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ABSTRACT
Glycosylation is a carbohydrate-based post-translational modification attached to proteins
and lipids to alter their functional properties and increase structural diversity. The
products of this modification, known as glycans, are known to participate in numerous
biological processes but their specific roles in human embryonic development have
remained elusive. Through this research I have explored the roles of cell surface glycans
in the regulation of pluripotency and differentiation of human pluripotent stem cells
(hPSCs) as well as identified a novel functional role for the glycan polymer polysialic
acid (PSA). Investigation has revealed that polysialylation occurs during the initial
differentiation of hESCs to progenitors of all three embryonic germ layers through an
enzyme-driven process that is tightly regulated by well-defined developmental networks
and is critical for proper differentiation. These findings indicate that glycans are playing
active roles during embryonic development and serve to broaden the understanding of
developmental glycosylation and the mechanisms driving early cell fate decisions.
INDEX WORDS: Glycosylation, human pluriptotent stem cells, glycobiology,

polysialic acid, neural cell adhesion molecule, differentiation.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Glycosylation

Glycosylation is a post-translational modification consisting of the addition of
carbohydrate structures to protein or lipid substrates. The glycosylation process occurs
intracellularly in the endoplasmic reticulum and Golgi where a series of
glycosyltransferase enzymes build carbohydrate structures via transfers of
monosaccharides from activated sugar donors onto acceptor proteins (Varki et al. 2009).
Each glycosyltransferase attaches a single monosaccharide in a specific glycosidic
linkage onto substrates and multiple enzymes work together through patterns of
sequential addition to generate long and complex carbohydrate polymers. The resulting
glycans are characterized into two main groups depending on their amino acid
attachment; N-linked glycans are attached to asparagine (Asn) and O-linked glycans are
attached to serine or threonine (Ser/Thr). All N-glycans are generated from a common
oligosaccharide precursor structure of Glc;Mang(GIcNAc), that is assembled on a lipid
donor molecule and transferred en masse onto substrates. Upon transferring, N-glycans
can be subsequently trimmed, modified, and processed to yield more complex structures.
In contrast, O-glycans do not all originate from a common precursor but are assembled
independently on each target protein. The primary regulation of glycosylation occurs

through transcriptional control of individual glycosyltransferases whose expression levels



vary widely between cell types. This process is critically important for human health and
development as defective glycosylation causes a wide range of congenital disorders that

have been recently characterized (Freeze 2006).

POLYSIALYLATION: PROCESS AND COMPONENTS

Polysialic acid
Polysialic acid (PSA) is a glycan linear homopolymer consisting of repeating N-
acetylneuraminic acid (Neu5Ac or sialic acid) residues joined by a-2,8 glycosidic bonds.
PSA synthesis is carried out by glycosyltransferases ST8SIA4 (PST) and ST8SIA2
(STX), which are structurally similar type II transmembrane proteins consisting of a short
N terminal cytoplasmic tail and large catalytic subunit that faces the lumen of the trans
Golgi compartment (Miihlenhoff et al. 2013). Each enzyme can synthesize PSA chains
independently and have been observed to autopolysialylate their own N-glycans, a
modification seen to enhance activity but not required for function (Close et al. 2001).
PSA was first observed in developing rat brains (Finne 1982) and subsequent studies
indicated that PSA expression is also elevated during the development of many tissues in
mice including heart, kidney, muscle, and brain (Close et al. 2001; Lackie et al. 1994;
Angata et al. 1997; Phillips et al. 1997; Ong et al. 1998). In contrast, adult mice show
very little expression of PSA except for certain regions of the brain characterized by a
high level of developmental plasticity and synapse formation (Rutishauser 2008). PSA
expression has only been observed in vertebrates and in some pathogenic bacteria that

utilize PSA on their surface as a means of host mimicry (Stummeyer et al. 2004).



The in vivo mechanism of PSA removal in vertebrates is unknown, however a PSA
degrading enzyme known as endoneuraminidase N (EndoN) has been isolated from
bacteriophages (Rutishauser et al. 1985). EndoN specifically cleaves a-2,8 sialic acid
linkages and efficiently removes PSA chains with a degree of polymerization of at least

five to eight residues (Stummeyer et al. 2004).

PSA-NCAM

The neural cell adhesion molecule (NCAM) has been the most studied PSA modified
protein and appears to be the primary substrate of polysialylation (Miihlenhoff et al.
2013). A member of the immunoglobulin (Ig) family of adhesion proteins, the NCAM
structure consists of an intracellular domain, transmembrane domain, and extracellular
domain made up of two fibronectin type III (FN III) repeats and five Ig domains (Close et
al. 2003). Three main splicing isoforms exist and differ by truncation of the intracellular
and transmembrane domains while each retain the same extracellular domain. These
isoforms are specified by their molecular weight in kDa as NCAM-180 (full length),
NCAM-140 (shortened intracellular domain), and NCAM-120 (truncated transmembrane
domain, GPI anchored) (Fryer and Hockfield 1996). All three isoforms of NCAM can be
polysialylated in vitro, however it has been observed during mouse brain development
that polysialylated NCAM-180 and NCAM-140 are the prevailing forms expressed and
expression over time switches to unpolysialylated NCAM-120, suggesting that isoforms
180 and 140 are more common targets of developmental PSA modifications in vivo

(Galuska et al. 2007).



The polysialylation of NCAM begins with an initial recognition and docking of PST
or STX to an a-helix and acidic surface patch on the first FN III repeat (Close et al. 2003;
Mendiratta and Sekulic 2006; Mendiratta et al. 2005) followed by initiation of the first a-
2,8 linkage onto terminal sialic acid residues on N-glycans in the fifth Ig domain (Figure
1.2). The process continues by elongation of the PSA chain by tens to hundreds of
repeating residues (Close et al. 2003) until termination, a step that is not fully understood.
Although there are six N glycan sites on NCAM that are potential targets for PSA

addition, only the two sites on the fifth Ig domain are polysialylated (Close et al. 2003).

Additional polysialylated substrates

Although NCAM is the classical and most prevalent protein modified by PSA, additional
polysialylated proteins have been identified. Neuropilin-2 (NRP-2), a transmembrane co-
receptor involved in semamorphin and VEGF signaling, has been shown to be
polysialylated on O-glycans by PST in dendritic cells (Curreli et al. 2007; Colley et al.
2014). Interestingly, the addition of PSA to NRP-2 in these cells was shown to decrease
dendritic cell-induced T cell activation and proliferation to specify a novel role for PSA
in immune system function (Curreli et al. 2007). Structural investigation of the
interaction between PST and NRP-2 has shown that the Meprin-AS5 antigen-p tyrosine
phosphatase (MAM) domain and a linker region containing the polysialylated O-glycans
are the required structural elements for NRP-2 polysialylation (Bhide et al. 2016).
Analysis of the MAM domain revealed an acidic surface similar to the acidic patch

required on the FNII domain of NCAM used for PST recognition and docking (Figure



1.2) and suggests that the mechanisms of polysialylation are similar between substrates
(Bhide et al. 2016).

