: mRNA interactions

The roles of CD98hc dovetail with those of miR-155-5p, which is highly expressed in many
cell types!®>186 Both are known to be upregulated and functionally important in B-cell
lymphoma®, acute myelogenous leukemia!é®!¥7  and non-small cell lung carcinoma'®”-!%%, Both
are also critical to clonal expansion of B- and T-cells!®*16418%190 T anticipated that miR-155-5p
would directly bind to the CD98hc 3'UTR to mediate upregulation. To test this, I utilized the
miRFIuR system (Figure 3.7a). In Chapter 2, the RNAhybrid algorithm was able to accurately
predict regulatory binding sites for up-miRs'*. This algorithm predicts the most stable binding
site between miRNA and mRNA'#2. A non-canonical miR-155-5p binding site was identified at
position-152 in the CD98hc 3'UTR (Figure 3.7b). Using site-directed mutagenesis, I mutated all
interacting nucleotides at the potential binding site in my pFmiR-CD98hc sensor and tested the

mutant in the miRFIuR assay (Figure 3.7¢).

As expected, I lost miR-155-5p mediated upregulation in the mutant sensor, confirming
that upregulation of CD98hc by this miRNA is through direct interactions. In line with Chapter 2,
the upregulatory sites are not AU rich!**!** and do not adhere to the seed rules that are often
observed in downregulatory sites'!'!. My results suggest that miR-155-5p may be directly involved

in the upregulation of CD98hc observed in cancer and immunity.
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Figure 3.7 Mutational analysis identifies miR-155-5p binding site on CD98hc 3'UTR. a. Comparison
of wild-type (WT) and mutant pFmiR-3'UTR interactions with miRNA. b. Alignment of miR-155-5p with
predicted CD98hc-3'UTR site and corresponding mutant. Mutated residues are shown in red, wobble
interactions (G: U) are shown in grey. ¢. Bar graph of data from wildtype (WT) and mutant (MUT) miRFluR
sensors. For each sensor, data was normalized over NTC. Experiment was performed in biological
duplicate, representative assay with n=8 wells is shown. Standard #-test was used for comparison, p-value
is indicated on the graph.

3.3.4 Mapping miRNA regulation of ST3GALI1&2, mediators of CD98hc stability in melanoma

Co-regulation of critical proteins within a network through coordinated targeting by
miRNA has been widely observed for down-miRs’®% There are no existing examples of such
networks for upregulation by miRNA. In analyzing the up-miRs for CD98hc, I noticed that a
significant number of them (15/35, 43%) were associated with melanoma transformation and
progression'>? (Table 3.1). CD98hc is highly expressed in metastatic melanoma and is associated
with lower survival of melanoma patients!®®!76. In recent work, I identified a role for a-2,3-
sialylation, mediated by the sialyltransferases ST3GAL1 and ST3GAL2, in the stabilization of
CDO98hc in melanoma specifically. Inhibition of ST3GAL1 or ST3GAL2 induced enhanced

degradation of CD98hc and loss of the protein'>°,
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Table 3.1 CD98hc up-miR analysis in melanoma dataset.

up-miR fold change in miRFluR signature in melanoma

(normalization over control) (Log fold-change > 0)
hsa-miR-4640-5p 1.289747317 up
hsa-miR-1246 1.299015856 up
hsa-miR-135b-5p 1.303684609 up
hsa-miR-4436b-3p 1.321963315 up
hsa-miR-30b-5p* 1.326657787 up
hsa-miR-30c-1-3p 1.357529203 up
hsa-miR-6784-5p 1.380467402 up
hsa-miR-34c¢-3p 1.407505853 up
hsa-miR-199a-3p 1.44020141 up
hsa-miR-660-5p 1.467075023 up
hsa-miR-135b-3p 1.487461446 up
hsa-miR-500a-3p 1.489550747 up
hsa-miR-299-3p 1.554398492 up
hsa-miR-28-3p 1.556006354 up
hsa-miR-155-5p 1.652779561 up

CD98hc up-miR analysis in melanoma dataset. CD98hc co-up-miRs with ST3GALI1 (purple),
and ST3GAL2 (green). (Gémez-Martinez, et. al.*?), (*Gaziel-Sovran, et. al.*").

Given the impact of ST3GAL1 and ST3GAL2 on CD98hc expression in melanoma, I
hypothesized that these genes might be co-upregulated by miRNA. As a first step towards testing
this hypothesis, I mapped the miRNA regulation of ST3GALI and ST3GAL?2 using the miRFluR

assay (Figures 3.8 and 3.9).

3.3.5 High-throughput analysis shows ST3GALI is predominantly up-regulated by miRNA
ST3GALI, one of six glycosyltransferases that transfer sialic acid to the position-3 of
terminal galactose creating the a—2,3-sialyl epitope, predominantly sialylates O-glycans such as
those found on mucins!”. Tt impacts both growth and metastasis in melanoma and alters T-cell
migration *7-15%174 ST3GALI upregulation plays a significant role in the development of malignant

epithelial ovarian cancer*® and colon cancer!"!°2, T cloned the most prevalent 3'UTR of ST3GALI
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Figure 3.8 miRNA regulation of ST3GAL1 impacts @-2,3-sialylation in SK-OV-3 cell line. a.
Landscape of miRNA regulation of ST3GAL1 via the 3'UTR is shown via scatterplot of miRFIuR data.
miRNA in the 95% confidence interval by z-score are indicated (down-miRs: red, up-miRs: blue) and
validated miRNAs are labeled. b. Pie chart showing % miRNA hits compared to total library post-QC. c.
Pie chart indicates % down-miR (10%) vs. up-miR (90%) in ST3GALI hit list. d-h. Impact of miRNA
mimics on ST3GALTI expression. SK-OV-3 cells were treated with miRNA mimics (down-miRs: -363-5p,
-1276, -609, let-7i-5p, -4714-5p, up-miRs: -500b-5p, -28-3p, -449b-5p, -937-3p, -150-3p, -1246) or non-
targeting control (NTC) at 50 nM for 48h and analyzed as indicated. d. Representative Western blot analysis
of ST3GALI. e. Bar graph of Western blot data. f. Fluorescence microscopy for Cy3- labeled diCBM40
staining of SK-OV-3 treated with NTC or up-miRs: -449b-5p and -28-3p. Representative images are shown.
g. Flow cytometry analysis of Cy-5 labeled diCBM40 binding for SK-OV-3 treated as in f. h. Bar graph of
flow cytometry data. MFI: mean fluorescence intensity; Flcys: fluorescence intensity. i-m. Impact of
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endogenous miRNA on ST3GALLI expression. SK-OV-3 cells were treated with anti-miRs (anti-up-miRs:
anti-28-3p, anti-1246, anti-449b-5p) or non-targeting control (NTC) at 50 nM for 48h and analyzed as
indicated. i. Representative Western blot analysis of ST3GALI. j. Bar graph of Western blot data. k.
Fluorescence microscopy analysis for diCBM40 staining. 1. Representative flow cytometry analysis of
diCBMA40 binding. m. Bar graph of flow cytometry data. All experiments were performed in > biological
triplicate. Errors shown are standard deviations. For Western blot analysis, the One sample ¢-test was used
to compare miRs to NTC (ns not significant, * p < 0.05, ** < (.01). For flow cytometry analysis, the paired
t-test was used to compare miRs to NTC and p-values are indicated on the graph.

(~5 kb) into the pFmiR sensor (pFmiR-ST3GAL1, Appendix A) for analysis in the miRFIuR
assay. Ofthe 1807 miRNAs that passed QC, I identified 7 down-miRs and 60 up-miRs within the
95% confidence interval (Figure 3.8a-c). Interestingly, the majority (90%) of miRNA hits were
upregulatory, which is similar to my observations for ST6GALI1 presented in Chapter 2!3°. T chose
miRNA that were biologically significant and spread out within the 95% confidence interval for
validation. I focused on 5 down-miRs (miR-363-5p, miR1276, miR-609, miR-4714-5p, let-7i-5p)
and 6 up-miRs (miR-937-3p, miR-500b-5p, miR-28-3p, miR-449b-5p, miR-1246, miR-150-3p),
the majority of which were associated with various forms of cancer biology!**-!%. I initially tested

the miRNA in the ovarian cancer cell line (SK-OV-3) (Figure 3.8) for their impact on ST3GALI.

As expected, Western blot analysis of ST3GALI1 in cells treated with miRNA mimics
followed the regulation observed in the miRFIuR assay (Figure 3.8d-e). I next tested the potential
impact of select up-miRs (miRs: -28-3p, -449b-5p) on a-2,3-sialylation in SK-OV-3 using the
Cy3-conjugated lectin diCBM40'?7. In line with my expectations, I observed upregulation of a-
2,3-sialic acid by both fluorescence microscopy and flow cytometry (Figure 3.8f-h). To confirm
that ST3GALL is regulated by the corresponding endogenous miRNA, I transfected SK-OV-3 cells
with anti-up-miRs: -449b-5p, -28-3p and -1246. 1 observed a loss of both ST3GALI protein
expression and the corresponding a-2,3-sialic acid (Figure 3.8i-m). My data again confirms the
validity of the miRFIluR assay and provides strong evidence for endogenous upregulation of

ST3GALL. In addition, I examined the select miR subset for ST3GALI in the colon cancer cell
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line (HT-29) for their impact on ST3GAL1 (Figure 3.9), showing consistent miRNA regulatory
patterns obtained from the SK-OV-3 cell line (Figure 3.8). In keeping with Chapter 2 and previous

works by others, transcript levels did not directly follow protein levels (Figure 3.9c-

d)78’95’125’126’130.

3.3.6 Mapping the miRNA regulatory landscape of ST3GAL?2

ST3GAL2, another member of the a-2,3-sialyltransferase family, is thought to modify both
O-glycans and glycolipids'”’. Overexpression of ST3GAL2 may help drive tumorigenesis in
several cancers**!73, I mapped the miRNA regulation of the most prevalent transcript of ST3GAL2

using the miRFIuR assay (pFmiR-ST3GAL2, Appendix A). After data processing, I identified 28
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Figure 3.9 miRNA up- and down-regulate ST3GAL1 expression in HT-29 colon and SK-OV-3
ovarian cell lines. Impact of miRNA mimics on ST3GAL1 expression. HT-29 (a, b) cells were treated with
miRNA mimics (down-miRs: -363-5p, -1276, -609, let-7i-5p, -4714-5p, up-miRs: -500b-5p, -28-3p, -449b-
5p, -937-3p, -150-3p, -1246) or NTC at 50 nM for 48h and analyzed as indicated. a. Representative Western
blot analysis of ST3GALI in HT-29. For simplicity, some wells for upregulators are not shown. b. Bar
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graph of Western blot data for HT-29. ¢, d. RT-qPCR quantitative analysis of st3gal/l in HT-29 (c) and SK-
OV-3 (d) cells. All experiments were performed in > biological triplicate. Errors shown are standard
deviations. The One sample #-test was used to compare miRs to NTC for Western blot and RT-qPCR
experiments (ns not significant, * p < 0.05, ** < 0.01).
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Figure 3.10 miRNA regulation of ST3GAL?2 impacts a-2,3-sialylation in A375 melanoma cell line. a.
Landscape of miRNA regulation of ST3GAL2 via the 3'UTR is shown via scatterplot of miRFIuR data.
miRNA in the 95% confidence interval by z-score are indicated (down-miRs: red, up-miRs: blue) and
validated miRNAs are labeled. b. Pie chart showing % miRNA hits compared to total library post-QC. c.
Pie chart indicates % down-miR (34%) vs. up-miR (66%) in ST3GAL?2 hit list. d-h. Impact of miRNA
mimics on ST3GAL?2 expression. A375 cells were treated with miRNA mimics (down-miRs: -890, -575, -
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433-5p, -200b-3p, -6733-5p, upmiRs: -124-3p, -135b-3p, -30c-1-3p, -378j, -30b-5p, -3619-5p) or non-
targeting control (NTC) at 50 nM for 48h and analyzed as indicated. d. Representative Western blot analysis
of ST3GALZ2. e. Bar graph of Western blot data. f. Fluorescence microscopy analysis for Cy3-diCBM40
staining. g. Representative flow cytometry analysis of Cy5-diCBM40 binding. h. Bar graph of flow
cytometry data. i-m. Impact of endogenous miRNA on ST3GAL2 expression. A375 cells were treated with
anti-miRs (anti-up-miRs: anti-30c-1-3p, anti-378;, anti-30b-5p) or non-targeting control (NTC) at 50 nM
for 48h and analyzed as indicated. i. Representative Western blot analysis of ST3GAL2. j. Bar graph of
Western blot data. k. Fluorescence microscopy analysis for of Cy3-diCBM40 staining. 1. Representative
flow cytometry analysis of Cy5-diCBM40 binding. m. Bar graph of flow cytometry data. All experiments
were performed in > biological triplicate. Errors shown are standard deviations. For Western blot analysis,
the One sample #-test was used to compare miRs to NTC (ns not significant, * p < 0.05, ** < (0.01). For
flow cytometry analysis, the paired #-test was used to compare miRs to NTC and p-values are indicated on
the graph.

down-miRs and 55 up-miRs within the 95% confidence interval (Figure 3.10a-c). I again chose a
subset of miRNA (down-miRs: -890, -433-3p, -575, -6733-3p, -200b-3p; up-miRs: -124-3p, -

3619-5p, -135b-3p, -30c-1-3p, -378j, -30b-5p) based on the criteria outlined above for

validation!3%198

. miRNA mimics were transfected into A375 (melanoma, Figure 3.10d-e) and
analyzed by Western blot analysis after 48 hours. The resulting impacts on ST3GAL2 protein
expression were in line with the miRFIuR assay. I next tested the effect of select up-miRs (miRs:
-30b-5p, -30c-1-3p, -378j) on a-2,3-sialic acid levels in A375 using fluorescence microscopy and
flow cytometry and observed the anticipated increase in sialylation (Figure 3.10f-h). I confirmed
the impact of endogenous upregulatory miRNA using anti-miRs (anti-up-miRs: -30b-5p, -30c-1-
3p, -378j) and observed the expected loss of both protein and glycan expression (Figure 3.10i-m).
Furthermore, I examined the select miR subset for ST3GAL?2 in the A549 lung cancer cell line for
their impact on ST3GAL2 (Figure 3.11a-b), showing consistent miRNA regulatory patterns
obtained from the A375 cell line (Figure 3.10). My data again showcases the power of the
miRFIuR assay to explore the miRNA regulatory landscape. In line with Chapter 2 and previous

works by others, the effects of miRNA mimics on the transcript of st3gal2 was more variable

(Figure 3.1 10-(1)78’95’125’126’130.
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3.3.7 miRNA co-upregulate CD98hc and a-2,3-sialylation in melanoma

Given the importance of ST3GALI1 and ST3GAL2 on CD98hc stability in melanoma!>?, T
examined whether they might be co-regulated by miRNA. Comparison of all three miRNA
datasets did not identify miRNA that regulated all three proteins. I also did not observe miRNA
that have opposing effects (i.e. up-miR in one, down-miR in another) between any of the three
transcripts. However, CD98hc and ST3GAL1 shared 6 up-miRs in common (miRs: -765, -488-5p,

-449b-5p, -500b-5p, -28-3p, -1246), 4 of which were associated with melanoma (underlined).
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Figure 3.11 miRNA up- and down-regulate ST3GAL?2 expression in A549 lung and A375 melanoma
cell lines. Impact of miRNA mimics on ST3GAL2 expression. A549 (a, b) cells were treated with miRNA
mimics (down-miRs: -890, -575, -433-5p, -200b-3p, -6733-5p, up-miRs: -124-3p, -135b-3p, -30c-1-3p, -
378j, -30b-5p, -3619-5p) or NTC at 50 nM for 48h and analyzed as indicated. a. Representative Western
blot analysis of ST3GAL2 in A549. b. Bar graph of Western blot data for A549. ¢, d. RT-qPCR quantitative
analysis of st3gal2 in A549 (c) and A375 (d). All experiments were performed in > biological triplicate.
Errors shown are standard deviations. The One sample #-test was used to compare miRs to NTC for Western
blot and RT-qPCR experiments (NS: not significant, * p < 0.05, ** <0.01, *** <0.001).

In addition, four up-miRs were found to co-regulate CD98hc and ST3GAL2 (miRs: -378j,

-135b-3p, -30b-5p, -30c-1-3p), three of which were associated with melanoma'217%19(Table 3.1,
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Figure 3.12). To address whether these miRs might co-regulate CD98hc and sialylation by
ST3GALI1 or ST3GAL2, I tested the impact of a select subset of these co-regulatory miRs
(ST3GALI1: miRs: -1246, -28-3p, -500b-3p, -449b-5p; ST3GAL2: miRs: -378j, -135b-3p, -30b-
5p, -30c-1-3p) on expression in the melanoma cell lines MeWo (Figures 3.13) and 5B1 (Figure
3.14), and the breast cancer line MCF-7 (Figure 3.15). In line with my miRFIuR results,
transfection of co-upmiRs upregulated both CD98hc (orange) and either ST3GALI (purple) or
ST3GAL2 (green) in all three cell lines as seen by Western blot analysis (Figures 3.13a- d and

3.14a-d, Figure 3.15).
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Figure 3.12 Upregulatory miRNAs co-regulate CD98hc/ST3GAL1 or CD98hc/ST3IGAL?2. Sialylation
is required for the stability of CD98hc in melanoma where ST3GAL1, ST3GAL2 and CD98hc are all
essential genes.

Flow cytometry analysis of CD98hc confirmed Western blot results (Figures 3.13e-f and
3.14e-f). 1 also observed an increase in «-2-3-sialylation by flow cytometry, in line with
upregulation of ST3GALI1 or ST3GAL?2 expression by the up-miRs (Figures 3.13g-h and 3.14g-

h). To confirm that endogenous miRNA could co-regulate these proteins, I utilized the
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corresponding anti-miRs to the co-upregulators (Figures 3.13i-p and 3.14i-p). All miRNA tested
were known to be expressed in melanoma or the MeWo cell line!7%!84, As anticipated, Western
blot analysis clearly shows loss of expression for co-regulated proteins upon inhibition of the
endogenous miRNA. This data was supported by flow cytometry analysis of CD98hc. I also
observed the loss of «-2,3 sialic acid, concordant with the loss of ST3GALI1 or ST3GAL2
expression upon up-miR inhibition, although this was only observed in the 5B1 cell line (Figure
3.14p). Overall, my data strongly supports the idea that miRNA regulatory networks include co-

upregulation of critical proteins.
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Figure 3.13 Co-upregulation of CD98hc and either ST3GAL1 or ST3GALS2 is observed in MeWo cell
line. a-d. Impact of co-up-miR mimics on either CD98hc (orange) & ST3GALI1 (purple, co-up-miRs: -
500b-5p, -28-3p, -449b-5p, -1246) or CD98hc (orange) & ST3GAL2 expression (green, co-up-miRs: -
135b-3p, -378;j, -30c-1-3p, -30b-5p) in MeWo cells treated with corresponding co-up-miRs or non-targeting
control (NTC) at 50 nM for 48h and analyzed as indicated. a. Representative Western blot analysis of
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CD98hc and ST3GALI. b. Bar graph of corresponding Western blot data. ¢. Representative Western blot
analysis of CD98hc and ST3GAL2. d. Bar graph of corresponding Western blot data. e. Representative
flow cytometry analysis of CD98hc binding. f. Bar graph of flow cytometry data. g. Representative flow
cytometry analysis of Cy5-diCBM40 binding. h. Bar graph of flow cytometry data. i-o. Impact of
endogenous co-up-miRs on either CD98hc (orange) & ST3GAL1 (purple) or CD98hc (orange) &
ST3GAL2 (green) expression. MeWo cells were treated with anti-miRs (anti-up-miRs: anti-28-3p, anti-
1246, anti-449b-5p; anti-30c-1-3p, anti-378§j, anti-30b-5p) or non-targeting control (NTC) at 50 nM for 48h
and analyzed as indicated. i. Representative Western blot analysis of CD98hc and ST3GALI. j. Bar graph
of Western blot data. k. Representative Western blot analysis of CD98hc and ST3GAL2. 1. Bar graph of
Western blot data. m. Representative flow cytometry analysis of CD98hc binding. n. Bar graph of flow
cytometry data for MeWo. o. Representative flow cytometry analysis of Cy5-diCBM40 binding. p. Bar
graph of flow cytometry data. All experiments were performed in > biological triplicate. Errors shown are
standard deviations. For Western blot analysis, the One sample #-test was used to compare miRs to NTC.
For flow cytometry analysis, paired ¢-test was used to compare miRs to NTC. All p-values are indicated on
the graph (NS not significant).
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Figure 3.14 Co-upregulation of CD98hc and either ST3GAL1 or ST3GAL?2 is observed in 5B1 cell
line. a-d. Impact of co-up-miR mimics on either CD98hc (orange) & ST3GALI1 (purple, co-up-miRs: -
500b-5p, -28-3p, -449b-5p, -1246) or CD98hc (orange) & ST3GAL2 expression (green, co-up-miRs: -
135b-3p, -378j, -30c-1-3p, -30b-5p) in 5B1 cells treated with corresponding co-up-miRs or non-targeting
control (NTC) at 50 nM for 48h and analyzed as indicated. a. Representative Western blot analysis of
CD98hc and ST3GALL. b. Bar graph of corresponding Western blot data. c. Representative Western blot
analysis of CD98hc and ST3GAL2. d. Bar graph of corresponding Western blot data. e. Representative
flow cytometry analysis of CD98hc binding. f. Bar graph of flow cytometry data. g. Representative flow
cytometry analysis of Cy5-diCBM40 binding. h. Bar graph of flow cytometry data. i-o. Impact of
endogenous co-up-miRs on either CD98hc (orange) & ST3GAL1 (purple) or CD98hc (orange) &
ST3GAL2 (green) expression. 5B1 cells were treated with anti-miRs (anti-up-miRs: anti-28-3p, anti-1246,
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anti-449b-5p; anti-30c-1-3p, anti-378j, anti-30b-5p) or non-targeting control (NTC) at 50 nM for 48h and
analyzed as indicated. i. Representative Western blot analysis of CD98hc and ST3GALI. j. Bar graph of
Western blot data. k. Representative Western blot analysis of CD98hc and ST3GAL2. 1. Bar graph of
Western blot data. m. Representative flow cytometry analysis of CD98hc binding. n. Bar graph of flow
cytometry data for 5B1. 0. Representative flow cytometry analysis of Cy5-diCBM40 binding. p. Bar graph
of flow cytometry data. All experiments were performed in > biological triplicate. Errors shown are
standard deviations. For Western blot analysis, the One sample #-test was used to compare miRs to NTC.
For flow cytometry analysis, paired #-test was used to compare miRs to NTC. All p-values are indicated on
the graph (NS not significant).
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Figure 3.15 miRNA regulation of CD98hc and a-2,3-sialylation in MCF-7 cell line. Impact of co-up-
miR mimics on either CD98hc (orange) & ST3GALI1 (purple, co-up-miRs: -500b-5p, -28-3p, -449b-5p, -
1246) or CD98hc (orange) & ST3GAL?2 expression (green, co-up-miRs: -135b-3p, -378j, -30c-1-3p, -30b-
5p) in MCF-7 cells treated with corresponding co-up-miRs or non-targeting control (NTC) at 50 nM for
48h and analyzed as indicated. a. Representative Western blot analysis of CD98hc and ST3GALI. b. Bar
graph of Western blot data for blots shown in a. ¢. Representative Western blot analysis of CD98hc and
ST3GAL2. d. Bar graph of Western blot data for blots shown in c. All experiments were performed in >
biological triplicate. Errors shown are standard deviations. For Western blot analysis, the One sample #-test
was used to compare miRs to NTC (NS not significant, and p-values are indicated on the graph).

3.3.8 Co-regulation of CD98hc and a-2,3-sialic acid is via direct miRNA:3'UTR interactions
The impact of miRNA on protein expression can be via direct or indirect effects. In Chapter
213%and previous work by the Mahal laboratory’®, we established that the miRFIuR assay identifies
miRNA regulation via direct interactions between the miRNA and the 3'UTR of the transcript of
interest. To verify that miRNA co-upregulation of CD98hc and either ST3GALI or ST3GAL2
were via direct miRNA: mRNA interactions, I identified the upregulatory sites for two miRNAs:

miR-1246 (CD98h¢/ST3GALI) and miR-30b-5p (CD98hc/ST3GAL2) using RNAhybrid'42.
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These miRNAs are highly expressed in melanoma and are associated with melanoma
progression!%!%8, T then mutated these sites in my pFmiR sensors and tested their impact on

miRNA-mediated upregulation (Figure 3.16).
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Figure 3.16 Co-upregulation by miRNAs requires direct interactions with 3'UTRs of CD98hc,
ST3GAL1 and ST3GAL2. a, b. Alignment of miR-1246 with predicted CD98hc-3'UTR (a) or ST3GALI-
3'UTR (b) sites and their corresponding mutants. Mutated residues are shown in red. Wobble interactions
are shown in grey. ¢. Bar graph of data from miRFIuR sensors. For each sensor, data was normalized over
NTC. d, e. Alignment of miR-30b-5p with predicted CD98hc-3'UTR (d) or ST3GAL2-3'UTR (e) sites and
their corresponding mutants. Mutated residues are shown in red. Wobble interactions are shown in grey. f.
Bar graph of data from miRFIuR sensors. For each sensor, data was normalized over NTC. A standard ¢-
test was used for comparisons and p-values are indicated on the graph. All experiments were performed in
biological triplicate, a representative experiment with n =5 wells is shown.
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In line with Chapter 2'*°, mutation of the RNAhybrid predicted sites abrogated
upregulation. None of the four sites identified had canonical seed binding, nor were they AU rich.

Taken together, my data strongly supports an alternative binding motif for upregulatory miRNA

interactions that has yet to be fully determined.
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3.4 Discussion

The canonical view of miRNA, which can have >100 targets each, is that they
downregulate the expression of proteins that synergistically control specific cellular pathways and
phenotypes. In Chapter 2, I identified and validated that miRNA can upregulate protein expression
through direct binding to the 3'UTR in dividing cells '*°. This contradicts the dominant view of
miRNA, providing a mechanism for bidirectional tuning of protein expression. In this Chapter, I
provide further evidence for upregulation and expand upon its roles in the tuning of protein

networks.

In mapping the miRNA landscape for both the sialyltransferases (ST3GAL1, ST3GAL2)
and their glycosylation target (CD98hc), I identify up- and downregulatory miRNAs for all three
genes (up-miRs: 149 total interactions, down-miRs: 68 total interactions). As expected, biological
validation of up- and down-miRs using both miRs and anti-miRs followed the data from the
miRFIuR assay. Chapter 2 focused on identifying regulators of a-2,6-sialyltransferases, which are
often medium to low abundance proteins'*°. In contrast, CD98hc (slc3a2) is a component of a
neutral amino acid transporter found at the cell surface!®®!?_ It is highly abundant in cancer and
in proliferating B- and T-cells, where it plays an important role in clonal expansion!®2-164, Of note,
one of the strongest hits observed in my miRFIuR result for CD98hc was miR-155-5p, a highly
abundant miRNA which itself is critical in both cancer and clonal expansion of B- and T-
cells! 7189190 The concordance of roles for miR-155-5p and CD98hc strongly suggests that

CDO98hc is a primary target of miR-155-5p in these biological systems.

The majority of miRNA regulation is currently thought to occur at the 3'UTR of transcripts,
and the miRFIuR assay is focused on such regulation. The length of the 3'UTR has increased as

organisms have become more complex and required enhanced regulation of protein expression.
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The median 3'UTR length in humans is ~1,200 nucleotides?**2°!. Similar to other genes analyzed
using the miRFIuR assay to date, the 3'UTRs of ST3GAL1 and ST3GAL2 are both > 2 kb.
However, the 3'UTR of CD98hc is notably short, at only 190 nt. Upregulatory miRNAs were seen
for all three genes, indicating that upregulation does not require a long 3'UTR. The proportion of
up- to down-miRs for these genes was target dependent, with ST3GALI1 biased towards up-miRs
(90%, Figure 3.8¢) and CD98hc almost evenly divided between up- and down-regulators (54:46,
up: down, Figure 3.2¢). Consistent with these differences, in Chapter 2, I observed transcripts
biased toward down-regulatory miR interactions (ST6GAL2) and those biased towards
upregulation (ST6GAL1)!*. This hints that the structure of the 3'UTR may influence the

consequence of miRNA interactions, changing the predominant mode of regulation.

The local binding between miRNA and their cognate mRNA in downregulatory complexes
are highly enriched in seed sequences, in which positions 2-8 at the 5’-end of the miRNA are base
paired to the mRNA?%2, Of the five upregulatory binding sites identified in this Chapter (Figures
3.7 and 3.16), none follow canonical seed rules. In Chapter 2, I identified 3 upregulatory binding
sites, of which only one had a canonical seed. We, and others, found that upregulation by miRNA
in both dividing!*® and quiescent'* cells requires Argonaute 2 (AGO2), but is inhibited by
TNRC6A (GW182), an essential component of downregulatory AGO2 complexes!'#®!1°8, In a re-
evaluation of miRNA: mRNA target base-pairing within AGO complexes, Helwak, et. al., found
that non-canonical binding was highly prevalent and that there were distinct non-canonical base-
pairing patterns®®. The same miRNA were found to engage in both seed and non-canonically
patterned binding. They posited that differential binding patterns of miRNA: mRNA complexes
might alter AGO2 structures, leading to different complexes and activities. The data to date

supports a hypothesis that the interaction rules between a single miRNA and its cognate transcript
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are different in up- and downregulation, potentially recruiting distinct components into AGO2

complexes that define the translational fate of the mRNA!3%143,

Within the cell, miRNA cooperatively tune the expression of proteins that act in concert
within a biological pathway®>24205 This role has been well established for downregulatory
miRNA interactions. Co-regulation of proteins in a network by up-miRs has yet to be reported. In
recent work, we identified ST3GAL1 and ST3GAL?2 as essential genes in melanoma. Loss of these
genes caused apoptosis and enhanced proteasomal degradation of CD98hc, itself an essential
gene'>. In strong concordance with the biological relationship between CD98hc and ST3GAL1/2
in melanoma, I observed co-upregulators for CD98hc with either ST3GALI or ST3GAL?2 (Figure
3.12). I do not observe any overlap between the miRFIuR hits for ST3GAL1 and ST3GAL2, nor
do I observe either co-down-miRs or opposing miRNA regulation between the three genes. Of the
ten co-upregulators identified, six are overexpressed during melanoma progression
(CD98hc/ST3GALL: miR-28-3p, -1246, -449b-5p; CD98hc/ST3GAL2: miR-135b-3p, -30b-5p, -
30c-1-3p)!3%176.198 This is consistent with the increased protein expression of CD98hc, ST3GALI
and ST3GAL2 observed in melanoma patients*’-168, Co-upregulation makes biological sense as
a2,3-sialylation by these enzymes is required for CD98hc protein stability in melanoma, which is
most likely mediated by protein glycosylation, a known regulator of trafficking and stability!3%-206,
However, it is highly unlikely that the stability of the Golgi enzymes ST3GAL1 or ST3GAL2

requires CD98hc and the loss of ST3GAL1/2 in melanoma causes loss of CD98hc independent of

miRNA, thus tuning through co-downregulation is not required.

Several of the co-upregulators have other known targets in melanoma biology.
Proliferation and viability of melanoma cells were enhanced by the expression of miR-1246, which

was found to directly target and downregulate the tumor suppressor FOXA2!%8, In earlier work
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from the Mahal and Hernando laboratories, miR-30b-5p was identified as overexpressed in
melanoma metastasis and was found to inhibit the expression of GALNT7, a GalNAc transferase,
increasing the invasive capacity of melanoma cells in vitro and the metastatic potential in vivo!*2,
Taken together with my data, this provides strong evidence for bidirectional tuning by the same
miRNA within regulatory networks, with upregulation vs. downregulation determined by the
miRNA: mRNA pair. This Chapter positions upregulation as a central part of miRNA regulatory

networks and argues for a re-examination of the functions of miRNA.

3.5 Conclusion

Cellular protein expression is coordinated post-transcriptionally by an intricate network of
regulation. To date, it has been presumed that miRNA work by coordinating repression of key
targets within a network. In recent work, upregulation of protein expression by miRNA has been

78130 providing an additional mechanism of regulation. In this Chapter, I

found in dividing cells
demonstrate coordinated upregulation of coupled proteins by miRNA. I focused on CD98hc, the
heavy chain of the neutral amino acid transporter LATI, and two a-2,3-sialyltransferases:
ST3GALI1 and ST3GAL?2 that are critical for its stability in melanoma and profiled their miRNA
regulation using the high-throughput miRFIuR assay. I identified independent co-upregulators for
CD98hc with both sialyltransferases that were enriched in melanoma datasets. My findings add

co-upregulation by miRNA into our understanding of miRNA regulatory networks and add a new

twist to the impact miRNA have on glycosylation.

3.6 Experimental methods

3.6.1 Cloning
CDO98hc, ST3GALI1 and ST3GAL2 3'UTRs were amplified via PCR from genomic DNA

(gDNA, 10 pg, from MCF-7 cell line: CD98hc) or gene synthesis (GenScript Gene Synthesis
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company: ST3GALI and ST3GAL2) using the primers shown in Table 3.2. The amplicons were
cleaned up using a Monarch® PCR & DNA cleanup kit (catalog #: T1030S, NEB). The 3'UTR
fragments were then cloned into the pFmiR-empty backbone’®, downstream of Cerulean with the
following restriction sites (for CD98hc & ST3GAL2: Nhel and BamHI; for ST3GAL1: Agel and
BsiWI) using standard ligation protocols (NEB). Plasmids were verified by Sanger sequencing
(Molecular Biology Services Unit, University of Alberta). Large-scale endotoxin free DNA
preparations were made for sequence-verified constructs (pFmiR-ST3GAL1 and pFmiR-
ST3GAL?2) using Endotoxin-free plasmid DNA purification (Takara Bio USA, Inc., catalog #:
740548). Plasmid maps (for pFmiRs: -CD98hc, -ST3GAL1 and -ST3GAL2) and their

corresponding 3'UTR sequences can be found in Appendix A.

3.6.2 Cell lines

Cell lines HEK-293T, SK-OV-3, A549, and MCF-7 were purchased directly from the
American Type Culture Collection (ATCC), HT-29 was a gift from lab of Kristi Baker, MeWo,
131/4-5B1, and A375 were gifts from the Hernando Lab. Cells were cultured in media as follows:
HT-29 & HEK-293T:Dulbecco's Modified Eagle Medium (DMEM), 10% FBS; A549: FK-12,
10%, FBS; A375 & MeWo: DMEM* (catalog # 30-2002), 10% FBS; 131/4-5B1: RPMI-1640,
10% FBS) ; SK-OV-3: McCoy's 5a Medium Modified (catalog # 30-2007), 10% FBS; MCF-7:

DMEM/F12 (catalog #: 11320033), 10% FBS, under standard conditions (5% CO., 37°C)

3.6.3 miRFluR high-throughput assay

The Human miRIDIAN miRNA mimic Library 21.0 (Dharmacon) was resuspended in
ultrapure nuclease-free water (REF. #: 10977-015, Invitrogen) 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 (2 pmol/well). In addition, each plate contained a minimum of 6 wells
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containing miRIDIAN non-targeting controls. To each well was added target pFmiR plasmid
(pFmiR-CD98hc: 30 ng, pFmiR-ST3GAL1: 30 ng, or pFmiR-ST3GAL2: 20 ng) in 5 pul Opti-
MEM (Gibco) and 5 pL of transfection solution (0.1 pL Lipofectamine™ 2000 (catalog #:
11668500, Life Technologies) diluted to 5 pl total volume with Opti-MEM (Gibco), premixed 5
min at room temperature). The mixture was allowed to incubate at room temperature in the plate
for 20 min. HEK293T cells (25 pul per well, 400 cells/ pl in phenol red free DMEM supplemented
with 10 % FBS and Pen/Strep) were then added to the plate. Plates were incubated at 37°C, 5%
COz. 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 the clear bottom read

option (SYNERGY HI, BioTek, Gen 5 software, version 3.08.01).

3.6.4 Data analysis

I calculated the ratio of Cerulean fluorescence over mCherry fluorescence (Cer/mCh) for
each well in each plate. For each miRNA, triplicate values of the ratios were averaged, and the
standard deviation (S.D.) obtained. We calculated % error of measurement for each miRNA (100
x S.D./mean). As a quality control measurement (QC), we removed any plates or miRNAs that
had high errors in the measurement (median error +2 S.D. across all plates) and/or a high median
error of measurement for the plate (>15%). After QC we obtained data for 954 miRNAs for
CD98hc, 1,807 miRNAs for ST3GALI1, and 1,542 miRNAs for ST3GAL2 out of 2601 total
miRNAs screened for each target 3'UTR. We checked whether the miRIDIAN non-targeting
controls were at the median and found that they were skewed. Therefore, the Cer/mCh ratio for
each miRNA was normalized to the median of Cer/mCh ratios within that plate without exclusions
of any data in the plate and error was propagated. Data from all plates were then combined and

log-transformed z-scores calculated. A z-score of £1.965, corresponding to a two-tailed p-value of
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0.05, was used as a threshold for significance. Post-analysis we identified 65 miRNA hits for
CD98hc, 67 miRNA hits for ST3GALI1, and 84 for ST3GAL2 within 95% confidence interval

(Figure 3.17, and corresponding Figures 3.2a, 3.8a, 3.10a, and Datasets 3.1-3.3 (.xIs sheets)).

3.6.5 Western blot analysis of CD98hc, ST3GALI and ST3GAL?2

Western blot analysis was conducted for CD98hc in MeWo, 5B1 and MCF-7 cell lines
(down-miRs: miRs -17-5p, -34c¢-5p, -203b-5p; up-miRs: miRs -135b-5p, -155-5p). For ST3GALI,
Western blot analysis was done in SK-OV-3 and HT-29 cell lines (down-miRs: miRs -363-5p, -
1276, -609, -4714-5p, let-7i-5p; up-miRs: miRs -937-3p, -500b-5p, -28-3p, -449b-5p, -1246, -150-
3p). For ST3GAL2, the Western blot analysis was performed in A375 and A549 cell lines (down-
miRs: miRs -890, -433-3p, -575, -6733-3p, -200b-3p; up-miRs: miRs -124-3p, -3619-5p, -135b-
3p, -30c-1-3p, -378;j, -30b-5p). For co-up-miRs (CD98hc/ST3GALL: miRs -1246, -28-3p, -449b-
5p, -500b-5p; CD98hc/ST3GAL2: miRs -30b-5p, -30c-1-3p, -378j, -135b-3p), Western blot
analysis was tested in the MeWo, 5B1, MCF-7 cell lines for analyzing CD98hc, ST3GALI1 and
ST3GAL2 protein levels. For all Western blot analysis using mimics, miR-548ab was used as the
non-targeting control (NTC) based on experimental data (Figure 3.3). For all experiments, cells
were seeded in six-well plates (50,000 cells/well) and cultured for 24 h in appropriate media. Cells
were then washed with Hanks buffered salt solution (HBSS, Gibco) and transfected with miRNA
mimics: 50 nM mimic (Dharmacon, Horizon Discovery), 5 ul Lipofectamine 2000 (Life
Technologies), 250 pul OptiMEM. The media was changed to standard media 12 h post-

transfection. Cells were then lysed at 48 h post-transfection in cold RIPA lysis buffer supplemented
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Figure 3.17 miRNA hit lists. Barcharts represent the miRNA hits identified for CD98hc (a), ST3GALI1
replicates (n=3).
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pg of protein was added to 4x loading buffer with DTT (1 mM), heated at 95°C for 10 min and
run on a 10% gel (SDS-PAGE) using standard conditions. Proteins were then transferred from the
gel to Polyvinylidene fluoride membrane using iBlot2 Transfer Stacks (PVDF, Invitrogen, catalog
number: [B24002) and the iBlot2 transfer device (Invitrogen) using the standard protocol (PO).
Blots were then incubated with Ponceau S Solution (Boston BioProducts, catalog #ST-180) for 3
min and the total protein levels were imaged using the protein gel mode (Azure 600, Azure
Biosystems Inc.). Blots were blocked with 5% BSA (CD98hc and ST3GALL1) or 5% non-fat dry
milk (ST3GAL2) in TBST buffer (TBS buffer plus 0.1% Tween 20) for 30 min at room
temperature on rocker (LSE platform rocker, Corning) with 60 rpm. For CD98hc, blots were then
incubated with Monoclonal mouse a-human-CD98hc 1° antibody (1:500 in TBST with 10% BSA,
catalog #: 66883-1-1G, Proteintech). For ST3GALI1, rabbit a-human-ST3GAL1 1° antibody
(1:1000 in TBST with 10% BSA, catalog #: HPA040466, Sigma) was used. For ST3GAL?2, rabbit

a-human-ST3GAL2 1° antibody (1:1000 in TBST with 10% non-fat dry milk, catalog #: ab96028,

Abcam) was used. After an overnight incubation at 4°C, blots were washed 3 x 1 min with 0.1%

TBST buffer. A secondary antibody was then added (ST3GAL1/2: a-rabbit [gG-HRP, 1: 6,000 in
TBST with 10% BSA (ST3GAL1) or non-fat dry milk (ST3GAL2); CD98hc: a-mouse IgG-HRP,
1: 5000 in TBST with 10% BSA) and incubated for 1 h at room temperature with shaking (60
rpm). Blots were then washed 3 x 1 min with 0.1% TBST buffer. Blots were developed using
Clarity and Clarity Max Western ECL substrates according to the manufacturer’s instructions
(Bio-Rad). Membranes were imaged in chemiluminescent mode (Azure 600, Azure Biosystems
Inc.). All analysis was done in a minimum of three biological replicates.3.6.6 Endogenous miRNA

activity validation.
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miRIDIAN microRNA Hairpin Inhibitors (CD98hc: anti-miRs -155-5p, -135b-5p;
ST3GALIL: anti-miRs -1246, -28-3p, -449b-5p; ST3GAL2: anti-miRs -30b-5p, -30c-1-3p, -378))
and miRIDIAN microRNA Hairpin Inhibitor Negative Control (NTC) were purchased from
Dharmacon (Horizon Discovery, Cambridge, UK). The selected anti-up-miRs for each protein in
different cell lines: CD98hc: MeWo and 5B1 cells; ST3GALL: SK-OV-3 cells; ST3GAL2: A375
cells. For co-up-miRs (CD98hc/ST3GALL: anti-miRs -1246, -28-3p, -449b-5p;
CD98hc/ST3GAL2: anti-miRs -30b-5p, -30c-1-3p, -378j) were tested in the MeWo, 5B1 cell line
for analyzing CD98hc, ST3GAL1 and ST3GAL?2 protein levels. Each cell lines were seeded and
incubated as described for Western blot analysis. Cells were transfected with anti-miRNAs, 50 nM
using Lipofectamine™ 2000 transfection reagent in OptiMEM following the manufacturer’s
instructions (Life Technologies). After 12 h media was changed to standard culture media. 48 h
post-transfection cells were lysed and analyzed for CD98hc, ST3GAL1 and ST3GAL2 protein

levels as previously described. All analysis was done in three biological replicates.