Additionally, the synaptic cell adhesion molecule 1 (SynCAM]1) has also been
identified as a substrate of polysialylation. SynCAMI is a cell surface adhesion protein
involved in synapse formation and has been shown to be modified with PSA in
polydendrocytes (NG2 cells) in the mouse brain (Galuska et al. 2010). Despite the
observation that SynCAMI1 can be polysialyated by both PST and STX in vitro, results
indicate that only STX activity is present in vivo (Rollenhagen et al. 2012). PSA is
attached to an N-glycan site in the first [g domain of SynCAM1 (Figure 1.2), the terminal
extracellular domain, and yields a complete loss of homophilic binding interactions when
attached (Galuska et al. 2010). This anti-adhesive effect is similar to the loss of NCAM
adhesion after PSA addition and highlights PSA as a modulator of cellular adhesion in
multiple biological contexts.

A recent report has also indentified the chemokine receptor CCR7 as a carrier of
PSA in lymph nodes (Kiermaier et al. 2016). The addition of PSA to CCR?7 is facilitated
by PST and was shown to be critical for proper dendritic cell trafficking and lymph node
homeostasis (Kiermaier et al. 2016).

Other mammalian proteins reported to be PSA modified include the voltage
sensitive sodium channel a-subunit(James and Agnew 1987) and the CD36 scavenger

receptor in human milk (Yabe et al. 2003).



BIOLOGICAL FUNCTIONS OF PSA

Polysialylated NCAM disrupts cell-cell contacts

NCAM expression on the cell surface functions to form epithelial contacts with
neighboring cells via cis and trans binding interactions. NCAM is commonly involved in
homophilic binding between all five extracellular Ig domains on adjoining molecules but
can also participate in heterophilic binding with other adhesion molecules and
extracellular matrix components (Renn et al. 2000). When PSA is attached to NCAM, it
takes the form of a large helical structure that is highly negatively charged due to
carboxyl groups of sialic acid and is very hydrated (Figure 1.3A) (Angata and Fukuda
2003). This large volume occupancy of PSA increases the hydrodynamic radius of
NCAM and interferes with its ability to participate in binding interactions through short
range repulsion between neighboring PSA molecules (Johnson et al. 2005). In addition,
the force caused by accumulation of PSA-NCAM on the cell surface disrupts cadherin
homophilic binding and is capable of completely breaking cell-cell contacts (Johnson et
al. 2005).

It is through this mechanism that PSA seems to facilitate migration by breaking
intercellular contacts (Figure 1.3B), which is a key component of the epithelial to
mesenchymal transition (EMT). Also it lends additional function of NCAM to perform
opposing mechanisms on the cell surface by adhesion and maintenance of epithelial
character in one instance and repulsion and gain of mesenchymal character in another.
This duality of NCAM function is tightly controlled developmentally by the expression

of PST and STX through largely unknown mechanisms.



NCAM and PSA in FGF signaling

In addition to its roles in cell adhesion, NCAM has been observed to interact with
signaling receptors with the most notable example being the fibroblast growth factor
receptor (FGFR) (Walsh and Doherty 1997). Studies have shown direct binding of
NCAM with FGFR1 and FGFR2 and structural investigations have mapped the
interaction to be between the second FN III repeat of NCAM and the second and third Ig
domains of FGFR1 (Kiselyov et al. 2003; Christensen et al. 2006). This binding has been
shown to have a negative effect on FGF signaling pathways as phosphorylated Erk1/2 (p-
Erk), a downstream target of activated FGFR, is reduced in NIH-3T3 cells
overexpressing NCAM and increased upon NCAM knockdown via siRNA (Francavilla et
al. 2007).

Additional studies have been done to investigate the role of PSA in FGF signaling
and have found that PSA is capable of binding with FGF2 (Ono et al. 2012). A minimum
chain length of 17 is required for PSA-FGF2 binding interactions and comparisons to
heparan sulfate (HS), a glycosaminoglycan capable of binding FGF2, show that PSA
forms larger complexes with FGF2 than HS (Ono et al. 2012). To investigate the effects
of PSA-NCAM in FGF signaling, stable NIH-3T3 cell lines overexpressing NCAM and
STX or NCAM and PST were generated and results showed that PSA-NCAM expressing
cells displayed increased Erk activation upon stimulation with FGF2 compared to control
cells (Ono et al. 2012). Although the mechanism by which PSA-NCAM activates
signaling is not fully understood, it is likely that PSA acts as a reservoir of FGF2 and
activates FGF signaling by directly passing ligands to receptors or by maintaining a high

local concentration of FGF2 on the cell surface (Ono et al. 2012).



Polysialylation in neural development

Perhaps the most well-studied biological utilization of sialylation to date involves the
developing nervous system of mice where it has been shown to play a critical role
(Schwarzkopf et al. 2002). One aspect of neonatal development that is facilitated by
PSA-NCAM is the migration of neuronal progenitor cells from the subventricular zone
(SVZ) along the rostral migratory stream (RMS) to the olfactory bulb in the brain (Figure
1.4). Removal of PSA using EndoN yields abnormal accumulation of cells in the SVZ
and drastically reduced migration to the olfactory bulb (Figure 1.4) (Cremer et al. 1994;
Hu et al. 1996). Additionally, polysialylated NCAM is critical for muscular axon
innervation as cells lacking PSA are unable to separate from each other and effectively
form mature branch structures (Landmesser et al. 1990). Overall it appears that neuronal
precursors express PSA on the cell surface to migrate to their end destination and begin
synapse formation and then lose expression when they become mature neurons (Bruses et

al. 1995).

PSA is critical for mouse development

The importance of PSA and the individual components of polysialylation have been
illustrated through the use of PST, STX, and NCAM knockout mice. Cremer et. al
published the first study to utilize a homozygous knockout of the NCAM gene and results
showed a relatively mild phenotype. The mice were healthy and fertile but had a 10%
reduction in overall brain weight and a 36% reduction in size of the olfactory bulb,
reinforcing the importance of PSA-NCAM in the migration from the SVZ (Cremer et al.

1994). They also exhibited slight disabilities in spatial learning but had normal activity



and motor abilities (Cremer et al. 1994). Individual knockouts of PST and STX also
showed mild phenotypes including learning disabilities, reduced response to fear,
impairment of hippocampal long-term potentiation, and depression (Eckhardt et al. 2000;
Angata et al. 2004). In both models there remained PSA expression and normal migration
from the SVZ, indicating that the roles of each enzyme may overlap or that each is
capable of compensating for the loss of the other.

Despite individual knockouts of NCAM, PST, and STX each yielding a similar
phenotype, investigations into a double knockout of PST and STX generated much more
severe defects. Mice lacking both polysialyltransferases showed a high rate of lethality as
only 50% survived to 3 weeks of age and only 20% to 4 weeks (Weinhold et al. 2005).
Those that survived exhibited growth retardation, small olfactory bulbs, and severe
deficits in motor coordination, strength, and balance (Weinhold et al. 2005). Further
studies examining the effects on brain development in greater detail found gross
migratory defects throughout the brain as well as aberrant positioning of cells (Angata et
al. 2007).

Interestingly, mice lacking NCAM, PST, and STX showed a similar mild
phenotype as the NCAM individual knockout and did not display the harsh phenotypes or
lethality of the PST/STX null mice (Weinhold et al. 2005). These results suggest that in
addition to the defects caused by lack of polysialylation, the severe phenotype and
lethality is caused by aberrant expression of unpolysialylated NCAM. This changes the
paradigm of PSA-NCAM in a way that implies that PSA expression is critical for
masking NCAM during development to allow key events to occur that are otherwise

occluded with unmodified NCAM.