3.6.6 RT-qPCR

Total RNA was isolated from cells treated as in Western blot experiments using TRIzol
reagent (catalog #: 15596018, Invitrogen) according to the manufacturer’s instructions. RNA
concentrations were measured using NanoDrop. Isolated total RNA (1 pg) was then reverse
transcribed to cDNA using Superscript III Cells Direct cDNA synthesis kit (catalog #: 18080300,
Invitrogen). Reverse transcription quantitative PCR (RT-qPCR) was performed using the SYBR
Green method and cycle threshold values (Ct) were obtained using an Applied Biosystem (ABI)
7500 Real-Time PCR machine. Values were normalized to the housekeeping gene GAPDH. The
primer sequences used for RT-qPCR can be found in Table 3.2. All analysis was done in three

biological replicates.
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3.6.7 Fluorescence microscopy

Cells were seeded onto sterile 22 x 22 glass coverslips placed into 35 mm dishes at a
density of 2 x 10° cells/ml in the appropriate media for the cell line (see above). After 24h, cells
were transfected with miRNA mimics as previously described (see methods for Western blots). At
48 h post-transfection, cells were washed with TBS (3 x 2 mL) and fixed with 4%
paraformaldehyde for 20 min. Cells were again washed with TBS (3 x 2 mL). Incubate with Cy5-
diCBM40 (made in Mahal lab) by adding (2 mL total volume, 1:300 (vol: vol) in TBS, 0.1% BSA
for 1 hour at room temperature in dark. Coverslips were then washed (TBS, 3 x 2 mL), and cells
were counterstained with Hoechst 33342 (2 mL, 1 ug/mL in TBS, 15 min in incubator). The
coverslips were then mounted onto slides with 60 pl of mounting media (90% glycerol in PBS)
and imaged with a Zeiss fluorescent microscope (Camera: Axiocam 305 mono, software: ZEN 3.2
pro). Specificity of diCBM40 staining was confirmed by using Neuraminidase (catalog #: P0722L,

NEB) prior to Cy5-diCBM40 staining. All analysis was done in three biological replicates.

3.6.8 Flow cytometry

Lectin staining and flow cytometry analysis: miRNA or anti-miR transfection to samples
for Flow cytometry analysis is prepared with the same method as for Western blot analysis. Post
48 hours-transfection, samples were trypsin digested (100 pl of 0.25 % trypsin per well in 6-well
plate format). Up to 1 mL of 1X HBSS was added to remove all the cells from the flask, and cells
were pelleted out by centrifugation at 350 x g for 6 min. Cell pellet was resuspended in 1X TBS
buffer containing 0.1% BSA and were counted using the cell counter. 100 uL of 5 x 10° cells was
counted per sample. As a negative control for lectin staining, Neuraminidase (catalog #: P0722L,
NEB) sample (is not transfected with miRNA) was trypsin digested and control sample was

prepared with Neuraminidase in HBSS: Gibco buffer (catalog #: P0720L, NEB) in 9:1 ratio and
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incubated at 37°C for 1 hour. 15 pg/ml of Cy5-diCBM40 in 1X TBS buffer was added onto each
sample and incubated for 25 min at room temperature in dark. Cells were pelleted out by
centrifugation at 350 x g for 6 min. Samples were washed with 1X TBS, 0.1%BSA for two times,
and centrifuge at 350 x g, 5 min. Samples were resuspended in 400 ul FACS buffer (PBS, 0.1%

BSA, 0.1% EDTA, 5 mM).

Cell surface CD98hc staining and analysis with flow cytometry: miRNA or anti-miR
transfection to samples for Flow cytometry analysis is prepared with the same method as for
Western blot analysis. Post 48 hours-transfection, samples were trypsin digested (100 pl of 0.25
% trypsin per well in 6-well plate format). Up to 1 mL of 1X HBSS was added to remove all the
cells from the flask, and cells were pelleted out by centrifugation at 350 x g for 6 min. Cell pellet
was resuspended in 1X TBS buffer containing 0.1% BSA and were counted using the cell counter.
100 uL of 5 x 10° cells was counted per sample. Samples were incubated with FITC labeled anti-
CD98 antibody (ab26010, Abcam) in 1: 20 ratio. Mouse monoclonal IgG1 (ab91356, Abcam) was
used as an isotype control with this antibody. Cells were pelleted out by centrifugation at 350 x g
for 6 min. Samples were washed with 1X TBS, 0.1%BSA for two times, and centrifuge at 350 x
g, 5 min. Samples were resuspended in 400 pul FACS buffer (PBS, 0.1% BSA, 0.1% EDTA, 5
mM). All samples were analyzed using Katz Fortessa flow cytometer (core facility, Faculty of
Medicine and Dentistry, University of Alberta). Experiments are done in three biological

replicates. The data was analyzed using FlowJo (10.5.3) software (BD Biosciences).

3.6.9 Multi-site mutagenesis on pFmiR-CD98hc, pFmiR-ST3GALI, and pFmiR-ST3GAL?2
The 3'UTR sequence of CD98hc, ST3GAL1, ST3GAL2 and the corresponding miRNA
sequences (CD98hc: miRs: -1246, -30b-5p, -28-3p, -155-5p; ST3GALI: miRa: -1246; ST3GAL2:

miR-30b-5p) were analyzed with the RNAhybrid tool'** which calculates a minimal free energy
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hybridization of target RNA sequence and miRNA. The most stable predicted miRNA: mRNA
interaction sites were selected for designing mutant pFmiR-sensors. Multiple mutation sites were
designed, the mutant primers were designed using NEB Base Changer version 1
(https://nebasechangervl.neb.com) and ordered for synthesis to Integrate DNA Technologies
(IDT) which are listed in Table 3.2. Multiple mutation sites were achieved according to protocol
for Site Directed Mutagenesis (SDM) using Q5® Site-Directed Mutagenesis kit (NEB, catalog #:
E0554S). Amplicons were cleaned up using Monarch PCR & DNA cleanup kit (catalog #: T1030S,
NEB). Sequences for the mutant pFmiR-ST3GAL1, pFmiR-ST3GAL2, pFmiR-CD98hc sensors
were then verified by sequencing and used in the miRFIuR assay as described previously. A
minimum of 5-wells were transfected per sensor and the analysis was done in three biological
experiments. Data was normalized to the NTC (CD98hc, ST3GALI1, ST3GAL2: miR-548ab) used

with each sensor.

3.6.10 siRNA knockdown of target gene

ON-TARGETplus siRNA reagents against CD98hc (slc3a2), ST3GALI, and ST3GAL2 in
a smart pool format and ON-TARGETplus Non-Targeting Control Pool (NTP) were purchased
from Dharmacon (Horizon Discovery, CA). MeWo (CD98hc, ST3GAL2) or HT-29 (ST3GALI)
cells were treated with siRNAs or NTP as described in Chapter 2. Blots were incubated with
antibodies and processed as described before (Appendix B). The shRNA knock down of the three

proteins against the corresponding antibodies were analyzed in previous study'.
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Table 3.2 Primer sequences for PCR amplification of WT 3'UTRs, RT-qPCR quantification of
mRNAs, and PCR amplification of mutant 3'UTRs for CD98hc, ST3GAL1 and ST3GAL2.

Primer Name | Sequence (5' — 3') | Sample

a. PCR amplification of CD98hc, ST3GAL1 and ST3GAL2 3'UTRs

CD98hc-FWD? AGGTAGCTAGCCTTCAGCCTGACATGGAC gDNA, MCF-7
CD98hc-REV® AGGTAGGATCCTATGAGAGAAGCAGAGGGAA gDNA, MCF-7
ST36GAL1-FWD AGTCAACCGGTAGATGACGCAGTGAAGGG gDNA, MCF-7
ST3GAL1-REV AGTCACGTACGAACAATAAAATAGCTCTTTGTTTATTCAC | gDNA, MCF-7
ST3GAL2-FWD AGTCAGCTAGCAAGTCTACCGGGGCAACTGAG gDNA, MCF-7
ST3GAL2-REV AGTCAGGATCCCATTATCAGTCACAGCTATCCTACC gDNA, MCF-7

b. RT-qPCR? quantifi

cation of CD98hc, ST3GALI1, ST3GAL2 or GAPDH transcript

ST3GAL1-FWD

TTGGAGGACGACACCTACCGAT

Total RNA, HT-29, SK-OV-3

ST3GAL1-REV CACCACTCTGAACAGCTCCTTG Total RNA, HT-29, SK-OV-3
ST3GAL2-FWD TCCGACTGGTTTGACAGCCACT Total RNA, A549, A375
ST3GAL2-REV CTTCTCCAGCACCTCATTGGTG Total RNA, A549, A375
CD98hc-FWD CCCACTACCCTTCTCCTTTCCTT Total RNA, 5B1, MCF-7
CD98hc-REV GTTCACTCATAATCTGCAACAGTTTG Total RNA, 5B1, MCF-7
GAPDH-FWD GGTGTGAACCATGAGAAGTATGA Total RNA, all cell lines
GAPDH-REV GAGTCCTTCCACGATACCAAAG Total RNA, all cell lines

c. PCR amplification

of CD98hc, ST3GAL1 and ST3GAL2 mutant 3'UTRs

155-5p-CD98he-

accagatcacTCCCTCTGCTTCTCTCATAC

pFmiR-CD98hc

MUT-FWD

155-5p-CD98hc- acgtccccagACTTTTATTTGAAGGCAGAAAAC pFmiR-CD98hc
MUT-REV

12\/5{3{-}3%3:1?319)%0 tggctagacaTTTTTCTCTTTTTTAAAAACAAACAAAC pFmiR-CD98he
2oL DI tcppegacceAAGGAAAGGAGAAGGGTAG pFmIR-CD98he
30b-5p-CD98hc- cccaaaatcccacaaatCTGCCTTCAAATAAAAGTCAC pFmiR-CD98hc
MUT-FWD

30b-5p-CD98hc- gettgtgagttaatctgCAACAGTTTGTTTGTTTGTTTTTAAAAAAG pFmiR-CD98hc
MUT-REV

ﬁé@g&?ﬁh“ tcttcagat CCCTCTGCTTCTCTCATAC pFmIR-CD98he
1246-CD98hc- ccatcgtccgGTGACTTTTATTTGAAGGCAG pFmiR-CD98hc
MUT-REV

1246-ST3GALI- tttttttaggt CCAAAACTTTAAAGACTTTTCTTTTTTC pFmiR-ST3GALI1
MUT-FWD

1246-ST3GALI1- geactttgtcct TTTCGGTTTGTTTAACAC pFmiR-ST3GAL1
MUT-REV

30b-5p-ST3GAL2- | cctacgcacgccCCCCAGGGCTTCCTGCGT pFmiR-ST3GAL2
MUT-FWD

30b-5p-ST3GAL2- | gtgtggeegcgggAGGTGGGACTGGGGGTCC pFmiR-ST3GAL2
MUT-REV

[a] FWD, forward; REV, reverse; RT-qPCR, Reverse transcription quantitative polymerase chain reaction.
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Chapter 4

miRNA Regulate Ganglioside Biosynthetic Enzyme, ST3GALS,

Expression and Cellular GM3 Content

4.1 Acknowledgment
I would like to warmly appreciate my colleague, Tigist Batu, for performing RT-qPCR
experiments. Also, I would like to deeply appreciate my undergraduate student, Joseph Reyes, for

his contributions in performing Western blot experiments and mutational analysis.
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4.2 Introduction

Gangliosides are sialic acid-containing glycosphingolipids®. Human cells express more
than 20 sialyltransferases which transfer sialic acid onto glycolipids or glycoproteins'®. o-2,3-
sialyltransferases (ST3GAL) are a subfamily with 6 enzymes. The extent to which each ST3GAL
sialylates glycolipid moiety has yet to be well characterized, for instance, ST3GALI sialylates
glycoconjugates linked to both lipids and proteins, whereas ST3GALS drives sialylation onto

lactosylceramide on lipids only®27

. Among ganglioside-modifying enzymes, ST3GALS, also
known as GM3  synthase  (CMP-N-acetylneuraminate:  lactosylceramide-a-2,3-N-
acetylneuraminyltransferase, GM3S), initiates the first step in the biosynthesis of gangliosides by
catalyzing the transfer of a sialic acid residue from CMP-sialic acid onto lactosylceramide to form
GM3 ganglioside. GM3, a trisaccharide molecule composed of glucose, galactose, and sialic acid,

serves as a precursor for other glycosyltransferases which expand the glycan chains, resulting in

gangliosides of the a-, b-, and c-series®® (Figures 4.1, 4.2).

Figure 4.1 GM3
synthesis by ST3GALS.

OCMP OH OH
HO%L ﬁ CHZ”‘"’C”S ST3GALS catalyzes the
AcHN (CH,)12CH3 ..
VY\/ addition of NeuSAc to
lactosylceramide to make

LacCer GM3 ganglioside via o-
2,6-sialic acid linkage.
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€00 cH2 16CHs
Cer HOI+
AN \/\‘/\/ (CHa)raCHs
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Figure 4.2 ST3GALS initiates the biosynthetic pathway of a-, b-, and c-series gangliosides.

ST3GALS is known to be associated with metabolic and neurologic disorders. To date,
different reports have identified a nonsense mutation in st3gal5 gene (on chromosome 2p11.2)
originally in an Amish family?” and recently found in children from healthy consanguineous
French parents?!', and is called GM3 synthase deficiency (GM3SD). This rare congenital disorder
of glycosylation leads to developmental delay, blindness, deafness, and mitochondrial dysfunction
207211 Tn addition, mice lacking st3gal5, which is impaired in making GM3, have an increased
sensitivity to insulin, reporting GM3 as a negative regulator of insulin receptor signaling?!2.

Moreover, the biological function of GM3 ganglioside and its corresponding enzyme, ST3GALS,

213-215 216,217
b

have been reported in different cancer types including breast®®, lung , melanoma and

bladder?!'8:219,
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microRNA, as an interacting partner of a target transcript, can affect the corresponding
protein expression patterns, and consequently, the protein functional outcome in human cells®>!!!,
Although it is intriguingly clear that changes in the levels of ST3GALS and/ or its resulting
catalytic activity, GM3, is associated with different disease states?0”-211:212.216220221 " the post-
transcriptional miRNA regulation of ST3GALS is poorly studied. In 2014, work from the Mahal
laboratory identified a suppressive role for the miR-200 family in tuning the expression of
ST3GALS5%. Given the recently introduced miRFIuR assay, which enables us to study miRNA
gene regulation in a high-throughput format’®!3°, we decide to expand our current knowledge of
ST3GALS miRNA regulation via screening the human miRNA interactome for ST3GALS. The
miRFIuR assay reveals that ST3GALS expression is evenly down- and up-regulated by miRNAs.
Further analysis verified that the cellular GM3 content, the product of ST3GALS, can be regulated

by miRNA targeting the ST3GALS 3'UTR. Taken together, this study uncovers new insights into

GM3 synthase regulation by miRNA.

4.3 Results
4.3.1 Comprehensive profiling of miRNA regulatory landscape of ST3GALS

The most prevalent 3'UTR (995 bp) of ST3GALS was cloned downstream of Cerulean
reporter protein within the pFmiR plasmid to create pFmiR-ST3GALS (Appendix A). After
analysis with miRFIuR assay, 1392 miRNA passed the QC (described in Chapter 2). The data was
normalized and a z-score threshold of £1.965 was applied. I identified 77 miR hits for ST3GALS
using a z-score cut-off corresponding to the 95% confidence intervals, which contains 31
downregulatory miRNAs (or down-miRs) and 46 upregulatory miRNAs (or up-miRs) (Figure

4.3). Of note, our previosuely validated miR hit, down-miR-200b-3p®>, was identified in this
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analysis, showing the accuracy of miRFIuR assay in identifying the correct miRNA hits for a target

gene.
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Figure 4.3 ST3GALS miRFIuR result. (A). Pie chart shows ST3GALS miRNA hit list containing 5% of
the rest of the miRNA library which passed QC. (B). Pie chart indicates the percentage of down-miR (31
miR hits) and up-miR (46 miR hits) in ST3GALS miRNA hit list. (C). Scatter plot indicates post-QC
miRNA for ST3GALS; miRNA in the 95% confidence interval is colored (down-miRs: red, up-miRs: blue)
and the tested miRNAs are labelled. (D). Bar chart represents miRNA hit list for ST3GALS within 95%
confidence interval (* is a known positive control miR-200b-3p for ST3GAL5%).

4.3.2 miRNA tune ST3GALS expression in two directions: inhibition and upregulation
Non-small lung cancer cell line (NSLC, A549) treatment with TGF-$ indicated a
fibroblastic appearance and increased migratory capability of cells, and was found to increase

ST3GALS expression, indicating a promigratory role of this protein in EMT process®>2%2. In this
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context, miR-200b-3p was shown to impede EMT by directly targeting ST3GALS expression. This
work indicates the important role of microRNA in the post-transcriptional regulation of ST3GALS,
and tuning the downstream EMT process’. In this Chapter, I tested a select subset of miRNAs
(down-miRs: -200c-5p, -550a-3p, 30d-3p, 30d-5p, 30e-3p; up-miRs: -34c-3p, -32-5p, -31-3p, -
106b-5p, -193a-3p, -92b-5p) and non-targeting control (NTC, NTC1) in the MDA-MB-231 breast
cancer line (Figure 4.4A-C), A549 lung cancer line (Figure 4.4D-F), and MeWo melanoma
cancer line (Figure 4.4G-I), where ST3GALS expression level is found to be functionally
important?!4217, These miRNAs were chosen due to their biological functions in cancer biology??*-
225 Of note, I used miR-200b-3p as known positive control’ in Western blot analysis. The Western
blot analysis confirms my miRFIuR results: down-miRs all inhibit ST3GALS expression, and
overall, up-miRs upregulate ST3GALS protein in all three cell lines. While all down-miRs down-
regulate ST3GALS expression, I observed more cell line dependency of ST3GALS regulation by
up-miRs. This cell line dependency is prevalently observed in miRNA-mediated gene regulation
which may result from cell-specific miRNA expression and action®?S, or other regulatory elements

such as RBPs counteracting with miRNA function!#.
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Figure 4.4 miRNA regulation of ST3GALS expression in MDA-MB-231, A549, and MeWo cancer
cell lines. (A&B, D&E, G&H). Representative Western blots of miRNA-mediated ST3GALS expression
in MDA-mB-231 (A&B), A549 (D&E), and MeWo (G&H) cells. miRNA mimics (down-miRs: -200b-3p,
-200c-5p, -550a-3p, -30d-3p, -30d-5p, -30e-3p; up-miRs: -34¢c-3p, -32-5p, -31-3p, -106b-5p, -193a-3p, -
92b-5p) were transfected into the cells. Western blot analysis was conducted 48 hours post transfection. (C,
F, I). Bar charts show three independent biological replicates of Western blot analysis in MDA-MB-231
(C), A549 (F), and MeWo (I). All Western blot samples are normalized over total protein stained with
ponceau and NTC. All experiments were performed in biological triplicate. Errors shown are standard
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deviations. For Western blot analysis, One sample #-test was used to compare miRs to NTC (ns not
significant, * p < 0.05, ** < 0.01, *** < 0.001).

4.3.3 miRNA regulation of st3gal5 transcript does not always correlates with protein

The miRNA-mediated regulation of st3gal5 transcript was tested using RT-qPCR
quantification analysis in three different cancer cell lines: MDA-MB-231 (Figure 4.5A), A549
(Figure 4.5B), and MeWo (Figure 4.5C). The result shows discrepancies between miRNA-
mediated regulation of ST3GALS protein and mRNA expression. It is worth noting that although
the central dogma tightly binds DNA, RNA, and protein molecules in a sequential manner, the
concentration of mRNA and its translation product (protein) are not necessarily aligned with each
other. While transcription levels contribute to the protein expression levels, multiple other

biological processes involve regulatory molecules including microRNAs that may impact
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Figure 4.5 RT-qPCR analysis of miRNA-mediated st3gal5 transcript regulation in cancer cell lines.
miRNA mimics (down-miRs: -200b-3p, -200c-5p, -550a-3p, -30d-3p, -30d-5p, -30e-3p; up-miRs: -34c-3p,
-32-5p, -31-3p, -106b-5p, -193a-3p, -92b-5p) were transfected to cells. (A-C). Bar charts show RT-qPCR
analysis of miRNA-transfected samples in MDA-MB-231 (A), A549 (B), and MeWo (C) cell lines. All
RT-qPCR samples were normalized over GAPDH and NTC. All experiments were performed in biological
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triplicate. Errors shown are standard deviations. For RT-qPCR analysis, One sample #-test was used to
compare miRs to NTC (ns not significant, * p < 0.05, ** < 0.01, *** < 0.001).

4.3.4 miRNA inhibitors halt endogenous miRNA from controlling ST3GALS expression

To corroborate that miRNA mimics reflect the corresponding endogenous miRNA

function, I used miRNA Hairpin Inhibitors (or anti-miRs) against select endogenous up-miRs: -

32-5p, -31-3p, -193a-3p, and down-miRs: -30d-3p, -30d-5p. The key criteria for an anti-miR to

function is a high expression level of the endogenous miRNA in the target cell line. All microRNA

selected were highly expressed in MDA-MB-231 cell line??. T observed impacts on ST3GALS5

expression upon cell transfection with anti-miRs that corresponds with endogenous activity

ST3GALS

(Figure 4.6).
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Figure 4.6 Endogenous miRNA
inhibition. (A). Representative Western
blots of anti-up-miRs (anti-32-5p, anti-31-
3p, anti-193a-3p) and anti-down-miRs
(anti-30d-3p, anti-30d-5p) in MDA-MB-
231 cells. (B). Bar chart shows three
independent  biological replicates of
Western blot analysis shown in (A). All
Western blot samples are normalized over
total protein stained with ponceau and
NTC. The experiment was performed in
biological triplicate. Errors shown are
standard deviations. For Western blot
analysis, One sample #-test was used to
compare miRs to NTC (* p < 0.05, ** <
0.01).