PSA IN CANCER

One aspect of polysialylation research that is of particular interest for clinical purposes is
the abundant expression of PSA on the surface of cancer cells. Consistent with the ability
to facilitate migration, PSA is commonly found in highly metastatic cancers such as
neuroblastoma (Takahashi et al. 2007; Livingston et al. 1988), pancreatic carcinoma
(Schreiber et al. 2008), small cell lung carcinoma (Sumi et al. 2007; Komminoth et al.
1991; Ohtsuka and Dalton 2007), and Wilms’ tumor (Roth et al. 1988). An investigation
into pancreatic cancer supports the hypothesis that PSA expression is utilized to drive
metastasis by showing that expression of PSA-NCAM disrupts E-cadherin mediated
junctions and enhances transwell migration ability and that enzymatic removal of PSA by
EndoN restores E-cadherin junctions and causes cells to aggregate (Schreiber et al. 2008).
Elevated levels of both PST and STX have been found in cancer and it has been observed
in many cancer subtypes that PSA expression correlates with tumor progression and is an
adverse prognosis factor (Suzuki 2005; Amoureux et al. 2010; Tanaka et al. 2000).

The mechanisms for activation of PST or STX in cancer are not well understood
but may be driven by aberrant expression of the transcription factors used in
development. Recent evidence has shown cancer re-expression of EMT developmental
regulator genes and this expression has been shown to promote metastasis (Hartwell et al.
2006; Fernando et al. 2010; Kilic et al. 2011). In particular, the T-box transcription factor
Brachyury (T) and Spemann organizer gene Goosecoid (GSC), both important in early
differentiation to mesendoderm lineages, are highly expressed in epithelial cancers of the
lung, colon, breast, and prostate (Fernando et al. 2010; Hartwell et al. 2006). Moreover

the in vitro overexpression of T or GSC in cancer cell lines induced EMTs and
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significantly enhanced cell migration and invasion ability (Fernando et al. 2010; Hartwell
et al. 2006), indicating that re-expression of these developmental genes confers greater
metastatic potential. However, these studies did not investigate the expression of PSA on
the cell surface but it is plausible to speculate considering that PSA is expressed in
embryonic stages similar to T and GSC.

Given this information it is of great interest to understand the molecular
mechanisms that regulate expression of the polysialyltransferases as doing so would not
only provide insight into developmental processes but could potentially identify novel
anti-cancer drug targets. Using this approach to target PSA expression and EMT ability
would be very useful in treatments considering that cancer lethality is due in large part to

its ability to metastasize to distant sites throughout the body (Klein 2009).

PLURIPOTENT STEM CELLS

Human embryonic stem cells as a model system for studying PSA in development
Since the establishment of the first in vitro cell lines in the late 1990s, human embryonic
stem cells (hESCs) have been a valuable tool for studying human development and
disease. They are derived from the inner cell mass of pre-implantation blastocysts and are
characterized by their ability to self-renew indefinitely and ability to differentiate into cell
types of all three germ layers (Thomson et al. 1998). More recently the generation of
induced pluripotent stem cells (iPSCs) from adult fibroblasts that share the same
characteristics as hESCs has unveiled vast potential for stem cell technology in

regenerative medicine and disease modeling (Takahashi et al. 2007).

11



In culture, hESCs or iPSCs can be maintained in their pluripotent state using
chemically defined media containing recombinant cytokines that stimulate the FGF, P13
kinase, and Activin/Nodal signaling pathways (Wang et al. 2007). The pluripotent state is
regulated intracellularly by a core of transcription factors including Nanog, Sox2, Oct4,
and c-myc (Sumi et al. 2007; Ohtsuka and Dalton 2007). Additionally, the in vitro
differentiation of hESCs has been well studied and various protocols have been generated
to generate cell types of all three germ layers (Close and Colley 1998; McLean et al.
2007; Menendez et al. 2011; Singh et al. 2012). Understanding the mechanisms of
pluripotency and differentiation represents a key step in the potential use of hESCs for

therapeutics and regenerative medicine.
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Figure 1.1 —- NCAM isoforms. Illustration of the three splice isoforms of NCAM
showing the same extracellular domain but a variable transmembrane domain. (Adapted
from Hildebrandt et al. 2009).
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NCAM PolySia-NCAM PolySia-SynCAM 1 PolySia-NRP-2

Figure 1.2 — Substrates of polysialylation. Illustration of PSA modified proteins
NCAM, SynCAMI1, and NRP-2 on the cell surface. (Adapted from Colley et al., 2014).
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Figure 1.3 — Representation of PSA-NCAM in intercellular binding. (A) Schematic
illustrating the larger hydrodynamic radius (gray shaded) of NCAM due to PSA addition
(red squares). (B) NCAM homophilic binding interactions in the absence (left) or
presence (right) of PSA modifications. (C) FGF signaling hindered by NCAM and
activated by PSA-NCAM. (Adapted from Miihlenhoff et al., 2013).
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A +/+to +/+

C -/~to-/-

E endoN

Figure 1.4 — PSA is required for neuronal migration to sub-ventricular zone. (A, C,
E) Sections of P3 mouse brain showing Dil labeled cells 7d after transplant into the SVZ.
Comparison shown is wild type cells (A-B), NCAM deficient cells (C-D), and wild type
cells treated with Endo N (E-F). Higher magnification is shown for each (B, D, F). CC,
cerebral cortex; OB, olfactory bulb; GCL, granule cell layer; MCL, mitral cell layer.

Scale bar represents 250 um for (A, C, E) and 50 um for (B, D, F). (4dapted from Hu et
al., 1996).
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ABSTRACT

Glycosylation is a common post-translational modification occurring on over half of
human proteins. Most notably, the surface of cells is densely covered by a heterogeneous
array of complex glycan structures that varies significantly between cell types. Recently,
the surface glycosylation patterns of pluripotent stem cells (PSCs) have been documented
and their functional impacts on pluripotency and differentiation have been revealed. This
review aims to highlight the major findings in the field of PSC glycosylation. Main
points include: (1) PSCs express simpler N-glycans compared to differentiated cells as
evidenced by an unusual abundance of high mannose structures, (2) al-2 fucosylation is
common in PSCs and appears to be an identifying mark recognized by many stem cell
markers, and (3) dynamic sialylation patterns play critical roles in maintaining
pluripotency. In addition, recent studies utilizing induced pluripotent stem cells (iPSCs)

to study congenital diseases of glycosylation are discussed.
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INTRODUCTION

Glycosylation is a post-translational modification (PTM) utilized extensively to increase
the structural diversity of proteins and lipids through the addition of carbohydrates onto
target molecules. Glycans are highly expressed on the cellular surface of living
organisms and represent the most common PTM as it has been estimated that more than
half of all proteins are glycosylated (Apweiler et al. 1999). The process of glycosylation
is performed intracellularly by hundreds of carbohydrate transferring enzymes, termed
glycosyltransferases, which work together in a sequential and coordinated manner to
yield an extremely wide-ranging array of glycan products that confer differing properties
and biological functions onto their target molecules. The importance of carbohydrate
structures for organismal survival is evident by the observation that the surface of
virtually all living cells are densely covered by heterogeneous arrays of complex
carbohydrates in what is known as the glycocalyx and suggests that carbohydrate
modifications have provided a selective advantage. In addition, carbohydrate structures
have been shown to perform a variety of cellular functions critical for development and
survival. Unfortunately, the immense heterogeneity of glycans has made studying and
elucidating their functions a difficult task for researchers using past techniques. Recent
high-throughput approaches, however, have opened up the field and allowed for a better
understanding of the complex biological roles that glycosylation plays in living
organisms.