4.3.5 miRNA regulate GM3 epitope via mediating GM3 synthase (ST3GALS) expression

To assess whether miRNA regulating ST3GALS influence GM3 content via ST3GALS

activity, I tested a subset of miRNAs: down-miRs: -30e-3p, -30d-3p, -30d-5p; up-miRs: -34c-3p,

-31-3p, -106b-5p, and two non-targeting controls: NTC1 (used in Western blot and RT-qPCR
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experiments as NTC) and NTC2 in MDA-MB-231 and A549 cell lines (Figure 4.7). Of note,
NTC2 was used as an additional control for NTC1 to confirm that NTC1 does not have synergistic
effects on GM3 epitope expression via potentially targeting other glycogenes which may impact
GM3 levels. The flow cytometry result showed the same FITC intensities for NTC1 and NTC2,
verifying NTC1 as an appropriate control. The cell surface GM3 epitope was stained with FITC-
conjugated anti-GM3 antibody and quantified using flow cytometry approach. miR-200b-3p was
used as the positive control in the flow cytometry assay, showing 87% and 50% decrease in FITC

signal in MDA-MB-231 and A549 cells, respectively.
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Figure 4.7 miRNA modulation of ST3GALS affects GM3 levels in MDA-MB-231 and A549 cell lines.
(A&B; D&E). Representative flow cytometry histograms and quantification of GM3 binding in MDA-MB-
231 (A&B), A549 (D&E). Cells were transfected with miRNA mimics (down-miRs: -200b-3p, -30e-3p;
up-miRs: -34c-3p, -31-3p, -106b-5p) and NTCs (NTC1 and NTC2) for 48 hours. (C&F). Bar graphs show
data from replicates shown in (A&B) and (D&E). All samples are normalized over NTC1/2 (average MFI
of NTCI1 and NTC2). The experiment was performed in biological triplicate. Errors shown are standard
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deviations. For Flow cytometry analysis standard ¢-test was used to compare miRs to NTC1/2 (ns not
significant).

As a negative control, I used glucosylceramide synthase inhibitor (GENZ) which blocks
ganglioside biosynthesis pathway by inhibiting glucosylceramide synthase. Cells treated with
GENZ resulted in 50% and 20% reduction in FITC intensity in MDA-MB-231 and A549 cell lines,
respectively. The observed GM3 downregulation by the controls (positive control: miR-200b-3p;
negative control: GENZ) were stronger in A549 cells than MDA-MB-231 cells. Among down-
regulatory miRs identified in this Chapter, only miR-30e-3p was found to downregulate GM3
levels in A549 cell line, whereas other down-miRs do not have impact in either cell lines (Figure
4.7A, D). This may be because the cellular GM3 contents can be modulated by other pathways
including the ganglioside biosynthetic pathway, wherein cells may preferably express other
gangliosides expanded from GM3 precursor (e.g., GM2, GD2). Intriguingly, GM3 epitope is
upregulated by the up-miRs: -34c-3p, -31-3p, -106b-5p in both MDA-MB-231 (Figure 4.7B) and
A549 (Figure 4.7E) cells. Overall, this result indicates miRNA-mediated ST3GALS regulation

can affect cell surface GM3 epitope (Figure 4.7C, F).

4.3.6 microRNA impact ST3GALS expression via direct interaction with its 3'UTR

Using prediction tools, I identified the predicted binding site for two up-miRs (miR-31-3p,
-106b-5p) using RNAhybrid'#?, and two down-miRs (miR-30d-3p, -30e-3p) using Targetscan’
(Figure 4.8). In line with Chapter 2!%°, the upregulatory miRNA are predicted to bind via non-
canonical sites in accordance with RNAhybrid, whereas the predicted down-miR sites by
Targetscan are via an 7mer-m8 seed binding pattern’®. T mutated the predicted miRNA binding
sites on 3'UTR within the pFmiR-ST3GALS sensor for up- and down-miRs individually. In line
with Chapter 2!%, testing the up-miRs WT and mutant sensors via miRFIuR assay reveals the

accuracy of RNAhybrid in predicting upregulatory miRNA binding sites by abolishing
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upregulation upon mutation. Comparing tested WT and mutant sensors for down-miRs also

verified the predicted sites for down-miRs binding on ST3GALS 3'UTR.

down-miR up-miR
3UTR- WT 5 AATGTTTTGGGAAACACTGAAAT 3 FJUTR- WT 5 Cﬁaﬁi uT TATACCAG?TTGTGT?TC 3
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Figure 4.8 miRNA tune ST3GALS expression via direct interaction with its 3'UTR. (A-D) Alignment
of down-miRs (A: miR-30d-3p; B: miR-30e-3p) and up-miRs (C: miR-31-3p; D: miR-106b-5p) predicted
ST3GALS-3'UTR sites and their corresponding mutants. Mutated residues are shown in red. Wobble
interactions are shown in grey. E. Bar graph of data from miRFIuR sensors. For each sensor, data was
normalized over NTC. A standard #-test was used for comparisons. All experiments were performed in
biological triplicate, a representative experiment with n =5 wells is shown.

4.4 Discussion
ST3GALS is the enzyme initiating the biosynthesis of the a- , b-, and c-series gangliosides
containing epitopes with roles at the crossroad of cancer biology and immunology (e.g.,

GM220.31-GD257:232), as well as those that are mainly associated with other types of disorders

including diabetes (e.g., GM32!223%) and Alzheimer (e.g., GM1%423%), Given that, ST3GALS is
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one of the key gene whose expression can affect the ganglioside biosynthetic

pathway?7-2*%(Figure 4.2).

In this Chapter, the screening of the human miRNAome identified multiple members of
the miR-30 family: miRs-30e-3p, -30d-3p, -30d-5p regulating ST3GALS expression. The miR-30
family contains five members and six distinct mature miRNAs (miR-30a-3p, -30b-5p, -30c-1, -
30c-2, -30d-3p, -30e-3p)**’. Apart from that, miRNAs are also identified to upregulate ST3GALS
expression. The miRNA: 3'UTR direct interactions for two down-miRs: -30d-3p and -30e-3p were
validated to occur through a shared 7mer-m8 seed binding pattern’. Whereas, the upregulatory
validated sites for miR-31-3p and miR-106b-5p predicted by RNAhybrid!'#? are via non-canonical
binding patterns, and do not follow the seed binding rules. This contradicts with the current
assumptions, in that miRNA: mRNA direct interaction is primarily mediated by the seed region

pairing (nucleotides 28 in the 5'-end of miRNA, Section 1.3.2)7.

High expression levels of different members of the miR-30 family have shown to be
associated with the inhibition of tumor growth?®, improved survival rate’®. This study may
suggest another orchestrated regulatory network by cognate miRNA: ST3GALS 3'UTR (most
interestingly, miR-30e-3p, miR-30d-3p, and miR-30d-5p) in pathological states. In addition, the
up-miR-106b-5p is highly expressed in breast cancer in comparison with normal tissues and is
associated with breast cancer progression??®, promoting migration, invasion, proliferation**, and
poor prognosis in breast cancer patients?*’. Also, miR-106b-5p plays an oncogenic role in lung
cancer by promoting cell proliferation and impeding apoptosis??*. Using the flow cytometry
approach, I showed that miRNAs targeting ST3GALS can influence the cellular content of
ganglioside GM3. The upregulation of ganglioside GM3 has been shown to promote the

dimerization and activation of TGF-[3 receptors, and is positively regulated with cell migration and
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EMT-related signaling in TGF-B1-induced lens epithelial cells?*!. Other functional associations of
GM3 epitope in signaling pathways are coupled with PI3K/Akt/mTOR pathway (melanoma?!©),
the inhibition of epidermal growth factor (EGF) phosphorylation??!>*? (lung cancer?'4, bladder
cancer?!’, epidermoid carcinoma???). Given the established roles of other ganglioside epitopes
(such as GM2, GD2), which are expanded from GM3 (ST3GALS product), in cancer biology>”-23%-

232 it could be also interesting to explore that to what extent ganglioside pathway regulation is

mediated by microRNA via tuning ST3GALS expression.

4.5 Conclusion

In 2014, the Mahal laboratory identified ST3GALS incorporation to TGF-B—induced EMT
process which is post-transcriptionally regulated by miR-200 family®>. Given the significant roles
of ST3GALS5 and resulting gangliosides in various pathological states>’-2!1:221.231.233 ' T aimed to
study the ST3GALS expression regulation by microRNA. Using the high-throughput miRFIuR
assay’®, I comprehensively mapped the miRNA regulatory landscape of ST3GALS, identifying
two distinct categories of miRNA hits: downregulation and upregulation of ST3GALS expression.
The examination of the select subset of ST3GALS5 miR hits across different cancer cell lines
confirms the bidirectional tuning of the enzyme expression, some of which are verified to occur

via direct miRNA: 3'UTR interactions.

Together, this Chapter presents the first comprehensive analysis of miRNA regulation of
ST3GALS as the key enzyme in the ganglioside pathway. Identifying ST3GALS miRNA hit list
(contains 5% of whole human miRNAome) opens new avenues to study the regulation of
ST3GALS expression and potentially ganglioside epitopes in normal physiology and disease

states.
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4.6 Experimental methods
4.6.1 Cloning

ST3GALS 3'UTR was amplified via PCR from genomic DNA (gDNA, 10 pg, from MCF-
7 cell line) using the primers shown in Table 4.1. The amplicons were cleaned up using a Monarch®
PCR & DNA cleanup kit (catalog #: T1030S, NEB). The 3'UTR fragment was then into the cloned
restriction sites (Agel and BsiWI) downstream of Cerulean in the pFmiR-empty backbone’® using
standard ligation protocols (NEB). Plasmid was verified by Sanger sequencing (Molecular Biology
Services Unit, University of Alberta). Large-scale endotoxin free DNA preparations were made
for sequence-verified construct (pFmiR-ST3GALS5) using Endotoxin-free plasmid DNA
purification (Takara Bio USA, Inc., catalog #: 740548). Plasmid map for pFmiR-ST3GALS and

its 3'UTR sequence can be found in Appendix A.

4.6.2 Cell lines

All cell lines (HEK-293T, MDA-MB-231, A549) were purchased directly from the
American Type Culture Collection (ATCC). MeWo cell line was a gift from the Hernando
laboratory. All cells were cultured using suggested media (HEK-293T & MDA-MB-231:
Dulbecco's Modified Eagle Medium (DMEM), 10% FBS; A549: FK-12, 10% FBS; MeWo:

DMEM* (catalog # 30-2002), 10% FBS under standard conditions (5% CO, 37°C).

4.6.3 miRFluR high-throughput assay

The Human miRIDIAN miRNA mimic Library 21.0 (Dharmacon) was resuspended in
ultrapure nuclease-free water (REF#: 10977-015, Invitrogen) 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 (2 pmol/well). In addition, each plate contained a minimum of 6 wells

containing non-targeting controls (NTC). To each well was added target pFmiR plasmid (pFmiR-
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ST3GALS: 30 ng) in 5 pul Opti-MEM (Gibco) and 5 pl of transfection solution (0.1 pl
Lipofectamine™ 2000 (catalog #: 11668500, Life Technologies) diluted to 5 pl total volume with
Opti-MEM (Gibco), premixed 5 min at room temperature). The mixture was allowed to incubate
at room temperature in the plate for 20 min. HEK293T cells (25 pl per well, 400 cells/ pl in phenol
red free DMEM supplemented with 10% FBS and Pen/Strep) were then added to the plate. Plates
were incubated at 37°C, 5% COa». 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 the clear bottom read option (SYNERGY HI1, BioTek, Gen 5 software, version 3.08.01).

4.6.4 Data analysis

I calculated the ratio of Cerulean fluorescence over mCherry fluorescence (Cer/mCh) for
each well in each plate. For each miRNA, triplicate values of the ratios were averaged, and the
standard deviation (S.D.) obtained. I calculated % error of measurement for each miRNA (100 x
S.D./mean). As a quality control measurement (QC), any plates or miRNAs that had high errors in
the measurement (median error +2S.D. across all plates) and/or a high median error of
measurement for the plate (>15%) were removed. After QC, 1392 miRNAs were obtained for
ST3GALS out of 2601 total miRNAs screened for its 3'UTR. The Cer/mCh ratio for each miRNA
was then normalized to the non-targeting control miRNA mimic (NTC1) per plate and error was
propagated. Data from all plates were then combined and log-transformed z-scores calculated. A
z-score of £1.965, corresponding to a two-tailed p-value of 0.05, was used as a threshold for
significance. Post-analysis, I identified 77 miRNA hits for ST3GALS within 95% confidence

interval (Figure 4.3D and Dataset 4.1 (.xIs sheet)).
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4.6.5 Western blot analysis

Western blot analysis was conducted for ST3GALS in three cell lines: MDA-MB-231,
A549, and MeWo cell lines (down-miRs: miR-200b-3p, miR-200c-5p, miR-550a-3p, miR-30d-
3p, miR-30d-5p, miR-30e-3p; up-miRs: miR-34c-3p, miR-31-3p, miR-32-5p, miR-106b-5p, miR-
193a-3p, miR-92b-5p). For Western blot analysis, non-targeting control miRNA mimic (NTC1) is
used as a control. For all experiments, cells were seeded in six-well plates (50,000 cells/well) and
cultured for 24 h in appropriate media. Cells were then washed with Hanks buffered salt solution
(HBSS, Gibco) and transfected with miRNA mimics (50 nM mimic, Dharmacon, Horizon
Discovery, 5 ul Lipofectamine 2000, Life Technologies in 250 pul OptiMEM). The media was
changed to standard media 12 h post-transfection. Cells were then lysed at 48 h post-transfection
in cold RIPA lysis buffer supplemented with protease inhibitors (Thermofisher, catalog #: 89900).
For Western blot analysis, 30 pg of protein was added to 4X loading buffer with DTT (1 mM),
heated at 95°C for 10 min and run on a 10% gel (SDS-PAGE) using standard conditions. Proteins
were then transferred from the gel to Polyvinylidene fluoride membrane using iBlot2 Transfer
Stacks (PVDF, Invitrogen, catalog number: IB24002) and the iBlot2 transfer device (Invitrogen)
using the standard protocol (Po). Blots were incubated with Ponceau S Solution (Boston
BioProducts, catalog # ST-180) for 3 min and the total protein levels were imaged using the protein
gel mode (Azure 600, Azure Biosystems Inc.). Blots were blocked with blocking buffer prepared
with 5% non-fat dry milk in TBST buffer (TBS buffer plus 0.1% Tween 20), for 30 min at 60 rpm
on rocker (LSE platform rocker, Corning) at room temperature. Next, blots were incubated with
rabbit polyclonal a-human-ST3GALS 1° antibody (1:1000 in TBST with 10% blocking buffer,
catalog #: ab155671, Abcam). After an overnight incubation at 4°C, blots were washed 1 X rinse

and 2 x 50 seconds (sec) wash with 0.1% TBST buffer. A secondary antibody was then added (a-
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rabbit [gG-HRP, 1: 6000 in TBST with 10% BSA and incubated for 1 h at room temperature with
shaking (60 rpm). Blots were then washed 3 x 45 sec. with 0.1% TBST buffer. Blots were
developed using Clarity and Clarity Max Western ECL substrates according to the manufacturer’s
instructions (Bio-Rad). Membranes were imaged in chemiluminescent mode (Azure 600, Azure

Biosystems Inc.). All analysis was done in biological triplicates.

4.6.6 Endogenous miRNA activity validation

miRIDIAN microRNA Hairpin Inhibitors (anti-down-miR: anti-30d-3p, anti-30d-5p: anti-
up-miRs: anti-31-3p, anti-32-5p, anti-193a-3p, anti-106b-5p) and miRIDIAN microRNA Hairpin
Inhibitor Negative Control (NTC) were purchased from Dharmacon (Horizon Discovery,
Cambridge, UK). The selected anti-miRs for ST3GALS were tested in MDA-MB-231 cell line.
Cells were seeded and incubated as described for Western blot analysis. Cells were transfected
with anti-miRNAs (50 nM) using Lipofectamine™ 2000 transfection reagent in OptiMEM
following the manufacturer’s instructions (Life Technologies). After 12 h media was changed to
standard culture media. 48 h post-transfection cells were lysed and analyzed for ST3GALS protein

levels as previously described. All analysis was done in biological triplicates.

4.6.7 Flow cytometry: GM3 epitope staining

Cells for flow cytometry analysis were transfected with miRNA mimic as previously
described. In flow cytometry, I used NTC1 and NTC2 as non-targeting controls. After 48 hours of
transfection, samples were trypsin digested (80 pl of 0.25% trypsin per well in 6-well plate format).
Up to 1 mL of 1X HBSS was added to remove all the cells from the flask, and cells were pelleted
out by centrifugation at 350 x g for 6 min. The cell pellet was resuspended in 1X TBS buffer
containing 0.1% BSA and counted using the cell counter. 100 uL of 5 x 10° cells was counted per

sample. As a negative control for GM3 epitope staining, [ used GENZ in 1:1000 dilution to achieve

109



a final concentration of 5 uM (catalog #: HY-12744A, Cedarlane). Samples were incubated with
anti-GM3 monoclonal antibody 1:20 ratio (Fisher scientific, catalog #: A2582VIAL) in 1X TBS
buffer on ice for 25 min in dark. Cells were pelleted out by centrifugation at 350 x g for 5 min.
Samples were then resuspended with 100 pL of 1X TBS buffer containing 0.1% BSA and 1:50
ratio of FITC-conjugated Goat anti-Mouse IgM secondary antibody (Thermofisher, REF # 31992)
was added to each sample and incubated on ice for 30 min in the dark. Cells were pelleted (350 x

g for 5 min) and then resuspended in 400 pul FACS buffer (PBS, 0.1% BSA, 0.1% EDTA, 5 mM).

All samples were analyzed using Fortessa X-20 flow cytometer (Core Facility, Faculty of
Medicine and Dentistry, University of Alberta). Experiments are done in a minimum of three

biological replicates. Data was analyzed using FlowJo (10.5.3) software (BD Biosciences).

4.6.8 Multi-sites mutagenesis on pFmiR-ST3GALS5

The 3'UTR sequence of ST3GALS and the corresponding miRNA sequences (down-miRs:
-200b-3p, 200c-5p, -550a-3p, 30d-3p, 30d-5p, 30e-3p; up-miRs: -34¢-3p, -31-3p, 32-5p, -106bb-
5p, 193a-3p, 92b-5p) were analyzed with either Targetscan’ or the RNAhybrid tool'*? which
calculates a minimal free energy hybridization of target RNA sequence and miRNA. For down-
miRs, the miRNA sites predicted by Targetscan were chosen for designing mutant pFmiR-sensors.
For up-miRs, the most stable predicted miRNA: mRNA interaction sites by RNAhybrid were
selected for designing mutant pFmiR-sensors. Multiple mutation sites were designed, the mutant
primers were designed using NEB Base Changer version 1 (https://nebasechangerv1.neb.com) and
ordered for synthesis to Integrate DNA Technologies (IDT) which are listed in Table 5.1. Multiple
mutation sites were achieved according to protocol for Site Directed Mutagenesis (SDM) using
Q5® Site-Directed Mutagenesis kit (NEB, catalog #: E0554S). Amplicons were cleaned up using

Monarch PCR & DNA cleanup kit (catalog #: T1030S, NEB). Sequences for the mutant pFmiR-
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ST3GALS sensors were then verified by sequencing and used in the miRFIuR assay as described
previously. A minimum of 5-wells were transfected per sensor and the analysis was done in three
biological experiments. Data was normalized to the median non-targeting control miRNA mimic

(NTC1) used with each sensor.

4.6.9 siRNA knockdown of ST3GALS

ON-TARGETplus siRNA reagents against ST3GALS in a smart pool format and ON-
TARGETplus Non-Targeting Control Pool (NTP) were purchased from Dharmacon (Horizon
Discovery, CA). MDA-MB-231 cells were seeded in six-well plates (50,000 cells/well) and
cultured for 24 h in appropriate media. Cells were then transfected with each of the siRNA pools
(25 nM and 50 nM, NTP, ST3GALS, Dharmacon, Horizon Discovery) using Lipofectamine™
RNAIMAX transfection reagent (catalog#: 13778150, Thermofisher) following the
manufacturer’s instructions. After 48h, cells were lysed using RIPA lysis buffer supplemented
with protease inhibitors (Thermofisher, catalog #: 89900), and lysates were quantified using BCA
assay (Micro BCA™ protein assay kit, catalog #: 23235) and were analyzed for Western blot as
previously described. Blots were incubated with antibodies and processed as described before.
Silencing ST3GALS using the siRNA confirmed the antibody signal for specific binding to

ST3GALS protein on Western blots (Appendix B).
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Table 4.1 Primer sequences for PCR amplification of WT 3'UTR, RT-qPCR quantification of
mRNA, and PCR amplification of mutant 3'UTRs for ST3GALS.

Primer Name | Sequence (5' — 3" | Sample
a. PCR amplification of ST3GALS 3'UTR
ST3GALS-FWD* AGTCAACCGGTACACAGAAAACCTCAGTTGA gDNA, MCF-7
ST3GAL5S-REV? AGTCACGTACGTTCCTCAAAAGTTTTTATTCTTTTTCATC gDNA, MCF-7
b. RT-qPCR? quantification of ST3GALS or GAPDH transcript
ST3GALS-FWD AGAGCCTCAGTCAAGGTTCTGG Total RNA from
ST3GALS-REV GAGGTCATATCCAAAACCCGCC MDA-MB-231,
GAPDH-FWD GGTGTGAACCATGAGAAGTATGA A549,
GAPDH-REV GAGTCCTTCCACGATACCAAAG and MeWo cell lines

c. PCR amplification of ST3GALS mutant 3'UTRs

30e-3p-ST3GALS-

aactgacttttGAAATCTTCCCAGTATTATAAATTG

pFmiR-ST3GALS

MUT-FWD
30e-3p- ST3GALS- tcccaaaacatt ATTCCTGGAAAGGGTGTAC pFmiR-ST3GALS
MUT-REV

i&’gﬁg@gmu' aactgactttGAAATCTTCCCAGTATTATAAATTG pFmIR-ST3GALS
1%/([)8?3%15\33 GALS- teccaaaacatt ATTCCTGGAAAGGGTGTAC pFmIR-STIGALS
i/}['f%’_'Fs\;f’)GALS - caccetetgtcgc AGTTTAAAAAGATGAAAAAGAATAAAAAC pFmIR-ST3GALS
i/}['f%’_'RsETsGALS' gtattgtegcgeteGTAGGCATTCAGAAAAGTTTC pFmIR-ST3GALS
I{/?g'%'fg’\;v%nGALS © | acgtegceCGTGAGGCCTGGGCTGGT pFmiR-ST3GALS
I{/?g';'fé’é\slnGALS © | tecatctgcCAGTATCAGCAGCAGAGCTACGG pFmiR-ST3GALS

[a] FWD, forward; REV, reverse; RT-qPCR, Reverse transcription quantitative polymerase chain reaction.
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Chapter 5

Profiling the Human miRNA Interactome of CMAS Reveals

miRNA Regulation of Sialic Acid

5.1 Aknowledgment
I would like to warmly thank my undergraduate student, Joseph Reyes for his contributions

into Western blot experiments and mutational analysis.
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5.2 Introduction
Metabolic reprogramming is a hallmark of cancer. Tumors modify the metabolic
phenotypes via rewriting vital metabolites to satisfy cancer growth, progression, and metastasis to

distant sites?#246, Sialic acid and its metabolic pathway have been shown to be enriched in the

t247’248 43,250

metabolic reprogramming of various cancers (e.g., Breas , colon?®, lung*>>°, ovarian®®,

2636.38 "and prostate® cancers). It is also an essential nutrient in normal physiology (brain

pancreatic
development®!) and immunology (B-cell survival?>?). Several examples for the functional roles of
sialic acid metabolic pathway enzymes (e.g., GNE, NANS) have been described in Section 1.1.1.
Cytidine monophosphate N-acetylneuraminic acid synthetase (CMAS) is a key enzyme in the
sialic acid metabolic pathway, responsible for the biosynthesis of the nucleotide sugar, CMP-sialic
acid (CMP-sia)*>3. The nucleotide sugar donor is required for all sialyltransferases (STs) to
function by adding CMP-sia onto a glycoconjugate acceptor (Figure 5.1). CMAS is the only sialic
acid-related enzyme that can activate the cellular pool of sialic acid and provide STs with active
substrates for sialylation, suggesting CMAS expression makes major contributions to the cellular

247,248,253

sialylation levels . Knocking down of CMAS has shown sialylation to be essential to the

maintenance of breast cancer pathogenicity?*’.

High levels of cell surface sialic acid termed “hypersialylation” has emerged as a
commonly observed phenotype of tumor microenvironment. This phenotype provides tumor cells
with the required biophysical properties (e.g., negative charge of carboxylate group) and
regioselectivity via specific sialic acid linkage to a glycoconjugate acceptor Section 1.1.2. Both
factors are crucial for recognition by glycan binding proteins (e.g., Siglecs, Selectins), dampening
immune cell responses, promoting cancer progression and metastasis via altering cellular

adhesion?>*2%¢, The sialic acid regulatory function in molecular and cellular interactions have been
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previously discussed in Section 1.2. The CMP-sia availability of STs can alter the cellular
sialylation levels**’. For example, an increased sialylation is reported in cells treated with Neu5Ac
which also resulted in >1.5-fold increase in the transcription of cmas and sialyltransferases in

compared to untreated cells?’.
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Figure 5.1 Scheme represents sialic acid metabolic pathway. CMAS catalyzes sialic acid activation from
sialic acid to CMP-sialic acid inside the nucleus.

Given the impact of CMAS expression level and its product, CMP-sia, in the remodeling
of cell surface sialylation, understanding the regulation of this gene may help to understand the
regulation of sialic acid. To this end, I used the dual fluorescence ratiometric miRFIuR system to

investigate the post-transcriptional regulation of CMAS expression by microRNA. In Chapter 2, I
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validated that miRNA can modulate gene expression in two distinct directions: inhibition or
upregulation of protein expression (Figure 5.2A). In this Chapter, using the high throughput
miRFIuR assay, I comprehensively profiled the miRNA regulatory landscape of CMAS,
identifying miRNA that can both down- and up-regulate CMAS expression via direct miRNA:

3'UTR interaction.

5.3 Results
5.3.1 Profiling human miRNA interactome on CMAS 3'UTR using miRFIuR assay

To map the miRNA regulatory landscape of CMP-sialic acid synthetase (CMAS), we
cloned the most prevalent 3' untranslated region (3'UTR) to create the pFmiR-CMAS sensor

(Figure 5.2). The 3'UTR length of genes studied so far via miRFIuR assay were > 2 kilobases

CMAS
pFmMIR-3'UTR Sensor

Poly A

: 5%
No effect

—_— Gene 3'UTR —4 —>
— mCherry —

Transfection Repression I I *
HEK293T P Ceriean ' Gene 3UTR—+ —Pp —————
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— mCherry —f

.\O(QN
'((\'\G\’\P\S\ m
. \AP‘N«\\?\“ _—
((\\?\ (ng\ Activation _—_ Gene 3UTR — >

— mCherry —f

Figure 5.2 Schematic of the miRFIuR assay for screening CMAS pFmiR-3'UTR interactome with
human miRNAome in HEK293T cells.

(B3GIcT: 2 kb8, ST6GALL: 2.75 kb'3%, ST6GAL2: 5 kb'3?, ST3GALI: 4.9 kb, ST3GAL2: 2.39
kb, Appendix A) except for CD98hc with 190 nucleotides (nt) 3'UTR length (Appendix A). The

CMAS 3'UTR is relatively short at 357 nt (Appendix A). I co-transfected the pFmiR-CMAS
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sensor with the miRNA mimic library (Dharmacon, v. 21, 2601 miRs), arrayed in triplicate 384-

well plates in HEK293T cells (Figure 5.2).

Upon data analysis, [ found that the “non-targeting” controls (NTCs) provided with the
library were significantly skewed from the median signals, and shifted strongly towards
downregulation. Therefore, I tested the NTCs impact on CMAS expression in Western blot
analysis of CMAS. My analysis showed that NTCs downregulate CMAS expression. Thus, I chose

to median normalize the CMAS dataset (Figure 5.3A).
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Figure 5.3 Profiling miRNA regulatory landscape of CMAS. (A). Scatter plot indicates post-QC miRNA
for CMAS; miRNA in the 95% confidence interval are colored (down-miRs: red, up-miRs: blue) and the
tested miRNAs are labeled. (B). Pie chart shows CMAS miRNA hit list containing 5% of miRNA library
which passed QC. (C). Pie chart indicates the percentage of down-miR (33 miRNAs) and up-miR (40
miRNAs) in CMAS miRNA hit list.
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Post quality control (QC), the CMAS dataset was log, transformed and a z-score of +1.965,
corresponding to 95% confidence interval was applied which results in 73 miRNAs as hits for
CMAS, representing 5% of miRNA interactions passing QC (Figure 5.3B). CMAS miRNA hit
list contains 33 downregulatory miRNAs (or down-miRs, 45%, Figure 5.3C), and 40 upregulatory

miRNAs (or up-miRs, 55%. Figure 5.3C).

5.3.2 miRNAs both down- and up-regulate CMAS expression in breast cancer cell lines

A select subset of down-miRs (miR-550a-3p, -323a-3p, -200c-5p) and up-miRs (miR-
301b-3p, -31-3p, -196a-3p, -941) were chosen to examine CMAS miRNA hit list over endogenous
CMAS expression. Of note, we tested several miRNAs that had no impact on the 3'UTR CMAS
sensor, to use as an alternate non-targeting control (NTC). miR-548ay-3p (hereafter NTC1) and
miR-625-5p (hereafter NTC2) were chosen as new NTCs with no associations with biological
processes!”’. Previous work demonstrated a strong impact of CMAS expression on breast cancer
pathogenesis. Thus, I first tested the selected up- and down-miRs in two breast cancer cell lines:
MDA-MB-231 (Figure 5.4A-B) and MDA-MB-436 (Figure 5.4D-E). In line with previous
works’®13% the miRFIuR assay accurately identifies cognate miRNA: 3'UTR interactions, showing
the select down-miRs are downregulating CMAS expression and up-miRs are increasing CMAS
levels in the two cell lines (Figure 5.4A-B, D-E). miRNA regulation of CMAS is also assessed
for cmas transcript expression in MDA-MB-231/436 cells, showing discrepancies between
miRNA-mediated gene regulation at transcription and translation levels (Figure 5.4C and F). This
is consistent with my previous experience (Chapters 2-4) and the literature reports of discrepancies

between protein and mRNA levels895:125:126,
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Figure 5.4 miRNA regulation of CMAS expression in breast cancer cell lines. (A&D). Representative
blots show Western blot analysis of miRNA-mediated CMAS expression in MDA-mB-231 (A) and MDA-
MB-436 (D) cells. miRNA mimics (down-miRs: -200c-5p, -323a-3p, -550a-3p; up-miRs: -196a-3p, -941,
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-301b-3p, -31-3p) and NTCs (median controls: NTC1: miR-548ay-3p; NTC2: miR-625-5p) were
transfected to the cells. Western blot analysis is conducted 48 hours post transfection. (B&E). Bar graphs
show three independent biological replicates of Western blot analysis shown in A and D in MDA-MB-231
(A) and MDA-MB-436 (D) cells. The NTC1/2 is the average of NTC1 and NTC2. (C&F). RT-qPCR
quantitative analysis of cmas mRNA expression in MDA-MB-231 (C) and MDA-MB-436 (F). Cells were
transfected with the same miRNA mimic listed in A&D and NTC2. (G&l). Representative blots indicate
anti-miR inhibiting endogenous miRNA for anti-up-miRs (anti-301b-3p, anti-941, anti-31-3p) in MDA-
MB-231 (G) and anti-down-miR-200c-5p in OVCAR-3 (I) cells. NTC (for anti-miR) is used as control.
(H&J). Bar graphs show three independent biological replicates of Western blot analysis shown in G and 1.
All Western blot samples are normalized over total protein stained with ponceau and corresponding NTC.
All RT-qPCR samples were normalized over GAPDH and NTC2. Errors shown are standard deviations.
For Western blot and RT-qPCR analysis, One sample #-test was used to compare miRs to NTCs (ns not
significant, * p <0.05, ** <0.01, *** <(.001).

To examine the impacts of endogenous miRNA on CMAS expression, I employed miRNA
Hairpin Inhibitors (anti-miRs). I chose anti-miRs targeting those miRs for which we have high
endogenous expression levels. For this experiment, I used the provided NTC by the Horizon
Discovery company for anti-miR, and it does not have any sequence similarity to miRNA mimic
NTCs. Three anti-up-miRs (anti-301b-3p, anti-941, anti-31-3p) were transfected in MDA-MB-231
cells and examined via Western blot analysis, resulting in loss of CMAS upregulation (Figure
5.4G- H). The endogenous function of down-miR-200c-5p was tested in OVCAR-3 cells by
transfecting anti-200c-5p, resulting in loss of downregulation (Figure 5.41-J). This data confirmed
the observed up- and down-regulation of CMAS expression comes from endogenous miRNA

impacts.

5.3.3 Upregulatory miRNAs for CMAS enriched for pancreatic and lung cancers

To explore the potential involvement of the identified up-miRs in biological pathways, I
used miRNA enrichment and annotation database (miEAA, v 2.1)**). Running the miRNA
enrichment analysis for CMAS upregulatory miRNAs showed a strong signature in cancer biology
wherein sialylation is shown to play functional roles?6-¢*% (Figure 5.5A-B). Pancreatic cancer and
lung cancer were scored as the first and second most enriched cancer types, respectively, for

CMAS upregulatory miRNAs (Figure 5.5C-D).
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Figure 5.5 Enrichment analysis of upregulatory miRNA for CMAS. The enrichment analysis is
conducted by applying p < 0.05 using miRNA enrichment analysis and annotation tool (miEAA)*®. (A).
Heat map indicates enrichment of some CMAS upregulatory miRNA in different cancer types. (B). Bar
graph shows that CMAS up-miRs are significantly enriched in cancer biology. (C). Bar graph lists cancer
types enriched for CMAS up-miRs. (D). Word plot indicates pancreatic, lung, and liver cancers as the first
three most enriched cancer types for CMAS up-miRs, respectively.

The CMAS expression level affects the content of all forms of sialylation. Different
sialyltransferases and their corresponding sialylation patterns have been reported to play roles in
lung and pancreatic cancers. For example, both ¢-2,6-sialic acid and ST6GALI, the main enzyme
underlying it, are known to play roles in lung cancer and pancreatic cancer progression®®3%43, Thus,
we narrow our focus upon the examination of miRNA roles in regulating sialic acid regulation in

lung and pancreatic cancer cells.
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I first analyzed the CMAS expression regulation by transfecting A549 cells with a select
subset of down- and up-miRs as listed before (Figure 5.6). Overall, I observed the inhibition of
CMAS expression by down-miRs, whereas up-miRs upregulated the expression of this enzyme.
The miRNA impact on cmas transcript levels was also tested. I observed more agreement in the
regulatory patterns of CMAS between protein and mRNA levels in A549 cells, indicating higher

cell dependency in transcript response than protein.

Among different sialyltransferases, two of them are shown to play roles in lung cancer:
ST6GALI1* and ST6GALNAc22%, both are responsible for a-2,6-sialylation. In vivo experiments
showed that silencing STOGALNACc2 suppressed breast cancer metastasis to lung in both mouse
and human breast cancer models, revealing ST6GALNAc2 metastasis suppressor function®°,
Yuan, Q., and coworkers reported the proinvasive role of a-2,6-sialylation and ST6GAL1 non-
small lung cancer cells (A549) in vitro and in vivo®. In this Chapter, I tested the potential impact
by miRNA in regulating cell surface a-2,6-sialic acid via targeting CMAS. Thus, I stained A549
cells with the Cy3-SNA lectin and fluorescence signal was visualized using fluorescence
microscopy. The fluorescence signal was further quantified using flow cytometry (Figure 5.6E-
G). The SNA lectin staining showed an increase in «-2,6-sialylation by up-miRs (miR-31-3p, -
301b-3p. -196a-3p: ~1.4 fold), whereas the down-miR-200c-5p resulted in a decrease in cell
surface a-2,6-sialic acid. To further confirm that the observed miRNA-mediated regulation of -
2,6-sialic acid is via tuning CMAS expression, and not through controlling ST6GAL1 expression,
I examined the miRNA impacts on ST6GAL1 expression in A549 cells. The data showed no
effects by miRNA on ST6GALI expression levels which is in consistent with Chapter 2, where
these miRNAs do not pass the applied QC (error threshold, z-score analysis) in miRFIuR assay!3°

(Figure 5.6H, I).
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Figure 5.6 miRNA regulation of CMAS expression in A549 cell line. (A) Schematic representation of
CMAS function in nucleus and ST6GAL1/2 function in Golgi modifying glycoconjugates with o-2,6-
sialylation. (B) Representative blots show Western blot analysis of miRNA-mediated CMAS expression in
AS549 cells. miRNA mimics (down-miRs: -200c-5p, -323a-3p, -550a-3p; up-miRs: -196a-3p, -941, -301b-
3p, -31-3p) or NTCs (median controls: NTC1: miR-548ay-3p; NTC2: miR-625-5p) were transfected to
A549 cells. Western blot analysis is conducted 48 hours post transfection. (C). Bar charts shows three
independent biological replicates of Western blot analysis shown in B. The NTC1/2 is the average of NTC1
and NTC2. (D). RT-qPCR quantitative analysis of cmas mRNA expression in A549 cells transfected with
the same miRNA mimic listed in B and NTC2. (E). SNA staining of miRNA (up-miRs: -31-3p, -196a-3p;
down-miR-200c-5p) or NTC (for anti-miR) treated cells as in B. (F). Representative flow cytometry
histograms and quantification of SNA binding in A549 cells transfected with miRNA mimic. (G). Bar graph
shows three biological replicate result of flow cytometry quantification shown in F. (H). Western blot
analysis of ST6GALI1 for indicated miRNAs. A549 cells were transfected with same miRNA mimic as
listed in E or NTC3 (miRNA mimic non-targeting control for ST6GALT1). (I). Bar graph represents
normalized data for three biological replicates. In flow cytometry analysis, paired ¢-test was used to compare
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miRs to NTC1/2 and p-values are indicated on the graph. All Western blot samples are normalized over
total protein stained with ponceau and corresponding NTCs. All RT-qPCR samples were normalized over
GAPDH and NTC2. Errors shown are standard deviations. For Western blot and RT-qPCR analysis, One
sample #-test was used to compare miRs to corresponding NTCs (ns not significant, * p < 0.05, ** < 0.01,
*EE<0.001).

The endogenous miR-31-3p function in upregulating CMAS expression was further
verified via testing the corresponding anti-miR in A549 cells, resulting in loss of CMAS
upregulation (Figure 5.7A). We also quantified «-2,6-sialic acid levels upon the anti-miR
transfection to A549 cells via fluorescence microscopy and flow cytometry. As expected, we

observed reduction in SNA binding levels (Figure 5.7C-D).
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Figure 5.7 Corroboration of endogenous miRNA function in regulating CMAS expression in A549
cell line. (A) Western blot analysis of CMAS for anti-up-miR-31-3p. A549 cells were transfected with anti-
miRs or NTC. (B). Bar graph represents normalized data for three biological replicates. (C). SNA staining
of anti-up-miR treated A549 cells (NTC, anti-miR-31-3p). (D). Representative flow cytometry histograms
and quantification of SNA binding in A549 cells transfected with anti-miRs as in C. (E). Bar graph shows
three biological replicate result of flow cytometry quantification shown in D. All experiments were
performed in biological triplicate. Errors shown are standard deviations. For Western blot analysis, One
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sample #-test was used to compare anti-miRs to NTC (ns not significant, ** p < 0.07). In flow cytometry
analysis, paired #-test was used to compare anti-miR to NTC and p-values are indicated on the graph.

I tested one down-miR-200c-5p, and two up-miRs: -31-3p and -196a-3p for CMAS

expression in SU-86-86, a pancreatic cell line to assess the impact of miRNAs on CMAS
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Figure 5.8 miRNA regulation of CMAS expression in SU-86-86 cell line. (A) Representative blots show
Western blot analysis of miRNA-mediated CMAS expression in SU-86-86 cells. miRNA mimics (down-
miRs: -200c-5p; up-miRs: -196a-3p, -31-3p) or NTCs (median controls: NTC1: miR-548ay-3p; NTC2:
miR-625-5p) were transfected to SU-86-86 cells. Western blot analysis is conducted 48 hours post
transfection. (B). Bar charts shows three independent biological replicates of Western blot analysis shown
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in A. (C). RT-qPCR quantitative analysis of cmas mRNA expression in SU-86-86 cells transfected with the
same miRNA mimic listed in A or NTC2. (D). SNA staining of miRNA (up-miRs: -31-3p, -196a-3p; down-
miR-200c-5p) or NTCs treated cells as in B. (E). Representative flow cytometry histograms and
quantification of SNA binding in SU-86-86 cells transfected with miRNA mimic or NTCs treated cells as
in B. (F). Bar graph shows three biological replicate result of flow cytometry quantification shown in E.
(G). Western blot analysis of ST6GALT1 for indicated miRNAs. SU-86-86 cells were transfected with same
miRNA mimic as listed in A or NTC3 (miRNA mimic non-targeting control for ST6GALT1). (H). Bar graph
represents normalized data for three biological replicates. In flow cytometry analysis, paired ¢-test was used
to compare miRs to NTCs and p-values are indicated on the graph. All Western blot samples are normalized
over total protein stained with ponceau and corresponding NTCs. All RT-qPCR samples were normalized
over GAPDH and NTC2. Errors shown are standard deviations. For Western blot and RT-qPCR analysis,
One sample #-test was used to compare miRs to corresponding NTCs (ns not significant, * p < 0.05, ** <
0.01, ¥** < 0.001).

expression in pancreatic cancer (Figure 5.8). The data indicates the upregulation in CMAS
expression by the two up-miRs, whereas miR-200c-5p inhibits CMAS expression. The miRNA
impact on cmas transcript was examined. To further analyze the sialic acid regulation in pancreatic
cancer, we investigate a-2,6-sialic acid regulation by miRNAs targeting the CMAS 3'UTR using
SNA staining in SU-86-86 cells. Both fluorescence microscopy and flow cytometry analysis
indicated an increase in SNA signal by up-miR-31-3p (~1.2 fold) and up-miR-196a-3p (~1.3 fold)
(Figure 5.8D-F). The down-miR-200c-5p showed ~20% decrease in SNA intensity. It makes
biological sense that CMAS upregulation results in an increased level of «-2,6-sialic acid via
providing more of the activated form of sialic acid for STO6GAL1. Since ST6GALI is the main
enzyme for modifying cell surface with a-2,6-sialic acid, we examine the impact of the miRNA
hits for CMAS over ST6GAL1 expression. In line with A549 data for STOGAL1 expression
analysis, I have not observed significant miRNA-mediated regulation for STO6GAL1 (Figure 5.8G,

H).

5.3.4 CMAS expression is increased via direct miRNA: 3'UTR interaction
Using prediction tools, I identified the predicted binding site for two up-miRs (miRs: -31-
3p, -301b-3p) using RNAhybrid!#?, and two down-miRs (miRs: -200c-5p, -550a-3p) using

Targetscan’ (Figure 5.9). In line with our previous Chapters, the upregulatory miRNA are
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predicted to bind via non-canonical sites in accordance with RNAhybrid, whereas the down-miR
sites predicted by targetscan have canonical binding patterns. I mutate the predicted miRNA
binding sites within the pFmiR-CMAS sensor for each prediction. In line with previous Chapters,

mutation of the predicted sites abrogated the impact of the miRNAs.

down-miR c up-miR

FUTR-WT 5 GGGACAGTGTGTATGGTAAGACA 3 SUTR-WT e GT?AT‘I\?T?T?TAT?TT‘?_T?AT"\T e
hsa-miR-200c-5p 3’GGTTTGTGACGAA———CCl)/!\'!"!'Cl)'!'(LC 5 hsa-miR-31-3p 3 TAQQ—QTTATACA—AQQ@TATQ—QT 5
FJUTR-Mutant 5 GGGACAGTGTGTATGCATTCTGA 3 FUTR-Mutant 5 GCCAGTCACAGCAAACCAT—TCAGTT 3

B D
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Figure 5.9 Mutational analysis identifies miRNA binding sites on CMAS 3'UTR. A-D. Alignment of
down-miRs (A: miR-200c-5p; B: miR-550a-3p) and up-miRs (C: miR-31-3p; D: miR-301b-3p) predicted
CMAS-3'UTR sites and their corresponding mutants. Mutated residues are shown in red. Wobble
interactions are shown in grey. E. Bar graph of data from miRFIuR sensors. For each sensor, data was
normalized over NTC. A standard #-test was used for comparisons. Asll experiments were performed in
biological triplicate, a representative experiment with n = 5 wells is shown.