One area of research that has advanced greatly in recent years is the study of
glycans in embryonic development. Complex carbohydrate structures have long been

observed during developmental stages and many have been used as stage-specific cell
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markers but determining their potential functions in pluripotency and germ layer
specification has remained elusive. Furthermore, previous studies have primarily
examined glycan structures on an individual basis and have not observed the effects of
the entire cellular glycome on developmental processes. Because of this, the use of
human pluripotent stem cells (hPSCs) as a model system coupled with modern high-
throughput glycomics technologies has become an increasing trend and has allowed for a
more thorough analysis of the expression and impact of glycan structures during
embryonic development. In this review, we highlight the recent findings in hPSC
glycobiology and summarize the use of induced pluripotent stem cells (iPSCs) as an in

vitro model of congenital diseases of glycosylation.

GLYCANS AS MARKERS OF PLURIPOTENT STEM CELLS

Given their abundant expression on the cell surface and vast structural diversity between
cell types, carbohydrate structures are the epitope for many antibodies commonly used as
cell markers and have been used extensively to identify pluripotent cells. Stage specific
embryonic antigen 1 (SSEA-1) was among the first markers of mouse embryonic
carcinoma cells and recognizes the lacto-series Lewis X antigen (Gal1-4(Fucal-
3)GlcNAcB1-) (Gooi et al. 1981; Solter and Knowles 1978). mESCs express Lewis X
highly at the 8 cell stage and through the blastocyst stage but lose expression upon
differentiation to defined lineages (Solter and Knowles 1978; Pennington et al. 1985). In
contrast, hPSCs do not express the Lewis X antigen and are negative for SSEA-1 but are
instead identified by SSEA-3 and SSEA-4, which recognize similar globo-series

ganglioside antigens (Gooi et al. 1981; Kannagi et al. 1983; Damjanov et al. 1982).
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Monoclonal antibodies against tumor rejection antigens 1-60 and 1-81 (TRA-1-60 and
TRA-1-81) are also commonly used for identifying hPSCs through recognition of
terminal type 1 terminal lactosamine structures (Galf1-3GIlcNAc) (Andrews et al. 1984;
Natunen et al. 2011). These epitopes are carried by the heavily glycosylated membrane
protein podocalyxin and are down-regulated upon differentiation (Schopperle and
DeWolf 2006). Each of these antibodies identifies glycan epitopes that are highly
expressed in pluripotent cells as compared to differentiated and somatic cells; together,
they have been used as the major PSC markers for decades.

Despite their utility, however, the glycan epitopes commonly used to identify
PSCs are not required for the pluripotent state and have also shown expression in other
cell types (Brimble et al. 2006). This is potentially problematic for downstream
therapeutic applications in which the identification and removal of PSCs prior to
transplantation is critically important. The issue lies in the ability of pluripotent cells to
proliferate in vivo and differentiate into teratomas, benign tumors composed of cells from
multiple germ layers, after cells are transplanted into a patient. To prevent this, residual
PSCs must be completely removed from a cell population before they are used for
cellular therapy.

To address these concerns, recent efforts have utilized high throughput techniques
to identify novel glycan epitopes that are more sensitive and specific to PSCs than the
traditional reagents. One such example is SSEA-5, a monoclonal antibody identified
from a hybridoma library that highly labels undifferentiated cells and the blastocyst inner
cell mass (Tang et al. 2011). SSEA-5 recognizes the H-type 1 epitope, a trisaccharide O-

glycan (Fucal-2GalB1-3GIcNAc), that is highly expressed in pluripotent cells but lost
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rapidly upon differentiation and is likely carried by multiple proteins on the cell surface.
SSEA-5 showed a high dynamic range of expression as differentiation resulted in 2 to 3
order of magnitude reduction in signal, which was much greater than traditional markers
SSEA-3, SSEA-4, and TRA-1-81 (Tang et al. 2011). Additionally, SSEA-5 was used
along with markers CD9 and CD90 to completely eliminate residual pluripotent cells
prior to transplantation in a murine model and prevented teratoma formation whereas
removal using SSEA-3 and TRA-1-81 did not (Tang et al. 2011).

Similar efforts have recently been made to find PSC markers using lectins: highly
specific carbohydrate binding proteins. Lectins are an ideal reagent for identifying cells
due to their glycan sensitivity, compatibility between species, reversible binding to the
cell surface, and much lower expense compared to antibodies.

The lectin rBC2LCN was identified using a high-density glycan microarray and
was found to bind highly to over 100 PSC lines while not binding to any somatic cells
tested (Tateno et al. 2011). Originally derived from the bacterium Burkholderia
cenocepacia, TBC2LCN recognizes the epitope of SSEA-5 (H-type 1) but also binds to
the similar epitopes H-type 3 and 4 (Fucal-2GalB1-3GlcNAc/GalNAc) (Tateno et al.
2011; SulAk et al. 2010). These glycan structures were found to be attached to
podacalyxin on the cell surface, the same protein carrier of TRA-1-60 and TRA-1-81,
suggesting that  BC2LCN recognizes multiple elements commonly used to identify PSCs
(Tateno et al. 2013; Schopperle and DeWolf 2006). Most importantly, rBC2LCN was
shown to completely eliminate pluripotent cells from a mixed population and may prove

useful for therapeutic applications (Tateno et al. 2015).
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In a similar experiment, Wang et al. identified a set of three lectins that could
specifically identify PSCs via recognition of fucosylated and sialylated glycans (Wang et
al. 2011). One of the lectins, fucose binding UEA-1, showed very low reactivity toward
differentiated progenitors and was capable of removing 99.5% of PSCs from a mixed
population of three cell types (Wang et al. 2011). Additionally, isolation of PSCs using
UEA-1 conjugated to magnetic beads was shown to be effective and yield viable cells

capable of differentiating to all three germ layers after elution.

GLYCAN PROFILE OF PLURIPOTENT STEM CELLS

Pluripotency is marked by simpler N-glycans

The global surface glycan expression profiles vary considerably between cell types and
recent reports have shown that PSCs express a characteristic pattern of surface
glycosylation. Among the most prominent features of the hPSC glycan signature is the
abundant expression of high mannose N-glycans on the cell surface (An et al. 2012;
Satomaa et al. 2009; Fujitani et al. 2013; Hasehira et al. 2012). High mannose structures
are the core building block for all N-glycans that become processed enzymatically into
more complex structures in the Golgi. The expression of high mannose glycans in PSCs
is surprising because they are not typically expressed in high quantities on the surface of
mammalian cells yet represent as high as 85% of the total N-glycome in PSCs (An et al.
2012). This contrasts considerably with previous studies that have identified complex and
hybrid types as representing the vast majority of N-glycan structures in adult cell lineages
and human serum fractions (Tao et al. 2008; Chu et al. 2009; An et al. 2012; Hasechira et

al. 2012). Additionally, hPSCs express a high level of terminal glucose on the termini of

34



high mannose structures (An et al. 2012). This is also unusual as terminal glucose is not
typically found on the surface of mammalian cells but is often expressed in pathogens

and recognized by the innate immune system (An et al. 2012).