5.4 Discussion

Metabolic reprogramming occurs across cancer development?#-246, Aberrant expression of
STs and CMAS, the sialic acid metabolic pathway enzyme, are considered as a common feature
of cancer cells and directly impact cell surface sialic acid content®*. Interference with sialic acid

activation eradicates sialylation, impairing normal physiology (brain development, immune
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response) or pathology states (cancer progression, autoimmunity). In mapping miRNA regulatory
landscape of CMAS, I identified bidirectional tuning of CMAS expression by miRNA in miRFluR
assay. Biological validation verified the expected miRNA impacts on CMAS expression using

both miRNA mimic and anti-miRs.

Intriguingly, my enrichment analysis®*® for CMAS upregulatory miRNAs identified
enrichment for different cancer types: pancreatic cancer, lung cancer, and liver cancer. All three
of these malignancies are associated with the increased sialylation patterns drived by different STs.
ST6GAL1 and underlying «-2,6-sialylation is the most well-characterized ST in cancer
malignancies including these three cancers?6-38:43-9%-100 "Work from the Mahal laboratory and others
have shown that STOGALI and underlying a-2,6-sialic acid are upregulated in the early-stage of
pancreatic ductal adenocarcinoma (PDAC), and promotes PDAC progression 2%, In lung cancer,
ST6GAL1 and ST6GALNAc2 are the only STs that play two distinct roles. ST6GALI
upregulation is reported to increase lung cancer proliferation, metastasis, and invasion®.
Murugaesu, N., et. al., revealed STOGALNACc2 suppressive role in breast cancer lung metastasis
and improved survival in patients with breast cancer?®’. In addition, ST6GALI is the only ST
reported to be negatively associated with the metastasis capacity of hepatocellular carcinoma
(HCC, the most common primary liver cancer)*. a-2,6-sialylation of melanoma cell adhesion
molecule (MCAM, also known as CD146), by STO6GAL1 masked the galectin-3 interaction site
on MCAM*® whose pro-metastatic function has been reported in HCC?*. The strong concordance
of ST6GALI1 biological roles with the enrichment analysis result from CMAS upregulatory
miRNAs in cancer biology aroused my curiosity to examine CMAS expression, a-2,6-sialic acid
level, and ST6GALI1 expression in lung (A549) and pancreatic (SU-86-86) cells. My analysis

identified miRNAs that impact cell surface a-sialic acid via directly tuning CMAS expression.
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Together, this Chapter may provide more evidence for the CMAS expression effects on cellular

sialylation levels, herein, a-2,6-sialic acid.

5.5 Conclusion

Sialic acid, the key terminal glycan on cell surface, is known to drive cellular
interactions>*%°, Understanding the regulation of sialic acid metabolism may shed light onto
sialome reprogramming which occurs across cancer types. In disease states, the rewritten profile
of sialosides provides cancer cells with desired interactions with its microenvironment, leading to

38.47.95.248 © Among sialic acid biosynthetic pathway

their growth, progression, and invasion
enzymes, | comprehensively profiled the miRNA regulatory landscape of CMAS, providing a hit
list from human miRNAome as regulators of CMAS expression. I found two distinct miRNA-
mediated regulatory patterns: either inhibition or activation of CMAS expression. This Chapter
further suggests that miRNA tuning CMAS expression can regulate the ultimate a-2,6-sialylation

on the surface of non-small lung and pancreatic cancer cells. This may add more evidence for the

CMAS expression levels in impacting the cellular sialylation profile.

5.6 Experimental methods

5.6.1 Cloning

CMAS 3'UTR was amplified via PCR from genomic DNA (gDNA, 10 pg, from HEK293T
cell line) using the primers shown in Table 5.1. The amplicons were cleaned up using a Monarch®
PCR & DNA cleanup kit (catalog #: T1030S, NEB). The 3'UTR fragment was cloned into the
pFmiR-empty backbone’®, downstream of Cerulean with the restriction sites: Nhel and BamHI,
using standard ligation protocols (NEB). Plasmid was verified by Sanger sequencing (Molecular

Biology Services Unit, University of Alberta). Large-scale endotoxin free DNA preparations were
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made for sequence-verified construct (pFmiR-CMAS) using Endotoxin-free plasmid DNA
purification (Takara Bio USA, Inc., catalog #: 740548). Plasmid map for pFmiR-CMAS and its

3'UTR sequence can be found in Appendix A.

5.6.2 Cell lines

All cell lines (HEK-293T, MDA-MB-231, MDA-MB-436, OVCAR-3, A549, SU-86-86)
were purchased directly from the American Type Culture Collection (ATCC) and cultured using
suggested media (HEK-293T & MDA-MB-231: Dulbecco's Modified Eagle Medium (DMEM),
10% FBS; MDA-MB-436: DMEM, 10% FBS, 1 mM sodium pyruvate; OVCAR-3: RPMI-1640,
20% FBS, 0.01 mg/ml bovine insulin; A549: FK-12, 10% FBS; SU-86-86: RPMI-1640, 10% FBS)

under standard conditions (5% CO», 37°C).

5.6.3 miRFIuR high-throughput assay

The Human miRIDIAN miRNA mimic Library 21.0 (Dharmacon) was resuspended in
ultrapure nuclease-free water (REF#: 10977-015, Invitrogen) 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 (2 pmol/well). In addition, each plate contained a minimum of 6 wells
containing non-targeting controls (NTC). To each well was added target pFmiR plasmid (pFmiR-
CMAS: 30 ng) in 5 pl Opti-MEM (Gibco) and 5 pl of transfection solution (0.1 pl
Lipofectamine™ 2000 (catalog #: 11668500, Life Technologies) diluted to 5 pl total volume with
Opti-MEM (Gibco), premixed 5 min at room temperature). The mixture was allowed to incubate
at room temperature in the plate for 20 min. HEK293T cells (25 pl per well, 400 cells/ pl in phenol
red free DMEM supplemented with 10 % FBS and Pen/Strep) were then added to the plate. Plates

were incubated at 37°C, 5% COa». After 48 hours, the fluorescence signals of Cerulean (excitation:
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433 nm; emission: 475 nm) and mCherry (excitation: 587 nm; emission: 610 nm) were measured

using the clear bottom read option (SYNERGY HI1, BioTek, Gen 5 software, version 3.08.01).

5.6.4 Data analysis

I calculated the ratio of Cerulean fluorescence over mCherry fluorescence (Cer/mCh) for
each well in each plate. For each miRNA, triplicate values of the ratios were averaged, and the
standard deviation (S.D.) obtained. I calculated % error of measurement for each miRNA (100 x
S.D./mean). As a quality control (QC) measurement, I removed any plates or miRNAs that had
high errors in the measurement (median error +2 S.D. across all plates) and/or a high median error
of measurement for the plate (>15%). After QC, I obtained data for 1288 miRNAs for CMAS out
of 2601 total miRNAs screened for its 3'UTR. The Cer/mCh ratio for each miRNA was then
normalized to the median of Cer/mCh ratios within that plate and error was propagated. Data from
all plates were then combined and log-transformed z-scores calculated. A z-score of +1.965,
corresponding to a two-tailed p-value of 0.05, was used as a threshold for significance. Post-
analysis we identified 73 miRNA hits for CMAS within 95% confidence interval (Figure 5.10 and

Dataset 5.1 (.xIs sheet)).
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Figure 5.10 Bargraph represents miRNA hit list assay for CMAS resulting from high-throughput
miRFIuR. Data normalized over median. Error bars represent standard deviation of technical replicates
(n=3).

5.6.5 Western blot analysis of CMAS

Western blot analysis was conducted for CMAS in three cell lines: MDA-MB-231, MDA-
MB-436, and A549 cell lines (down-miRs: miR-200c-5p, miR-550a-3p, miR-323a-3p; up-miRs:
miR-941, miR-196a-3p, miR-301b-3p, miR-31-3p). A small subset of down- and up-miRs was
tested in SU-86-86 cell line: down-miR-200c-5p; up-miRs: -31-3p & -196a-3p. For Western blot
analysis, 548ay-3p (NTC1) and miR-625-5p (NTC2) are selected as a median control (Cer/mCh
ratio ~0.9-1) based on median normalization in miRFIuR assay. For all experiments, cells were
seeded in six-well plates (50,000 cells/well) and cultured for 24 h in appropriate media. Cells were
then washed with Hanks buffered salt solution (HBSS, Gibco) and transfected with miRNA
mimics (50 nM mimic, Dharmacon, Horizon Discovery, 5 pL Lipofectamine 2000, Life
Technologies in 250 pL OptiMEM). The media was changed to standard media 12 h post-
transfection. Cells were then lysed at 48 h post-transfection in cold RIPA lysis buffer supplemented
with protease inhibitors (Thermofisher, catalog #: 89900). For Western blot analysis, 30 pg of
protein was added to 4x loading buffer with DTT (1 mM), heated at 95°C for 10 min and run on a
10% gel (SDS-PAGE) using standard conditions. Proteins were then transferred from the gel to
Polyvinylidene fluoride membrane using iBlot2 Transfer Stacks (PVDF, Invitrogen, catalog
number: 1B24002) and the iBlot2 transfer device (Invitrogen) using the standard protocol (Po).
Blots were then incubated with Ponceau S Solution (Boston BioProdcuts, catalog #ST-180) for 3
min and the total protein levels were imaged using the protein gel mode (Azure 600, Azure
Biosystems Inc.). Blots were blocked with 5% BSA in TBST buffer (TBS buffer plus 0.1% Tween
20) for 30 min at 60 rpm on rocker (LSE platform rocker, Corning) at room temperature. Next,

blots were incubated with rabbit polyclonal a-human-CMAS 1° antibody (1:1000 in TBST with
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10% BSA, catalog #: HPA039905, Atlas Antibodies). After an overnight incubation at 4°C, blots
were washed 1 x rinse and 2 x 30 seconds (sec.) with 0.1% TBST buffer. A secondary antibody
was then added (a- rabbit I[gG-HRP, 1: 6,000 in TBST with 10% BSA and incubated for 1 h at
room temperature with shaking (60 rpm). Blots were then washed 3 x 45 sec. with 0.1% TBST
buffer. Blots were developed using Clarity and Clarity Max Western ECL substrates according to
the manufacturer’s instructions (Bio-Rad). Membranes were imaged in chemiluminescent mode

(Azure 600, Azure Biosystems Inc.). All analysis was done in three biological replicates.

5.6.6 Western blot analysis of STO6GALI

A small subset of down- and up-miRs was tested in A549 and SU-86-86 cell line: down-
miR-200c-5p; up-miRs: -31-3p & -196a-3p. For Western blot analysis, miRNA mimic non-
targeting controll (in this Chapter, I labeled it as NTC3) was used to analyze miRNA-mediated
ST6GALLI expression. For all experiments, cells were seeded in six-well plates (50,000 cells/well)
and cultured for 24 h in appropriate media. Cells were then washed with Hanks buffered salt
solution (HBSS, Gibco) and transfected with miRNA mimics (50 nM mimic, Dharmacon, Horizon
Discovery, 5 ul Lipofectamine 2000, Life Technologies in 250 pul OptiMEM). The media was
changed to standard media 12 h post-transfection. Cells were then lysed at 48 h post-transfection
in cold RIPA lysis buffer supplemented with protease inhibitors (Thermofisher, catalog #: 89900).

For Western blot analysis, it was conducted as described in Section 2.6.5.

5.6.7 Endogenous miRNA activity validation

miRIDIAN microRNA Hairpin Inhibitors (anti-down-miR: anti-200c-5p: anti-up-miRs:
anti-31-3p, anti-301b-3p, anti-941) and miRIDIAN microRNA Hairpin Inhibitor Negative Control
(NTC) were purchased from Dharmacon (Horizon Discovery, Cambridge, UK). The selected anti-

miRs for CMAS protein in different cell lines: anti-200c-5p: OVCAR-3 cells; anti-31-3p: MDA-
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MB-231 & A549 cells; anti-941 & anti-301b-3p: MDA-MB-231 cells. Each cell line was seeded
and incubated as described for Western blot analysis. Cells were transfected with anti-miRNAs,
50 nM using Lipofectamine™ 2000 transfection reagent in OptiMEM following the
manufacturer’s instructions (Life Technologies). After 12 h media was changed to standard culture
media. 48 h post-transfection cells were lysed and analyzed for CMAS protein levels as previously

described. All analysis was done in three biological replicates.

5.6.8 RT-qPCR

Total RNA was isolated from cells treated as in Western blot experiments using TRIzol
reagent (catalog #: 15596018, Invitrogen) according to the manufacturer’s instructions. RNA
concentrations were measured using NanoDrop. Isolated total RNA (1 pg) was then reverse
transcribed to cDNA using Superscript III Cells Direct cDNA synthesis kit (catalog #: 18080300,
Invitrogen). Reverse transcription quantitative PCR (RT-qPCR) was performed using the SYBR
Green method and cycle threshold values (Ct) were obtained using an Applied Biosystem (ABI)
7500 Real-Time PCR machine. Values were normalized to the housekeeping gene GAPDH. The
primer sequences used for RT-qPCR can be found in Table 5.1. All analysis was done in three

biological replicates.

5.6.9 Fluorescence microscopy

Cells were seeded onto sterile 22 x 22 glass coverslips placed into 35 mm dishes at a
density of 2 x 10° cells/ml in the appropriate media for the cell line as mentioned before. After
24h, cells were transfected with miRNA mimics as previously described (see methods for Western
blots). At 48 h post-transfection, cells were washed with PBS (3 x 2 mL) and fixed with 4 %

paraformaldehyde for 20 min. Cells were again washed with PBS (3 x 2 mL). Incubate cells with
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1% BSA, PBS for 1 hour in the standard condition of incubator (37°C, 5% CO). Incubate with
Cy3-SNA (SKU #: CL-1303-1, Vector Laboratories) by adding (2 mL total volume, 1:300 (vol:
vol) in PBS for 1 hour in standard condition of incubator (37°C, 5% CO>). Coverslips were then
washed (2 mL PBS, 3 x 4 min), and cells were counterstained with Hoechst 33342 (2 mL, 1 pg/mL
in PBS, 15 min in incubator). The coverslips were then mounted onto slides with 60 pl of mounting
media (90% glycerol in PBS) and imaged with a Zeiss fluorescent microscope (Camera: Axiocam
305 mono, software: ZEN 3.2 pro). Specificity of SNA staining was confirmed by using
Neuraminidase (catalog #: P0722L, NEB) prior to Cy3-SNA staining. All analysis was done in

three biological replicates.

5.6.10 Flow cytometry: Lectin staining

miRNA or anti-miR transfection to samples for Flow cytometry analysis is prepared with
the same method as for Western blot analysis. Post 48 hours-transfection, samples were trypsin
digested (80 puL of 0.25% trypsin per well in 6-well plate format). Up to 1 mL of 1X HBSS was
added to remove all the cells from the flask, and cells were pelleted out by centrifugation at 350 x
g for 6 min. Cell pellets were resuspended in 1X TBS buffer containing 0.1% BSA and were
counted using the cell counter. 100 pL of 5 x 10° cells was counted per sample. As a negative
control for lectin staining, Neuraminidase (catalog #: P0722L, NEB) sample (is not transfected
with miRNA) was trypsin digested and control sample was prepared with Neuraminidase in HBSS:
Gibco buffer (catalog #: P0720L, NEB) in 9:1 ratio and incubated at 37°C for 1 hour. 15 pg/ml of
FITC-SNA (from Mabhal lab) in 1X TBS buffer was added onto each sample and incubated for 25
min at room temperature in dark. Cells were pelleted out by centrifugation at 350 x g for 5 min.
Samples were washed with 1X TBS, 0.1% BSA for two times, and centrifuge at 350 x g, 5 min.

Samples were resuspended in 400 pul FACS buffer (PBS, 0.1% BSA, 0.1% EDTA, 5 mM).
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All samples were analyzed using Fortessa X-20 flow cytometer (Core Facility, Faculty of
Medicine and Dentistry, University of Alberta). Experiments are done in a minimum of three

biological replicates. Data was analyzed using FlowJo (10.5.3) software (BD Biosciences).

5.6.11 Multi-sites mutagenesis on pFmiR-CMAS

The 3'UTR sequence of CMAS and the corresponding miRNA sequences (down-miRs: -
200c-5p, -550a-3p; up-miRs: -31-3p, -301b-3p) were analyzed with either targetscan’ or the
RNAhybrid tool'** which calculates a minimal free energy hybridization of target RNA sequence
and miRNA. For down-miRs, the miRNA sites predicted by targetscan were chosen for designing
mutant pFmiR-sensors. For up-miRs, the most stable predicted miRNA: mRNA interaction sites
by RNAhybrid were selected for designing mutant pFmiR-sensors. Multiple mutation sites were
designed, the mutant primers were designed using NEB Base Changer version 1
(https://nebasechangervl.neb.com) and ordered for synthesis to Integrate DNA Technologies
(IDT) which are listed in Table 5.1. Multiple mutation sites were achieved according to protocol
for Site Directed Mutagenesis (SDM) using Q5® Site-Directed Mutagenesis kit (NEB, catalog #:
E0554S). Amplicons were cleaned up using Monarch PCR & DNA cleanup kit (catalog #: T1030S,
NEB). Sequences for the mutant pFmiR-CMAS sensors were then verified by sequencing and used
in the miRFIuR assay as described previously. A minimum of 5-wells were transfected per sensor
and the analysis was done in three biological experiments. Data was normalized to the median

control NTC (CMAS: miR-625-5p) used with each sensor.

5.6.12 siRNA knockdown of CMAS

ON-TARGETplus siRNA reagents against CMAS in a smart pool format and ON-

TARGETplus Non-Targeting Control Pool (NTP) were purchased from Dharmacon (Horizon
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Discovery, CA). SU-86-86 cells were seeded in six-well plates (50,000 cells/well) and cultured for
24 h in appropriate media. Cells were then transfected with each of the siRNA pools (25 nM and
50 nM, NTP, CMAS, Dharmacon, Horizon Discovery) using Lipofectamine™ RNAIMAX
transfection reagent (catalog #: 13778150, Thermofisher) following the manufacturer’s
instructions. After 48h, cells were lysed using RIPA lysis buffer supplemented with protease
inhibitors (Thermofisher, catalog #: 89900), and lysates were quantified using BCA assay (Micro

BCA™ Protein Assay Kit, catalog #: 23235) and were analyzed for Western blot as previously

described. Blots were incubated with antibodies and processed as described before (Appendix B).

Table 5.1 Primer sequences for PCR amplification of WT 3'UTR, RT-qPCR quantification of
mRNA, and PCR amplification of mutant 3'UTRs for CMAS.

Primer Name | Sequence (5' — 3') |
a. PCR amplification of CMAS 3'UTR

CMAS-FWD? AGTAAATGCAAGTAAGAACATCATCAAAG
CMAS-REV* CCCCAGATAAATAAAATCCCAACAT

b. RT-qPCR® quantification of CMAS or GAPDH transcript

Sample

gDNA, HEK-293T
gDNA, HEK-293T

CMAS-FWD AGTAAATGCAAGTAAGAACATCATCAAAG Total RNA from
CMAS-REV CCCCAGATAAATAAAATCCCAACAT MDA-MB-231, MDA-MB-436,
GAPDH-FWD GGTGTGAACCATGAGAAGTATGA AS549, and SU-86-86 cell lines
GAPDH-REV GAGTCCTTCCACGATACCAAAG

c. PCR amplification of CMAS mutant 3'UTRs

200c-5p-CMAS-MUT-FWD atgcattctgt TGCCCTTCTATTAATAAAAC pFmiR-CMAS
200c-5p-CMAS-MUT-REV acacactgtcccCAGATAAATAAAATCCCAACATC pFmiR-CMAS
550a-3p-CMAS-MUT-FWD atgcattctgt TGCCCTTCTATTAATAAAAC pFmiR-CMAS
550a-3p-CMAS-MUT-REV acacactgtcccCAGATAAATAAAATCCCAACATC pFmiR-CMAS
31-3p-CMAS-MUT-FWD aaccattcagitGCCCTTCTATTAATAAAACTAC pFmiR-CMAS
31-3p-CMAS-MUT-REV tgtgtgactggcCAGATAAATAAAATCCCAACATC pFmiR-CMAS
301b-3p-CMAS-MUT-FWD ataaataacacgacTACTTTTCTCTTTACGCAAG pFmiR-CMAS
301b-3p-CMAS-MUT-REV aataacagtttcgaAATCACACTCTCTGTAAC pFmiR-CMAS

[a] FWD, forward; REV, reverse; RT-qPCR, Reverse transcription quantitative polymerase chain reaction.
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Chapter 6

Conclusions and Future Directions
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6.2 Conclusions and future directions

Cell surface sialylation is encoded by a family of at least 20 enzymes, sialyltransferases
(STs), which derive specificity in sialylation patterns via creating different linkages (i.e., -2,3; a-
2,6; a-2,8) to acceptor ligands (Gal, GalNAc, Sia). Their diverse tissue expressions give rise to
different sialylation patterns across human tissues?®’. Numerous studies show the importance of

5,252

ST expression levels and corresponding sialylation patterns in normal physiology and

36,57

5,26,38,47,99,250,254,255, immunology , and

pathological states including cancer biolgy

neurodegenerative disorders?08-211:232

. To better understand the regulation of sialylation, I aimed to
investigate the miRNA-mediated regulation of sialyltransferases, as drivers of distinct sialylation

patterns throughout the human body.