Fucosylated glycans are a strong indicator of pluripotency in PSCs

Fucose is a deoxyhexose monosaccharide that is involved in a variety of biological
processes in eukaryotic organisms including cell adhesion, signaling, and embryonic
development (Becker and Lowe 2003). Fucosylation occurs in the Golgi by a family of
13 fucosyltransferases which catalyze the addition of fucose onto N- and O- glycan
structures and also, to a lesser extent in the endoplasmic reticulum, directly onto protein
targets (Ma et al. 2006). Unlike other monosaccharides which form the core elements of
carbohydrate structures, fucose is primarily utilized as a terminal modification to alter the
properties of cell surface glycans with the distinction between the ABO blood groups
being the most prominent example (Becker and Lowe 2003).

The expression of fucosylated glycans has been one of the most observed
differences between pluripotent and differentiated cells. Specifically, hPSCs have been
shown to express high levels of a1-2 fucosylated glycans on the cell surface compared to
differentiated cells (Hasehira et al. 2012; Wang et al. 2011; Satomaa et al. 2009; Liang et
al. 2010; Ojima et al. 2015). Increased expression of genes FUT1 and FUT2, the enzymes
that catalyze the transfer of fucose in a1-2 linkage, has also been observed in pluripotent
cells compared to somatic cells and is likely responsible for the abundant fucosylated
glycan expression (Tateno et al. 2011; Wang et al. 2011; Liang et al. 2010; Ojima et al.

2015). These findings contrast with a previous study, however, that indicated that a1-2
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fucosylation is not prevalent in mESCs and highlights glycosylation differences between
species (Nairn et al. 2012).

Interestingly, stem cell markers SSEA-5, rBC2LCN, and UEA-1 all recognize al-
2 fucosylated glycan structures (Tang et al. 2011; Tateno et al. 2011). Given that these
markers were derived from high throughput comparisons of global cell surface
glycosylation between PSCs and adult cells suggests that a1-2 fucosylation may be a
defining carbohydrate moiety of pluripotency. This raises interesting questions about the
importance of fucose and genes FUT1 and FUT2 for maintenance of the pluripotent state,
however previous studies using mice deficient in FUT1 and FUT2 have shown that a1-2
fucosylation is not critical for normal development (Domino et al. 2001). To date there
have been no published reports confirming these results in human cells so it is unclear
whether this is conserved between species. Taken together, these observations indicate
that fucosylation is an abundant identifying mark in pluripotent cells that is lost upon

differentiation but may not be required for proper function.

Cell surface sialylation is critical for maintenance of pluripotency
N-acetyl-neuraminic acid (Neu5Ac), commonly known as sialic acid, is a nine-carbon
sugar with an acidic carboxyl group attached to the anomeric carbon. Similar to fucose,
sialic acid is also a terminal modification of complex carbohydrate structures and often
serves as a cap on the non-reducing ends of mature N- and O- glycans. Because of this,
sialic acid residues are extensively displayed on the surface of mammalian cells with tens
of millions residues present on a typical cell (Collins et al. 2004). Sialylation occurs in

the Golgi by a family of sialyltransferases which most commonly catalyze reactions in
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a2-3 or a2-6 linkage to galactose or a2-8 linkage to sialic acid in oligo or polysialic acid
structures (Varki et al. 2009). This process is critical for mammalian development as
sialylated glycans coat the surface of cells and perform a multitude of biological
functions (Schwarzkopf et al. 2002; Varki et al. 2009; Weidemann et al. 2009). In
addition, sialylated glycans on the surface play major roles in the immune system and in
host recognition by viruses, which often recognize specific sialic acid linkages to gain
entry into cells (Varki and Gagneux 2012).

Recent studies examining global glycan expression have revealed major changes
in sialylation as cells transition from pluripotency to differentiated progenitors. Among
the findings is the observation that hPSCs highly express sialic acid in the 02-6 linkage
on the cell surface (Alisson-Silva et al. 2014; Hasehira et al. 2012; Wang et al. 2011;
Satomaa et al. 2009). In contrast, differentiated and somatic cells primarily express a2-3
linked sialic acid on the surface (Hasehira et al. 2012; Wang et al. 2011) to indicate that a
dramatic shift in sialylation patterns takes place upon lineage commitment. Similarly,
reprogramming of human dermal fibroblasts to iPSCs dramatically reverted the sialic
acid expression back to a2-6 linked and suggests that a2-6 sialylated glycans are an
integral part of pluripotency (Hasehira et al. 2012). Expression profiles of
sialyltransferases matches the pattern of sialylation as ST6Gall is highly expressed in
PSCs and likely generates the a2-6 linked structures (Tateno et al. 2011; Wang et al.
2015).

Interestingly, new reports have shown that expression of a2-6 sialic acid plays
functional roles in pluripotency. Alisson-Silva et al. have demonstrated that enzymatic

removal of sialic acid from the cell surface caused cells to spontaneously differentiate to
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ectoderm progenitors (Alisson-Silva et al. 2014). In addition, another recent study has
shown that loss of ST6Gall activity via RNA interference or pharmacological inhibition
results in down regulation of the core pluripotency factor OCT4, increased expression of
developmental genes, and reduced reprogramming efficiency (Wang et al. 2015).
Together, these observations point toward a2-6 sialylation playing major roles in
maintaining the pluripotent state. The mechanisms behind these roles are currently

unknown but represent major areas of interest moving forward.

Polysialylation is required for germ layer commitment from hPSCs
Polysialic acid (PSA) is an unusual glycosylation reaction that is characterized by
repeating 02-8 sialic acid residues on the end of N-glycan chains and can form extended
polymer structures hundreds of residues in length. Two enzymes, ST8SIA2 and
ST8SIA4, are capable of synthesizing PSA in the Golgi and show a high degree of
substrate specificity as PSA has only been observed on a small subset of proteins with the
neural cell adhesion molecule (NCAM) being the most common and most studied
(Angata and Fukuda 2003; Hildebrandt et al. 2009). Polysialylation is critical for
development and has been shown to play extensive roles in cell signaling, migration, and
neurogenesis (Colley et al. 2014; Angata and Fukuda 2010; Fujimoto 2001; Ono et al.
2012).

Although the majority of studies regarding polysialylation have focused on later
developmental pathways, our research group has found that PSA is intricately involved in
the earliest cell fate decisions. PSCs are epithelial cells and do not express polysialylated

glycans on the surface, however PSA expression dramatically increases as cells
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differentiate to progenitors of all three germ layers (See Chapter 3). This effect is derived
from cell type specific expression of polysialyltransferases in which ST8SIA4 is
prevalent in endoderm and mesoderm while ST8SIA2 is increased in ectoderm.
Interestingly, the expression of ST8SIA4 is regulated by well-known developmental
pathways and is required for proper differentiation (See Chapter 3). These observations
indicate that polysialic acid expression is critically important for germ layer specification
in the embryo. The mechanism of this requirement is currently unknown but likely
involves polysialylated glycans playing a role in cell signaling on the surface similar to

previous reports (Kiermaier et al. 2016; Eggers et al. 2011; Li et al. 2011).

INDUCED PLURIPOTENT STEM CELLS AS MODELS FOR

GLYCOSYLATION DEFECTS

Over the past decade, induced pluripotent stem cells (iPSCs) have proven valuable for
modeling a wide array of diseases and genetic disorders (Rashid et al. 2010; Cherry and
Daley 2013; Marchetto et al. 2011; Cramer and MacLaren 2013). The use of iPSCs is an
expanding field of research that allows for the study of cellular and molecular
mechanisms of diseases using cells directly from a patient. The differentiation
capabilities of iPSCs allow for these mechanisms to be elucidated in a cell-type specific
manner and their proliferative capacity permits unlimited expansion of cells from disease
samples that are very rare and difficult to obtain. Additionally, the ability to manipulate
iPSCs using emerging genome editing technologies like CRISPR-Cas9 provides
opportunities to determine the direct impact of a patient’s genetic profile on disease

pathology and potentially correct the disorder in vitro. All of these benefits of iPSC
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technology make them an ideal tool for studying diseases, including those that are caused
by defects of glycosylation.

Congenital disorders of glycosylation (CDGs) and lysosomal storage diseases
(LSDs) are two broad classes of disorders that are caused by either defects in glycan
biosynthesis or degradation, respectively (Varki et al. 2009). These disorders occur rarely
and are not well understood but advances in technology have led to the discovery of over
100 glycosylation related disorders in the last decade (Freeze et al. 2014). Some
challenges in studying glycosylation defects lie in the fact that glycan expression varies
between tissues, therefore a mutation in a certain biosynthetic enzyme may have a greater
affect in one cell type than in another. Another challenge is that the genetic mutations that
cause a particular glycosylation disorder can vary from patient to patient. iPSCs provide
the ability to study multiple cell types from a single individual while allowing for
consistency with regards to genetic background. This approach allows researchers to
investigate the cell-type specific changes that may result in the disorder’s pathology. The
use of iPSCs as disease models is relatively new technology and so the number of
published studies modeling either CDGs or LSDs is limited. This represents an area of
new opportunities in the field of glycosylation research that should be explored in the

coming years.

Disease modeling of PMM2-CDG with iPSCs
The most common and most studied neurological CDG is phosphomannomutase 2
deficiency, or PMM2-CDG (Jaeken 2013). PMM2-CDG, also known as CDG-1a, is

caused by a mutation in PMM?2 that codes for the enzyme phophomannomutase, which
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catalyzes the conversion of mannose-6-phosphate to mannose-1-phosphate prior to
synthesis of GDP-mannose. As a result, mutations in PMM2 limits the amount of GDP-
mannose available and causes a deficiency in the supply of lipid-linked oligosaccharides
(LLOs) available for the production of N-linked glycans (Westphal et al. 2001).
Complete loss of N-linked glycosylation is lethal; therefore, studies of PMM2-CDG
cannot be done using complete knockout of the gene (Varki et al. 2009). There are
several animal models of the disease, including drosophila, zebrafish and mouse (Cline et
al. 2012; Parkinson et al. 2016; Schneider et al. 2011), however the hypomorphic mouse
model exhibits embryonic lethality unless the pregnant dam is fed mannose
supplementation (Schneider et al. 2011; Thiel et al. 2006).

To alleviate these technical concerns, multiple research groups have generated
iPSCs to study PMM2-CDGs. Losfeld et al. utilized iPSCs generated from two PMM2-
CDG patients to test a fluorescent marker for changes in N-glycan site occupancy. Their
results indicate that the PMM?2 iPSCs express similar levels of decreased glycosylation as
the patient fibroblasts, suggesting that the iPSCs accurately reflect the disease phenotype
in vitro (Losfeld et al. 2012). More recently, Thiesler et al. generated iPSC lines from
PMM2-patient fibroblasts to characterize how PMM2-CDG affects stem cell
glycosylation and pluripotency. Their results show that the iPSCs exhibit decreased
PMM2 activity like the patient fibroblasts and confirm previous studies that report
reduced N-glycan site occupancy in PMM2 patient cells, but no change in the pattern of
N-glycan expression (Thiesler et al. 2016; Freeze 2006). Interestingly, decreased PMM?2
activity in the iPSCs yielded up to 40% reduction in high mannose glycan expression

compared to WT PSCs but this reduction did not affect the cells ability to differentiate to
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all three germ layers (Thiesler et al. 2016). PMM2-iPSCs also exhibited similar patterns

of sialylation to WT PSCs as N-glycans were 02-6 sialylated and not a2-3 (Thiesler et al.

2016).

Disease modeling of lysosomal storage disorders with iPSCs

Another emerging area of iPSC disease modeling involves lysosomal storage disorders
(LSDs) including Hurler syndrome (Tolar et al. 2011), Pompe disease (Higuchi et al.
2014; Huang et al. 2011; Raval et al. 2015), Gaucher disease (Panicker et al. 2012), Fabry
disease (Kawagoe et al. 2013), and Niemann-Pick Type C (Maetzel et al. 2014). Each of
these storage disorders result from mutations in proteins that facilitate the degradation of
particular glycan products. Absence of these proteins results in a build-up of glycan waste
products and leads to significant developmental and physiological effects (Grabowski
2012). Due to the variance of glycan expression between cell lineages, storage disorders
often exhibit cell-type specific phenotypes that can be elucidated by differentiating iPSCs
towards the most afflicted cell-type (Varki et al. 2009).

Using this approach, an investigation of Pompe disease using patient-derived
iPSCs recently revealed a novel glycosylation deficit in cardiomyocytes that may
contribute to Pompe cardiomyopathy (Raval et al. 2015). This finding is significant
because it provides a potential mechanism to explain how accumulation of glycogen in
lysosomes, a hallmark feature of Pompe disease, results in physiological effects and may
highlight new therapeutic targets. Similarly, Maetzel et al. utilized iPSCs to study the
effects of lysosomal cholesterol accumulation in hepatic and neural cells from Niemann-

Pick Type C (NPC) disease patients (Maetzel et al. 2014). In their report, they found that
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defects in autophagic flux were associated with mutations in the NPC1 gene and
identified an autophagy-inducing compound via small molecule screen that led to
increased cell viability in NPC1 deficient cells. These recent works, among others,
highlight the immense potential of iPSCs as a model system for in vitro disease modeling

of CDGs.

Challenges of modeling CDGs and LSDs with iPSCs:

Despite their utility, multiple research groups have discussed significant challenges
associated with using iPSCs from patient fibroblasts for modeling CDGs (Thiesler et al.
2016; Huang et al. 2011). To date, the biggest issue lies in reprogramming efficiency.
Thiesler et al. reported 0.008% efficiency of reprogramming PMM2-fibroblasts using
standard methods, much lower than 0.01-1.0% rates typically achieved using wild type
human fibroblasts. Similarly, efforts to generate iPSCs from Pompe disease patient
fibroblasts were unsuccessful without temporarily rescuing the defective enzyme, acid
alpha-glucosidase (Huang et al. 2011). This effect is likely associated with perturbations
of glycosylation pathways caused by the mutated glyco-enzymes and suggests that proper
glycosylation is important for reprogramming. The degree of CDG reprogramming
difficulty likely varies depending on the affected gene and its significance in

pluripotency.