In seeking to address the question, we found a bidirectional tuning by microRNAs!3?. The
canonical view of miRNA action is the destabilization of mRNA or inhibition of protein
translation®>2%4, To date, protein activation by microRNA has only reported under specific contexts

143,144 in mitochondria!*®), however, our discovery contradicts the current

(quiescence state
understanding of miRNA function. We indentifed that the upregulatory role of miRNAs (or up-
miRs) is via direct miRNA: 3'UTR interactions and does not require those specific conditions
observed in previous miRNA-mediated protein activation (non-dividing cells'#>1%4, without 5'-cap
or poly (A) in mitochondria'#%). According to the miR hit lists identified for seven different genes
in my Ph.D. dissertation, the extent to which each 3'UTR is hit by up- or down-miRs is target
dependent: while ST6GAL1, ST3GAL1 and ST3GAL2 are highly upregulated by miRNAs,
ST3GALS, CMAS, and CD98hc are evenly regulated by up- and down-miRs, and ST6GAL?2 is

predominantly down-regulated by miRNAs. This suggests that the context of the 3'UTR is a key

factor for the extent of up- or down-regulation by miRNAs. For example, secondary structures of

139



miRNA binding sites, and the strength of miRNA: mRNA patterns may contribute to the levels
and directions of miRNA impact. Given that, questions worth asking could be what are the 3'UTR
structural impacts on miRNA mode of action. In addition, the recruitment of miRNA to interact
with its cognate 3'UTR is drived by the action of complex(es) of proteins including AGO2. The
current understaning of RNA binding proteins contributed to miRNA regulatory machinery has
yet to be clarified. Now, this question could be asked in two aspects: what are RBPs for
downregulatory miRNA? and what are those for upregulatory miRNAs? Are there different

protein complexes or RBPs that distinct miRNA modes of actions?

Having determined the miRNA lists targeting seven genes studided in my Ph.D.
dissertation, I identified different miRNA:3'UTR pairs whose biological function are dovetailed.
For instance, CD98hc and miR-155-5p are both functionally important in the context of cancer
biology (e.g., melanoma!>%168:179:180 " hreqaqt!66.185.261)  immunology (B-cell®>!'%? and T-cell'6*1%
clonal expansion), and neurodegenerative diseases (e.g., multiple sclerosis?>-264). In the majority
of these biological contexts, the CD98hc upregulation is associated with the more severe or higher
stages of disease which are matched with those identified for miR-155-5p. Therefore, it may be
worth exploring the potential roles of identified miRNA (e.g., miR-155-5p) in tuning cognate

transcript and its protein (e.g., CD98hc) expression.

One important aspect of miRNA biology is its direct effects via interacting with its cognate
3'UTR. It is worth noting that all cognate up-miRNA: 3'UTR binding sites validated throughout
this thesis are via non-canonical binding patterns (except up-miR-221-5p for ST6GALI that binds
via seed region), whereas all validated downregulatory miRNA sites are identified via the seed
binding patterns. The predicted binding sites for up- and down-regulatory miRNA may or may not

have overlap. For example, in Chapter 2, the majority of predicted sites for up-miRs did not overlap
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with those of down-miRs for ST6GALI, arguing that the observed upregulation is not
predominantly via miRNA competition. For those that have overlap, there might be synergistic
effects which have yet to be explored. Also, the distribution of up- and down-regulation by miRNA
is found to be 3'UTR-dependent: while ST6GAL1, ST3GAL1, and ST3GAL2 are predominantly
upregulated by miRNA, ST6GAL?2 is mainly downreulated by miRNA. CD98hc, ST3GALS and
CMAS are approximately evenly up- and down-regulated by miRNA. My Ph.D. dissertation gave
rise to different questions regarding miRNA modes of action. One could imagine that miRNA
exert the up- versus down-regulation via two distinct machineries which finally impact protein
translation. Exploring this hypothesis would help to better understand how miRNA can upregulate

protein expression.

Lastly, with the great appreciation of the Mahal laboratory for providing the opportunity
for me to delivering my Ph.D. journery to the final station, my Ph.D. defense, it is worth
mentioning that I had started investigating miRNA regulatory landscape of more genes such as

GNE, SLC35A1, ST6GALNACcS which are ongoing and will be completed in the future.
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Maps and Sequences of pFmiR-3'UTRs
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A.1 pFmiR-ST6GAL1 map and ST6GAL1 3'UTR sequence

Nhel (1641)

pFmiR-ST6Gal1_FJ
8498 bp

(4398) BamHI

5’GCACAGGCTCCTCACTCTTCTCCATCAGGCATTAAATGAATGGTCTCTTGGCCACCCCAGCCTGGGAAGAACATTTTCCTGAACA
ATTCCAGCCTGCTCCTTTTACTCTAGGGGCCTCTGTCAGCAAGACCATGGGGACTTCAAGAGCCTGTGGTCAGGAAATCAGGTCCA
GCCTTCCCTGTAGCCAGACAGTTTATGAGCCCAGAGCCTCCTGCCACACACATGCACACATATCTAGCATTCTTTCCAGACAGCAT
CCTCCCCGCCTTCCACCTTGGTAGATGCAAGGTCTATCTCTCCCATCAGGGCTGCCAAAGCTGGGCTTTGTTTTTCCCAGCAGAAT
GATGCCATTCTCACAAACCAATGCTCTATATTGCTTGAAGTCTGCATCTAAATATTGATTTCACGTTTTAAAGAAATTCTCTTAAAT
TACAATTGTGCCCAATGCAGGGTGGCTCTGGGGGGCAAGTAGGTGGTACAGGGGATTGGAAACATGCTCCGCGCCTCCAGAGAA
AAGTTGCTCCCGAGGTCCATGCCCCTGGAACGTGTTCCTATCACTCTGGCTGGTTGGGCTGGTCCTTAGACTGGGTGCTTATGATT
AAAGGGTCTTGGTTAGCCCACTTTCCCTCTCCATGTGGAGATGGAAGGTAGAGAAGGATACAGTGTCTATCCTCAAGTTGCTACG
GTTCAGTGAGAGAGGCAGACATCTGAACAGGCAGGTAGGATTCAGTGTGCTCAGTGCACTGGGGATTTGGAGAGAGATGGGCTT
GCTCTCTCTGTGCACCCAGGAGGGCCACGCACTTAAAACTGTGTTTGTGGATCAGAGAAGGCTTTATAGCACAGGGGGCATTCAG
ATGAGTCTTAGAGGAAGAGAAGAAACATGGCAAGCAGATTACATCTGAGCCGTTTGAATTGTGTTTTTCTTTCTTCCCATGTTTAT
TTTCTAAGATCTACCTGAACTTAGAGACTCAAGATATTTTTTTAGGAAACCTCCTACCCATGTCTGAGGTAGCAAGTGCAGCCTCA
CGACAGATACCAGGCAATCCAGAGCCACAAAACGTGATTCCTCCAGGCTCTGCCTGGCCTGACCCTGTCCTGTCAGCTGGGTTTA
CATACCAGTCCCATTCTTCCTTTTCAATACCTACCCCCAAATCTTCTCCTAACCACCATCTGTTTTTTTTTTTTAAAGCATTTTTTGCT
TTAAAAGCATCCTGACCCCAATTTCTTTGAGCTCACGGGCCTTTTGCTGAAGGTCTCTCAGGGTGTAGTGGTGTGGCTCTCTGGAC

159



TTAACGTCACTCTCAGAGGTCAGAACCTTGGAGATCAGAACTGATTCTCACCAGGTGTGAGAGGTGTGGTAGCAGATTGCAATGC
TCTGCACCTCTTCCTTGCAAGTGAGCAACTTCAGGCTCTCTGGGCAGAGGCTGGCCCACTGTAGTTTGCAGACATGCTCTCCAGAT
GGTTTTACTAAGTCCCCTCTCCCTGATAGGGAATCCTGCTGGACCAGCGCAGCCCTGGTGTGGAGAGGTTAAAAGACTTGCACAG
GATCACCAAGTCATGCTGTAGAGCCAGGATTCCTAGACCCAGGGCTCTGCACTCTCAAGGCTGGCCCCATGTGCTCAAGGGGATC
TAATGTTTGGGCTCCAAACTAACCATCTCGGAGCTGGGCTCCTCATTTACTGCCAAACCCTCAGCTTATGTAGCTAGAAAGGGCCC
TGGAGTGAGAAAGCCTGGATTTTCAAATTGATGCTCCCCTACTGACTAGCTGTGCCACTCTGGGCAAATGCTCTTCCTTGAGCCTG
TTTCCACACCTGTAAAGTGGGGATGATGATCCTATCTCACTGCTTTTGTGAGGATTACAGGAAAGCACCTGTCCTGGCTCTGTACC
TGGCACGTAGTAGGTGCTCAGTTCATGCTGGTTTCCTTCCTGCCTTTAGTAGGGACCTGCTCTGTGCTCACACCTCGGCTGCATGCA
CCCTGCTGTGACGGAGGCTAGTGTGGAAGAGGTCCTGTCCTCAGGGAATTAACTGTCTTATTGGGAGACAACAACTGTCCTCCTTG
GAACACCCAAGAAACCATGCAAAGCAGTGGACAACACAGAACACGCCCTCCTCCTCGCTGCCTGCAGCTCCAATCTGATTCTGCT
TGGGAATGGGCGGAGCACGTGGGCTGCTTAACTGCTGTATAGGACAAGCCCCTTACCCCTCTCTGGGCCCATGAATTCCTGGCTTG
GTTTATGTTCTGATTTGACACACTGATTTTAATCTTCGAATCATGACACTGAGTGCAGAGGAGGTGGCATTCCGACAGCAGGACAT
ACATGTTGGTGTGAAGACTGGGACGACACTGGGTAGAATCTAGTTTTTAATTATTATTAATATAAAGGATCAAATTAATTTAAATA
TGATTCTGAAGTCTACAGAACTTTTAGTTCTGTGCTGTCTATGTGGACACTTTGGTAAAATGCAAATTATGATATGGACGTTATCAT
TGGTCTGGTGAGATGTTTCATATTITGTGACAGTTAATTTAAAAATTATGAGTTAATGCTGCCTGTGTCTATGGGGTTCTGTCTTCTT
TGATAGCCATCTATTCATCTGGATCATGGGACCCTCTCTAATCCTTCCACCAATCAAATAAGCTATTGCTATTGGTTTGGAGTTGAG
ATATCAGTCTCGGAAACTTCTGAAAAATGCTAATAATTACCCAAGGATTATGTCAAATTTTAAAATAAATGTGTGTGTGTTTCTTT
AA 3’
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A.2 pPFmiR-ST6GAL2 map and ST6GAL?2 3'UTR sequence

Nhel (1641)

pFmiR-ST6GAL2_FJ.txt
10,825 bp

(6725) BamHI

5’AAAGGGTTTCTTGGGAATCAATGTGCAATAAGGTACTACTGTTGTACTCAAAGTCACAAAAGAATACTTGAAGATAGATTTTAG
ACAGTGTAGTTTTGAGTCTTTAAACAGTAATTTAGTGGTGGTCATGATAATCCTTCTCTTTCTAAGCCATTGAGTATGTATTACTGC
TTTGAACATAGAAATGGTTTTTTTAAAAAAATAAGGCTCAAGAAAGATGCAAAACCAAGGATAGCTAGAAAGAAAACACATGTA
TGACCATGGGTATGATACCTCCAGAAATGTTAACAACTTATTCTTCTGCCATGAGTACCCCTCATCAGGGTTGGTTTCAATGACAG
GTTTTGGTGATGTTCCTGACCATATGAAGTGGTTTATGTTTAGAAACATTCAAATTGAGGGACATCATTTACAGCATCGAGTGTGT
CAGTTATACATGCATTCATCATTAAATATCCTAGGTTTTATGACAGACATTGAAATTATCACTCAGATGTGTTTAACAGCAAAAAA
TTCCCAGCACATCCTGGCAAAGGCTTTTATTTCCAACCGTTGCATTCTTCATCTCTGCCTCCCATTGCCCACTGAATGCTTTGCTTTC
TGTGCATCAAGACAGAGTTCTAAAACCAGAAAACATCCATCTTGAAAGGTCCAAGAAAAAGCCAAATTCCATATAGCACCACAG
AGGAGGCCCTTTGTTTCCCTGCAGTATTTCAACCAGGAACATTAGTATCACATCCACCAGGAGGCACATCACTGGCAAGTAACAT
AGAATCACAGGGCTGCAGGTGCCCCTGGACACTCCCCGGTTCTGGCTTTTCTGCCTTGTACCTCCTCACCTGCAGATCTACCCTGC
AGCTTTTGCATAGTCAGTGACACACTTGACAATTGGCACAGCTGTGCTGGGGAAGACGGGAGACACCTTGCTCCTTCCAAACTAG
AAGGAAAGATTTTGGAGCCATCACCCTGTGCTTCTAGGGATGCACGCCTGTCTTTATTATACAGGTTTCTTGCAGGTTTTTATCAGC
CAGTGGGAACTCCACAGTGATGAGCACTGAATCTTCACTAAATCTTCCTACAGACATTTAGGAATCCAGTCCTTGCTTTTGCAGAT
ATGTTTTATGTCAGCAGCATGACAAAGCCATATAATTAAATAATTTATGTGAAAGCATTGCTTATTAACAAGGAAAATATGTAGAT
GCTTCAGAGGGAAAGGCAGCTAGAGGGAAATTTTCATCCCAATATGTTAGCTATATTCAGGGTTGATTTTTTCTTTAATCTCAACT
GTCACTGATACATTGAAAAATTTTTGCTATGAATATAGTGAAACAGAAACATTCTGTAATACCTTAATTAAACATGCTATTATTTC
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AATGTATAACCAAAACATATCTCCATGGTACAGTTAAGACTTGTTGCAATGACAATAGCAGCTTAATTAAATGCGTTCTCCCTTGC
AAAATGTATGAATGTCAGGAGAGTTTAGTGGAAAAGTTTTCTTTGTTTCAGGATTGGTTTCTTCTAGACTGTTCTCAGGACTACTTT
CTTGAGCAAGAATGGCTTACAGAGACTGAAGGCTTCTGTTTGGTTAGTCTATTCAGCAGATATGGAGCTGGAAAACAAGACATCT
CCTATAGCTTGCTATAATAGTGAAGGAGAAATTGGAAAGTTTTAATCACAATAATATCCAATAAAAGCCCATTTTGAGAGTTTTGT
TATTAAGTCAATGAGAAGGGATAGGTAACTTTGTCCTATATATTAACTTATGTCTAAATAGACATGGTTAAGCCATGTTCCTTTCT
AATTTCTTTTCTTTTCTTTTTTTTTTTTTTTTTTGAGACAGTCTCTCGCTCTGTCGCCCAGGCTAGAGTGCAGTGGTGCGATCTTGGTT
CACTGCCAGCTCTGCCTCCCACGTTCACACCATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGGACTACAGGCACCCGCCACCACG
CCCAGCTAATTTTTTGTATTTTTAGTAGAGACAGGGTTTCACCGTGTTAGCCAGGGTGGTCTCGATCTCCTGACCTTGTGATCTGCC
TGCCTCGGCCTCCCAAAGTGATGGGATTATAGGCGTGAGCCACCACCGCGCCCGGTCATTCCTTTCTAATTTCTTGAAAAAACTTT
GTCTTGTCCTTATGTTTACATGTGTGTAATAATTTCAGCAACTCTGGAATGTGGGTGAGGTGGCTGTGGTGGATGAATATTACTCC
CTACCCTCCTTGGATCTTTCTAGATCTTCCAGACCATTAAATGCCCCTGAAGCTCCTTTTATAGTTTTGCAAGTGGATTTACTTGTA
GACATCCTTACTATCCAGCATAATCCCCCTTGGCTGACATGAGAACTTGGTTAGAGGAGAATTTATTGGGGTCAGTGTAAATATTC
AAGTTCAAAAGCCTCAGAACCCAACACTTTAAAGATTTTTAAATGGAATTTTGTCGTAGTCATTGTACTTTTAAAATAGTACTTTC
AGTTTCATTGAGGTTACAAGAAAGACTGAAGAGTACAAAGGAAATTTAGTTACAATTTTTGCATTTATTATGGCCTTAAAGACTCT
TGGGAATCAGGCTCTGTTCAACAGTCAATAAATGTAATACACACATTAATATAGTACTGACTGGGCGTTCTTCTATAAAAGTTTAA
GTTCTTTGGCTTCTAAGAAAATGTTGGGCAGTTACAGTTAACTTGATGACTACTTCTAGTATTAGCCAAATGGGTCCTAAGTGGCA
GCATTTTGCCAGACATTGACTAAATCCTTACATGCCACATTTACTGAATTCCAATAAACATATAGTTCTTCTGTGGAGTAGTTAAC
AGTAAGTGGCAGCTCACTGAATTTCTCCCAGGTTCTGTCTCTTCCAAAATCCTCCATCCTCTCTTATGAAGGGAAGCTGATAAAAA
AAAATCCTCTTGGTGCAAGCTGAAGCTGTTAAGGATTCCTTTTTTCACTCTCAGGACCAACAGACGTTCTTTTGTATTTCAAGATAA
TTTCACCTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTACAAAGAAACAAATTTTGAGCAGCAATGACAATTC
AACCATATCTAGATTCTCCCTACCTTATTTCTCCAGCCAGTCACACCAGGCAGACGGGTAACCTTTAACAGACCTGGTGTTCTCAT
GGAATACCGATGCTCGTCCCAGGGAGCTGACCTTTCTCACTATGTCCTTATAGAGCTGCTCTTACAGAGAACTTTGTGCTCAGGAC
CAAGGGATGGTCAATTAAAAGTTGCATGTAAGCATCAGGCTTGGATGGGCAAGGGAGGGCTTTTATACATCTTTGAACGACCAGG
TCTTTCCTTGTCTGCCTGAAGGCAGAGCTTCGAGAAACAGCACTTCCCATGTGTCTGGTCCTCTTGGTCTCTCAGCCAGACACTTAA
TCAATCCTGGACTCTCCAGTAGTCCTCAGTCATTGTAGCCATAGCATCTGCAAAAAAAGAAATGCTAAAATAATCATTAGCGTTTT
CAAAATTAGGAAATCAAAGTAGCTGGGTCACTCTCTTACATGTGTATGAGCCAGTTAATTCTGCTGGACAGATCATACTTACGCTG
CTGATTGACTCTTCTGAGCAGTAACACATCTCCTGAATTAATTAGGTAGGTCCCGTTTGGGTGCTTTAAGTGGGATCAGTCTTAGA
TGAGTGCCAGTATGTGATTGAATTTCATACGCACAAATGCCATGATTCAAGTTCTCTCTCCAGTTTTTCTTATAGATCAACACACA
GTACATGTGGTCAGTTACTTGGTTGAATTTCTGCTTAGCTGTGGTAAGAGACAGAGAAAGGGAGTGAGGTGGGACCAGGGGAATT
ATCAGAAAGACATGAGTGAACCTATTGGCCAGGTAGCTTCCAAGTATGTTCTATTGTATTGTCTGTTTTGATTCTGATAGTTTAGA
ACTCTTTCTGATAGTTTAGAACTCTTACCCAGTGGTTACATGACTGATCAAGGCAACTCCATCTGGAAATTAATTGCTTGGGTAAA
ATGTCCCTGAGTTTCAACTTGTCTTTTATCTCTGGATATTCTCTTATGAGATTATTATGCATGTTTCTGTCACATGGGCATTATTTAC
ACACTTGATAAATGAAAGGTATTTCTCTGTCCGTTCAAGGAAATAAAATGTAAGTTCTTGTTTTATTAAATGAATGAAGCCTTTTG
GTTAAAAAAAAAGTAATGTAATATGTTTCTGTTCAAACTTGAGCTAATGACATTTAAGGAATTAAAGACATTGATCTAGTTCTTAG
TATGAAAAGTGTACATGTAGATATAGTTATATAATTGTGTATATACATATCTACACACATGGTTGGTTTTATATTGCTTTTTCATCA
ATATTTTTGACTGAAACCTTTACAATAAATTTTATTTTAATTATGTAACCACTAATATTTTGAGAGAAGGAAGCAAATGTTATATGT
CCTTCTGTTAAAAGAAAAAAAATTCAGTCCTCCGCCAACCGCTTCCCACACACTCATACTCTGCACATCTTGGCTACATTAAAATG
GACTGACAGAATTATTTAAAAGGCACTATGAAGGTAGAACACTACCTTAATATTTTATCCTAGTCAGAAGCCTGATTTAACACTGA
ACTTTGAAGGGAAGCTTAGCTGTAGCTCATGGCTTTCAAAGATTAGAAGAAACATTTACTGGTTCTATGGAAAATAGTCTTCTTGC
TAGGTAGATTGGAAACAAAGAAATTGCATTGGTGGTGTTAAAATCTAACATTTATAACAAATCCTGTTTTATTCTAGATGAAATAC
TTAGACAATTCTTCCAGTGGAAACCAGTGAACTTTTTTAACAGCTTTGGGAATTCTTTTGTATGATAATTTTTAAAATGAAATGTGT
ACTCTTCAAACTAATTAAAGCTTGAAGTTTTCCAGGAGTCGCATTTTAAAAGTGTTTGTACACATTTTAACACTTGGATATTTTCTA
TTTTGGTTTTGTATATTTTTATGTATACACAATGTACAGACTTTTTTCTTGTAAATAAAACATGTTTTCATTTGTCTAGAAS3’
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A.3 pFmiR-CD98hc map and CD98hc 3'UTR sequence

pFmiR-CD98hc_FJ
5937 bp

T Nhel (1641)