DISCUSSION

The global expression of glycans on the cell surface appears to be a very dynamic process

that undergoes significant changes as cells develop from PSCs to defined adult lineages.
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Among the most prominent features observed in pluripotent cells is the unusual
expression of high mannose N-glycan structures in stark contrast with adult tissues that
express a higher percentage of complex and hybrid N-glycans. These results suggest that
the N-glycan processing pathway is severely down-regulated in pluripotent cells as
removal of terminal glucose and trimming of mannose represents the first steps to
forming more complex structures (Varki et al. 2009). It also appears that pluripotent cells
favor a simpler N-glycome compared to adult cells and may indicate that PSCs adopt a
“blank slate” that is to be specialized upon commitment to defined lineages.
Alternatively, expression of high mannose glycans could be playing functional roles
important for maintenance of the pluripotent state through a signaling or cell adhesion
mechanism. The significance of this unusual expression of high mannose carbohydrates
on the surface of PSCs is yet to be determined and should be the subject of future
investigation.

Additionally, terminal fucosylation and sialylation expression patterns show
interesting trends in pluripotency and differentiation. The high expression of al-2
fucosylated glycans on the surface and their recognition by PSC specific reagents points
toward fucosylation as a defining mark of pluripotency. It is unknown whether this
expression is playing a role in the maintenance of pluripotency in hPSCs although a
fucosyltransferase deficient mouse model suggests that it may be dispensable (Domino et
al. 2001). Sialylation, however, is perhaps the most interesting case of surface
glycosylation in human embryonic development as there is abundant expression of
specific sialic acid linkages for different cell types; pluripotent cells express 02-6

sialylated glycans, the initial differentiation stages express 02-8 polysialylated NCAM,
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and defined adult lineages display a2-3 surface sialylation. Recent studies have illustrated
that these sialylation patterns play functional roles in regulating both pluripotency and
early differentiation processes (Wang et al. 2015; See Chapter 3). The mechanisms
through which sialylation is acting in these processes is unknown but represents an area
for future study.

The use of iPSCs as a model for CDGs and LSDs is an emerging field of research
that offers great promise in elucidating the mechanisms of glycosylation disorders.
Although limited in number, the iPSC disease modeling studies to date have yielded
useful information in the pathogenesis of multiple diseases and provide a useful platform
for continued research. Additionally, the use of CRISPR-Cas9 genome editing tools
makes possible the ability to correct a genetic defect in these cells in vitro and perhaps

serve as a therapeutic option for a subset of disorders in the future.
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CHAPTER 3
ST8SIA4-DEPENDENT POLYSIALYLATION IS PART OF A DEVELOPMENTAL
PROGRAM REQUIRED FOR GERM LAYER FORMATION FROM HUMAN

PLURIPOTENT STEM CELLS

Berger RP, Sun YH, Kulik M, Lee JK, Nairn AV, Moremen KW, Pierce M, Dalton S.
2016. Accepted by Stem Cells. Reprinted here with permission of the publisher.

© AlphaMed Press 2016.

57



ABSTRACT

Polysialic acid (PSA) is a carbohydrate polymer of repeating a-2,8 sialic acid residues
that decorates multiple targets, including neural cell adhesion molecule (NCAM). PST
and STX encode the two enzymes responsible for PSA modification of target proteins in
mammalian cells, but despite widespread polysialylation in embryonic development, the
majority of studies have focused strictly on the role of PSA in neurogenesis. Using
human pluripotent stem cells (hPSCs), we have revisited the developmental role of PST
and STX and show that early progenitors of the three embryonic germ layers are
polysialylated on their cell surface. Changes in polysialylation can be attributed to
lineage-specific expression of polysialyltransferase genes; PST is elevated in endoderm
and mesoderm, while STX is elevated in ectoderm. In hPSCs, PST and STX genes are
epigenetically marked by overlapping domains of H3K27 and H3K4 trimethylation,
indicating that they are held in a 'developmentally-primed' state. Activation of PST
transcription during early mesendoderm differentiation is under control of the T-
Goosecoid transcription factor network, a key regulatory axis required for early cell fate
decisions in the vertebrate embryo. This establishes polysialyltransferase genes as part of
a developmental program associated with germ layer establishment. Finally, we show by
shRNA knockdown and CRISPR-Cas9 genome editing that PST-dependent cell surface
polysialylation is essential for endoderm specification. This is the first report to

demonstrate a role for a glycosyltransferase in hPSC lineage specification.
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INTRODUCTION

Glycosylation is a carbohydrate modification that increases structural diversity and
function of proteins and lipids. The significance of glycosylation in mammalian cell
biology is emphasized by its contribution to the glycocalyx- a dense, glycan-rich
structure on the outer surface of cells. The glycocalyx is composed of a complex array of
glycans that vary in a cell type-specific manner but deciphering specific roles for
carbohydrates in the function of specific cell surface targets has been problematic. The
broad impact of cell surface glycans on human health, however, has become increasingly
important due to strong clinical links between cell surface glycosylation defects and
human disease (Varki et al. 2009). From a developmental perspective, glycosylation is an
integral and dynamic process associated with cell migration, cell fate specification,
proliferation, and organogenesis in the embryo (Haltiwanger and Lowe 2004). Specific
roles for glycans in these early developmental processes are, however, poorly understood.
One aspect of embryonic development that has been well documented in mice,
but limited in humans, is the expression of polysialic acid (PSA) on the surface of
developing cells (Rutishauser 2008; Miihlenhoff et al. 2013). PSA is a linear glycan
homopolymer composed of repeating N-acetylnueraminic acid (NeuSAc or sialic acid)
residues linked by a-2,8 glycosidic bonds (Miihlenhoff et al. 2013). Two
polysialyltransferases, ST8SIA2 (STX) and ST8SIA4 (PST), reside in the Golgi and add
polysialic acid chains to target proteins or to themselves through autopolysialylation
(Close and Colley 1998). Polysialylated epitopes are elevated during the development of
many tissues in mice including heart, kidney, pancreas and brain with cell type-specific

expression of PST and STX (Finne 1982; Phillips et al. 1997; Hildebrandt et al. 1998;
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Lackie et al. 1994) . Little is known, however, about the function and regulation of
polysialylation during early stages of development.

Although neuropilin-2 and SynCAM1 have been reported to be polysialylated (Curreli et
al. 2007; Galuska et al. 2010), neural cell adhesion molecule (NCAM) is the most
abundant and best characterized substrate for PSA modification (Miihlenhoff et al. 2013).
NCAM is an immunoglobulin (Ig) adhesion protein residing on the cell surface and plays
roles in the formation of intercellular contacts through homophilic and heterophilic
binding, in addition to intracellular signaling (Miihlenhoff et al. 2013). NCAM is
polysialylated by either PST or STX on the fifth Ig domain, forming a polymer chain
typically between 60-90 sialic acid residues (Galuska et al. 2007; Close et al. 2003). The
resulting modification of NCAM (PSA-NCAM) is a large, highly-negatively charged side
chain that disrupts binding interactions between neighboring PSA-NCAM molecules to
enhance cellular motility (Johnson et al. 2005; Li et al. 2011; Rutishauser et al. 1985).
This property is utilized in the developing mouse nervous system in which PSA-NCAM
is instrumental in neuronal migration, neurite outgrowth and synaptic plasticity (Hu et al.
1996; Landmesser et al. 1990). Evidence also suggests that PSA impacts NCAM-directed
signaling events (Ono et al. 2012; Eggers et al. 2011; Seidenfaden et al. 2006). PSA is
widely expressed on the surface of metastatic cancer cells including neuroblastoma,
pancreatic ductal adenocarcinomas, small cell lung carcinoma and Wilms’ tumor
(Livingston et al. 1988; Schreiber et al. 2008; Tanaka et al. 2000; Roth et al. 1988),
highlighting its clinical significance. Consistent with this, the two polysialyltransferases
(PST and STX) are expressed at elevated levels in tumor cells and the resulting

polysialylation is an adverse prognosis factor (Amoureux et al. 2010).
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Understanding the role of cell surface glycosylation and how it is regulated during
human development is very limited. In this report, we address this by identifying broad
roles for polysialylation in cell fate specification of human pluripotent stem cells and
provide the first report describing a role for a specific glycosyltransferase in hPSC

lineage specification.