BamHI (1837)

5’CTTCAGCCTGACATGGACCCACTACCCTTCTCCTTTCCTTCCCAGGCCCTTTGGCTTCTGATTTTTCTCTTTTTTAAAAACAAACA
AACAAACTGTTGCAGATTATGAGTGAACCCCCAAATAGGGTGTTTTCTGCCTTCAAATAAAAGTCACCCCTGCATGGTGAAGTCTT
CCCTCTGCTTCTCTCATA3’
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A.4 pFmiR-ST3GAL1 map and ST3GAL1 3'UTR sequence

Agel (1641)

pFmMIR-ST3GAL1_FJ
10,678 bp

(6569) BsSiWI

5’CGCAGTGAAGGGCTGAGGATGGACGCACTGTCACACCTCTGCATTTCCAGCCCCAGCATCTTGCTGGAGCCGTTCCATCCCGGA
GCTTGGAGGGGCAGCCTCAGGTGTGTGCCTGGGCACCGCTCACAGCCTCTTGCACCCAGCCGTTGGCAGCATCTACTCAGCAAGG
TCACTAAGCTCTGCCAGCGTGGCAGAGCATGTCTTGGAACCTGTCTTGAGTGGGGACAACGTCCCCCCACTGCTGCCCTAGAGCT
GGGGAGACGCTGGGAAAGGTTCAACCTCCACACACTAAAATCATTTTGGCTCCTGGGGCAAGCTTGGGGAATGAATGTGGAAGAT
GCCTATATTCTGAGAGACAGGACAGTTTCCCAGGAAGATGGGCAGAGACTTGAGTGGCGATTACCTCCAGCACAGAGACGTGCCA
GGCGGTGTTGGCGCTCGGGGCGAGATGCTGCCCTTCTTTGCACGAAGCCTGGCCTCTTGCTTGGCGTGATAACCCTGTCATCTTCC
CAAAGCTCATTTATGAGCCACCAGAGGCTCCTACCCCAAAGATTTTCACAGAAACTTGAGGCCAGGTGCCGTGGCTCACACCTGT
AATCTGAACACTTTGGGAGGCCGAGGCGGGAGGATCACTTGAGCCCAGGAGTTCAAGACCAGCCTGGGCAACATAGTGAGACTC
CTGTCTCTACAAAAATAAAAGATTTAAAAAAATTAGCCAGGCACGGTGGCACACACTTGTAGCCCCAGCTACTAGGGAGGCTGAG
GAGGGAGGATCTCTTGTGCCTAGGAGTTCGAGGCTGCAGTGGGCTGTGATCACACCACTGCACTCCAGCCTGGGCAACAGAGTGA
GACCCTGTCTCTGAAAAAAAAAAAAAAAGAAAAGAAAAAAAACCCCAAACTTGGCACCGTGTTTCTGACTCCTGCAGATGCCTCT
TCCCAAGCAGTTGTTCCTTTGAGTAGTCAGTCTCATGGTTCTAATCGTGGCGAGAGCGGATCTGACCACTTCCATGTGCCTTTGTAT
TTGGGAAAGAAAAGCATGCATTGGCTGAAATGAAACAAAAGCCCTTACTTGGGAAAAGGGACCCCCACCAGCGGCCCTGCTTGC
TCCGTAGCTGGGAACATCTTTTCTGGTTTCCTGAGCCAGCACCTGAATTGCAACGAAGCTCTGAGGATACTCAAACCACCCAGCA
GTGCGTCAGAATGGAACGTACATTCTCATTCTCAGACTGTTCAATATGGTGCCCGTAACCTCCAAAGCCACACAGGAGGCTGCCA
GCAGCATTTTCCCCAAGGGCCTGAGCTCAGGGTCAAGTCCCTGCTGGCCATCTTGGGGCTGTCACTGGGGGTCTGGGTCAAGGAC
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ATCCCAGGAATGGTAACTGCCACATACCTCATCTTCTTACTCCCCAGCTACTCTCTTTTCCTCATTAGCCTTCCTGATTATTTATTGA
TTTCTTTTTTTTATTCAACTGACATTGTTTGCACCCTGGCTCTGTTGGTGGTCCTGGTGTTTTAATGAAGCTTGCCTCACCCAGTAGC
TGGGAAATTAGGTGGGGGTGCTTAAGGGAGGTTTGTAGGAGTCCTCGGACGTGGGATATTGGGGGTATCTAGGGCTTGGATGGTT
TGTGGAATGTCCTCAGCATCCTCCCGTCCCAACCCAACCTTCCTTCTTCCTCATTGTGGACTTGGATTTATTCTCAGGCTAGGAGTC
TCCAAAACTCCGTGAAACCTTATTGCTGCTGGGTGTGGAGTGGAGAGTGACAGGAATGTGGGGGACGGTGATTGTTGGCTCCAGT
TACTAATGTTTAAGCAGAAAAACCACTTTCTTGTTGAAAATATCCCTGAAAAGGTCGCTGCTGCTTTGAGGAGGCGTGACTTTTTC
CTGGTGGAGTGTGACGGAGGCATGGGGCCTGTGCTCCCAGGCTCGGGGGAGCCCCCTCTGCACACGGGGAGGGAGGAACTTGGG
GACATCAGTCATGGGTCACAGGTGGCTTCAGGCCATTCACAAGAGTCCCCGGAAGTTGCGTGCCAAGTTTGGTTTTTTCCCTGAAT
CTCTGCATATGAGCATTTTTCTGGAGAAAGGACCATAGCTTTTATTAGATTCTCAAAGGTTCAGAATGGGGAATGTGTTAAACAAA
CCGAAAACCTGTTTCAGCTTTAAAATCCTCCAAAACTTTAAAGACTTTTCTTTTTTCTGAGAAAGGCTGGTAAATCACTGAGTCAT
CATTCAGAACATACAGCCTCGAAGGGCAGAGCTCACACCCATATATGACGTTAAGAGCTCAACAAATGTTTGTTGAGTGACTGAG
TGACCCCAGGGGCAGACTCCAGATCATCAGACACTGATACAGAGAGCGATGCTATCTCCTCAACTCTCCCTCTTCTCCTAAAAGCT
GAGTCTATATAGGGATGACAGGCTCAGGCTGAGCAGTCGACTTCTCTGGGTTTTGCTGTGTAAGAATAGGTCCCTCAACATGAAG
ATGTGTCTGCGTCTGAGCCAGATGCTGCCTGGGTCGGTTGCCTGGCCTCCGTCTGGTCTCCCTCCCTCCTACTAGGGTGGTCAAGC
TGTGAGATCTCTTCCAGCCTCCAAATCCAGCTTTCCCATTTTACTGATGAGAAAATCAAGGCCACATTGCAGCTGGGTGGGGAGTG
GAGCGTGACAGGCACGGGAGAGGACAGCGATTGTTGACTCTAGTTCCTGATGTTTAATCAGAAAAACCACTTTTCCTGTAGAGCA
CATTTCCTAAAAGGCTGCTGCTGTGTAGGGAGGTGTGGCCTTTTCCTGGTGCAGTGTGAAGGAGGGAAGTGACGGGCAGTCGTGA
ACTGTCTGGGACAGATAGCACAAGTCAGAGTTTGAGCAAAACTAGGGTGTTACCGGCGCTATGTTGAAATTGTCTGGAGGCGGGC
TTTCCCAGCGAGTCTCCATTCAGCATCTGGAAAAAGTGTAACCAGAATGGAGGTGTCTGACTCTCCTGTGCTCTCTCAGCGCCGAG
CTCTAGCTGCAGGCTGCCTGGGTGGCCTTCTCACACCCTCCCGTGCAGGAGACTGCATTTCTCTTTCCCACAGCCCAGCAGATAGC
TCATTGGCTTAGCAATGGGCACTTAACAGAATCCAGTTGTTGCAGCCAGAATTAAATGCACCAGTCTGGCTTAAACCAACTGGAA
CTCATCCCTGGGGTGAAGGTGGCTGGGAATTAGACAAGAGTGTGTGTTAGCCAAAAGGCACATGCATGCTGTCAGCAGGAGAAT
GAGGAGCACTGGTTCTGGGCAGGCAGTGGCAGGGGCTCCCTCAGGCCCCTGATTCCCAGCCCACAGCTCTTTCTACTCTGCAGAC
AGAGTTCCTTGGAGACTGGCCCTGCATTCAGGCAGGGAGCAGAGGGGTCCCTGCCTGCAGCACCCAGAGCTGAACCTGAAGCTAC
AAAGATGGGCTGATGAGGTGGCCCATGAGGTGTCAGCAACATCCCAACCCCCTGGGTCTCCCCAGTGAGTCAGGGCACTGATTTG
CTATAGCTGGAGCTACATGCACCTCTCCTCCCCTCAGCCACCTTTTAGGGGAGAAAGGAGGGCAGATTTGTAACCTCTGGTTCTCT
GCAGGGATCCTGGGCTGGAAGAAAGTTCATAAATGGATGAATGCCTTTTAAAACTCCAGCTTTTCCAAGCATCATTCACCAAAGC
ATTTGGTTAGGCTTAGAGAGAAAAGCTGGATATGAGAAAATAGAATGTAAAATAGGAGGGAAAAAAAAAAAGAAGGTGGAGAG
GGCAGTTAAGATCTGGGTGATTCTTTAGGGAAACGGCTGGTTGAGAGGCTTTGATGGAATCCCATTCTCTGCTGTGGCCAGAAGG
TGGTGCTAGAGGCCAGTCCCACTTGGATGTGACCCTGGCCTCTGCCAGGATTCAAACCACAAAGAACATTTGGAACTGGGATGTT
TGCTTTGAAGCAGCCCGAAAACAAGTGAAAGGAAACCAAGATAACTCTCTCTCCCTCCGCTGGCAAGGATCAAAAATACCTTGTG
CAGGGAAGCCCGAGCCTCGAGGGGCCACTGCCCAGCTAAAGATGACTGGACACCAGCCATGCACCATCAGGAACCAGCACCTGT
CCTCACCCCTGAGAAGAGCCCCGGGGGTATCATTATATCCATCGCAGACATCTGGTTTGCAGCAAATGTGGCTACACGCCATCAG
GATTATCCTGCCCTGTGGACTGGGCTAGCTAGTTTTGAGATAGAGTCAACCTCCCCATTTTTGTTTGTCATGAAAACACCAGCTCCT
GCACCCCTGGGGTGCTACCTGACACCTGTGCAAAGAAAAGGAGGAAAACTTAGAAGAAAAGGCAGAGACAGGCAAGACAGCAT
CTCACAGCTTGTCAGGATCAGGGCATTACCGACTATTTTTTCTTACCAAAAGAGCACTGAATTTCCTAGGGGAAGGTGAGCCACCT
TTACACCTCCTGTCCTCCCTCCCAGCCCGTCAAGCGATCCCATCACCCAGCCTCATCACTCAGCTTCTTCCTAGTACAAAACTGCCA
TCGGTTGTACGTCCTGAGCTGTGGGACGTCAGCTTTAACCCTAGCCTGTCTCAGGGCCTCGCCCTCCAGCCCCCCGCCCCTTAGGG
TGATCGTGGGTTTCTTCCCTTCCTCCTGCACAATCGCTTCCCTTCACTGAATTCCCTTCAAAGCCAAAGTTTCTTGAGCACTTTTTCT
TGTGTGCAGTCTTGTGTGTTTGGGTGTTGGTGTTTTTAAATTTGCTTTCTATTCCCCCCTGCCTCTCTCCATGTCGTTACGCAGCTGA
GCACTGGTTGGGATGCATTCGAATGACTTCAGCAAGATCCTGCTTTCCTCAGCCCCCGCTCTGTTTTATTTATTGTTTAATATTTCC
AATGATCCAAATCAAAGTGAATAAACAAAGAGCTATTTTATTGTT3’
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A.5 pFmiR-ST3GAL2 map and ST3GAL?2 3'UTR sequence

Nhel (1641)

pFmMiR-ST3GAL2_FJ]

8002 bp

BamHI (3902)

5’GCCGGGCCTCGCCGCGACCCTTCCGGCCCATCTATCGGGCACCGGGGCTCCGGCCCGGGACCCAGGACCAGCAACCCGCGACC
AATCATGCTGCAGCCCAGGGGCGTCTGCTGTGCCCGCCAATCACGAGACTGGGGGACCGGCCGGGCCTGGCACCAATCTGCGCTG
CGGTCGGGCGGAGCTTCTGTTTCTCCCAGCCAATCATGTGACTCAAGGAAAACTTCCGGCGCTGTGTCCAGTCTCCTCCAATCAAT
GGCCTTCGGGGGCGGGCCAGCGGCCGCTCAATCCCCACTCCCTCATGCTTTGGGTTAGGGTTTTCTTTCACGCTTTCTGAGGAGGA
GAGCATGGCGCGGGCCTCGGCGAAGCACTTCCGTCAGCCTCGGGCGGAGGATCGTCTTAGTAGCTGGCCAGACCTGGAGGAGAG
CGGGCGGTCTTTGCGGGCCTCAGGAGATAGGTGGCCGCCCGGCCCCTTTCCCCGCCTGCCCGGATAGGTGCGTGCAGACCCACCA
AAGAAAAGCGGTCGCTGCGGGACCCCCAGTCCCACCTCGGCCGCGCTGTGGGATGGCTGCGCCCCCAGGGCTTCCTGCGTCTCCA
GGAAGCCGGGAGTGGCGCCCTCTGCGGGGTGGGGTGCTCCCGGGCCGAACTCCGGACAGGTGGAGGGGACAGGGCAGAGCTCGA
GGAAGCCCTGTCCCCTTCAGTGCAAGGTGCTGTCACTCACGTGTGCCCTCGACCCTCCCGTTCACCCGCAGCCTTCTCAGCGCCTC
TCCCTGGGCCGGAGGCCTCCTCACCAGCCTACCTGTTGCTCTGGAAAAAAATCCCGTCCCCCGACTCCGTCCCTACCCCCAGTCTT
CGGCCGGCTCTGGCCCCTGGGGAGGGGGCTGCACGGCGGAAGGAGGCTGGCTATGGGCCCGGCTGCCCGCTGCATGTACCTCCTC
CTCCACCCATCGCCTCTTGCCTGGGGGTAACTTTGCCTGGGGCTCATTCTTTGGTTAAGCTGAAGCTGCCGTGGGTGGCCAAACCG
CAGATTCTTTGCAAATTCTGAGCTGGCAGAGCTCGCAGCCGGGAGCCGGCCGGGGAAGAGGAGACTTGCGCGCCGCAAGCCGCC
TGCCTCCACCCTGCTCTCCATCTCCCGCTCTAGAAGGGCTGGGAAGCTCGCGGCCGGGGTTCCACCTGGAAGCTGCTTGCATGGCT
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GAACCCAGCTTAGGTCCCTGACGGGGCTGCTGGTGGAATTCTCCCCCTTCGAAGCTGGGGAGGTTTAGGAGGGGGAAGGCTTCTG
TGAAGCTCTCAAACCACTAATAGAGCCCCCTCCCCAACAGTGACGGCGCAGATGCTCCCCCTTTTCTTAGTTGACACCACCAGGCA
GCTTCCTGGCCGTTGGTAGGTTCCTGCAGCTGGCTGAGGGAACAGGGACCGGCAGGGGACTTTGTTAGGGGAGGGTTGGGATGGG
CAGTGGGCCCCTGAAAGTTAATATATTGGAACCTAGCTCGAGTGTCGTTCTTTCCAATTCCGAAAGTAGAAAGAGTAAAAATAGG
GGTGATTGGGGTGGGGTTAGTAGAATGCCTCTCTCAGGGCGCTCCCCCCTCCCCCACCGTTTTAGAGAGCTAGGCCTCAGCCAGTC
TTGCCACTCCCATCTCAGTGCTTCCTGAAGAGGCTGTTTTGAGTGTTGATGAAAAGCAATGCAATTATGCCAAACAGTATTGAGCA
GAATAATTTATTTCTTTTTTTTCTTTTGCTTTAAATCATGAATCCCGCCAGGTACGGTGGCTCACACCTGTCATCCCAGCACTTTGG
GAGGCCAAGGCGGGCGGATTACTTAATACTTAAGGTCAGGAGTTCGAGACCAGCCTGGCCAATATGGTGAAACCTCGTCTCTACC
AAAAAAAAAAAAAAATACAAAAATTAGCCAGGCGCAGTGGTGCGCACCTGTAATCCCAGCTACTTGGAAGGCTGAGGCAGGAGA
ATCCCTTGAACCGAGGAGGCGAAGGTTGCAGTGAGCCGAGATTGTGCCACTGCACTCCAGCCTGGGCGACAGAGCAAGACCCTG
TCTCAAAAAAATTAAATCATGAATCCCCATCCTGGAAGAGGTAGGTCCCAGCATCCAGCCAGATTTTCTGCAATAGTAATTTAAA
CACACTTTTTTATTTCCTTCCCTTTCTGAATTAAAAGGAACAAAAAACTGTCTAGTCCTTCATTGTTCTGAAATGGGCATGATGGAA
GAAGGCGGGTCTGGTAGGATAGCTGTGACTGATAATG 3’

A.6 pPFmiR-ST3GALS map and ST3GALS 3'UTR sequence

Agel (1641
pFmMiR-ST3GAL5-FJ get ( )

6742 bp

BsiWI (2642)

5’ACACAGAAAACCTCAGTTGAAAATGCAACTCTAACTCTGAGAGCTGTTTTTGACAGCCTTCTTGATGTATTTCTCCATCCTGCAGA
TACTTTGAAGTGCAGCTCATGTTTTTAACTTTTAATTTAAAAACACAAAAAAAATTTTAGCTCTTCCCACTTTTTTTTTCCTATTTATTT
GAGGTCAGTGTTTGTTTTTGCACACCATTTTGTAAATGAAACTTAAGAATTGAATTGGAAAGACTTCTCAAAGAGAATTGTATGTAA
CGATGTTGTATTGATTTTTAAGAAAGTAATTTAATTTGTAAAACTTCTGCTCGTTTACACTGCACATTGAATACAGGTAACTAATTGGA
AGGAGAGGGGAGGTCACTCTTTTGATGGTGGCCCTGAACCTCATTCTGGTTCCCTGCTGCGCTGCTTGGTGTGACCCACGGAGGAT

167



CCACTCCCAGGATGACGTGCTCCGTAGCTCTGCTGCTGATACTGGGTCTGCGATGCAGCGGCGTGAGGCCTGGGCTGGTTGGAGAA
GGTCACAACCCTTCTCTGTTGGTCTGCCTTCTGCTGAAAGACTCGAGAACCAACCAGGGAAGCTGTCCTGGAGGTCCCTGGTCGG
AGAGGGACATAGAATCTGTGACCTCTGACAACTGTGAAGCCACCCTGGGCTACAGAAACCACAGTCTTCCCAGCAATTATTACAAT
TCTTGAATTCCTTGGGGATTTTTTACTGCCCTTTCAAAGCACTTAAGTGTTAGATCTAACGTGTTCCAGTGTCTGTCTGAGGTGACTT
AAAAAATCAGAACAAAACTTCTATTATCCAGAGTCATGGGAGAGTACACCCTTTCCAGGAATAATGTTTTGGGAAACACTGAAATG
AAATCTTCCCAGTATTATAAATTGTGTATTTAAAAAAAAGAAACTTTTCTGAATGCCTACCTGGCGGTGTATACCAGGCAGTGTGCCA

GTTTAAAAAGATGAAAAAGAATAAAAACTTTTGAGGAAZ’

A.7 pPFmiR-CMAS map and CMAS 3'UTR sequence

pFmiR-CMAS_FJ
6104 bp

—— Nhel (1641)

BamHI (2004)

5’AAATTAGCGTAATATTGAGAAAAAAATGATACAGCCTTCTTCAGCCAGTTTGCTTTTATTTTTGATTAAGTAAATTCCATGTTGTAAT
GTTACAGAGAGTGTGATTTGGTTTGTGATATATATATATTGTGCTCTACTTTTCTCTTTACGCAAGATAATTATTTAGAGACTGATTACA
GTCTTTCTCAGATTTTTAGTAAATGCAAGTAAGAACATCATCAAAGTTCACTTTGTATTGTACCCTGTAAAACTGTGTGTTTGTGTGC
TTTCAAAGATGTTGGGATTTTATTTATCTGGGGACAGTGTGTATGGTAAGACATGCCCTTCTATTAATAAAACTACATTTCTCAAACTT

GA3’
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Appendix B

Signal Validation for Primary Antibodies
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B.1 Anti-ST6GALT1 1° antibody signal validation. a. Ponceau staining. b. Whole Western blot

for A549 and PANCI cells treated with siRNA pool against STOGALI1 or non-targeting pooled

(NTP) control.
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B.2 Anti-CD98hc 1° antibody signal validation. a. Western blot analysis of MeWo cells treated

with siRNA pool against CD98hc or NTP. b. Quantification of blot shown in a. ¢. Ponceau staining

of blot shown in a. d. Whole Western blot for data shown a.
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B.3 Anti-ST3GALI1 and anti-ST3GAL2 1° antibodies signal validation. Cells treated with

siRNA pools against ST3GALI1 (a-b: HT-29), ST3GAL2 (c-d: MeWo) or NTP. a, ¢. Ponceau
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staining of blot shown in b and d. b, d. Whole Western blots for HT-29 (b: ST3GAL1) and MeWo

(d: ST3GAL2) cells.
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B.4 Anti-ST3GALS 1° antibody signal validation. a. Western blot analysis of MDA-MB-231

cells treated with siRNA pool against ST3GALS, NTP or NTC (as controls). b. Quantification of

blot shown in a. ¢,d. Ponceau staining of blot shown in a. e, f. Whole Western blots for data shown

a.
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MDA-MB-231
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B.5 Anti-CMAS 1° antibody signal validation. a. Ponceau staining. b. Whole Western blot for

SU-86-86 cells treated with siRNA pool against CMAS or NTP.
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