RESULTS

Early PSC-derived progenitors are polysialylated on their cell surface

hPSCs are known to express characteristic glycans on their cell surface such as SSEA3
but do not present PSA (Fig. 3.1A). However, when differentiated towards early
progenitor cells of the three embryonic germ layers, WA09 hPSCs transition to a PSA”
state (Fig. 3.1). This observation is apparent in multiple hPSC lines (WAO01, WAO7,
TEO03) as well as mESCs (R1) (Supplemental Fig. 3.1). By immuno-blotting of definitive
endoderm (DE) lysates, PSA-associated immuno-reactive bands are observed in the
~150-250 kDa range (Fig. 3.1B), characteristic of polysialylation. Within 2-4 days of
Activin A-directed differentiation, CXCR4" DE acquires cell surface (Fig. 3.1A, C, E, H
and Supplemental Fig. 3.1B,C) and Golgi-associated, a-mannosidase Il co-localized
PSA" epitopes (Fig. 3.1H). T'/Isl1" early mesoderm progenitors generated by BMP4
treatment also acquire cell surface and intracellular polysialylated epitopes within 4 days
(Fig. 3.1C, F). Finally, early AP2" ectoderm progenitors also become cell surface
polysialylated but in contrast to mesoderm and endoderm, Golgi-associated (Giantin")

reactivity is less obvious (Fig. 3.1C, G, I). In all three germ layers, cell surface
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polysialylation is acquired as cells lose pluripotency markers, such as NANOG and
SSEA3 (Fig. 3.1A, F, G).

Polysialic acid can be attached to target proteins by two enzymes, PST and STX.
To establish if polysialylation is regulated at the transcriptional level and whether PST or
STX is involved in polysialylation during germ layer induction, transcript levels for these
two genes were determined. This analysis showed germ layer specific differences in
PST/STX transcript accumulation at the time when polysialylation increased (Fig. 3.2A-
C). During early endoderm and mesoderm differentiation, PST transcript levels increase
significantly while STX mRNA levels remain low (Fig. 3.2A,B and Supplemental Fig.
3.1D). In contrast, STX transcript levels increase during early ectoderm differentiation,
while PST mRNA remains low (Fig. 3.2C). NCAM transcript levels increase during the
early stages of differentiation in all three germ layers (Fig. 3.2A-C). To confirm that PST
was responsible for polysialylation in DE, shRNA was used to target PST transcripts.
This resulted in ~85-90% reduction of PST transcript levels and loss of cell surface and
Golgi-associated polysialylation (Fig. 3.2D and Supplemental Fig. 3.2).

We next addressed the issue of whether NCAM is a major target of
polysialylation in endoderm and mesoderm differentiation. This is suggested by flow
cytometry showing that PSA" cells are also NCAM" (Fig. 3.2E). This possibility is
supported by a series of ShRNA knockdown experiments showing that loss of NCAM
eliminates cell surface polysialylation, but not Golgi-associated PSA reactivity (Fig.
3.2F,G). Next, NCAM was shown to be polysialylated in multiple PSC-derived cell types
of endoderm, mesoderm and ectoderm origin by immunoprecipitation-immunoblot

experiments using whole cell lysates (Fig. 3.2H,]). Finally, although ectopic PST
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expression in PSCs increased Golgi-dependent polysialylation, presumably through
autocatalysis (see ref (Close and Colley 1998)), its co-expression with NCAM was
required for decorating the cell surface with polysialylated substrates (Supplemental Fig.
3.3). Taken together, these data indicate that NCAM is the major acceptor of polysialic

acid on the surface of hPSC-derived progenitor cells.

Developmentally-regulated transcription factors control PST transcription and
polysialylation

Overlapping domains of activating (H3K4me3) and repressive (H3K27me3) histone
modifications mark developmental genes in pluripotent cells (Bernstein et al. 2006).
These epigenetic marks hold developmental genes in a 'poised' state, so they can be
rapidly activated under differentiation conditions. Genes encoding components of the
glycomics network have not been implicated in this developmental pathway before;
however, based on our previous observations, it seemed reasonable that PST, STX, and
NCAM could be part of this broad developmental program. ChIP-seq data from the
UCSC genome database indicate bivalent regions of H3K4me3 and H3K27me3 marks
overlapping the transcription start sites of PST, STX, and NCAM genes in WAO1 hPSCs
(Fig. 3.3A-C) (Rosenbloom et al. 2012). To confirm this in WA09 hPSCs and to
determine whether these histone marks change during differentiation, quantitative
chromatin immunoprecipitation (qChIP) assays were performed. In agreement with
ChIP-seq data, qChIP of the PST, STX, and NCAM promoters shows significant
enrichment for both bivalent histone marks (Supplemental Fig. 3.4), confirming them to

be bivalent genes in hPSCs. During early germ layer formation, bivalent domains resolve
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in a pattern consistent with the transcription patterns for each gene as cells differentiate
into endoderm, mesoderm and ectoderm (Supplemental Fig. 3.4). These data indicate that
genes implicated in cell surface polysialylation during germ layer formation are regulated
by epigenetic mechanisms known to control a broader group of developmental regulators.
The kinetics of PST transcript accumulation in endoderm differentiation follows
that of Brachyury (T) and Goosecoid (GSC) and coincides with the endoderm markers
SOX17 and FOXA2 (Fig. 3.2A,B and Fig. 3.3D). Since the polysialyltransferase genes
are bivalently marked, they are likely to be part of a broader developmental program
associated with lineage specification. Therefore, we hypothesized potential roles for T
and GSC in PST/STX regulation because they are developmentally regulated
transcription factors known to control early cell fate decisions, including the epithelial to
mesenchymal transition (EMT) associated with early PSC differentiation (Showell et al.
2004; Fernando et al. 2010; Hartwell et al. 2006). Developmental transcription factors
have not previously been implicated in regulation of cell surface glycans, making this a
potentially important possibility. To investigate this, we first tested the possibility that T
directly regulates the PST gene during endoderm differentiation. Ectopic activation of T
using a T-glucocorticoid receptor (T-GR) fusion protein (Carey et al. 1996) elevates cell
surface polysialylation in hPSCs within 4 days treatment with dexamethasone (Dex) (Fig.
3.3E). Transcript analysis of cells expressing T-GR shows an increase in PST and NCAM
expression following Dex induction with no change in STX expression (Fig. 3.3F). This
is consistent with potential roles for T and PST in mesoderm/endoderm differentiation,
but not ectoderm formation, which is more closely associated with STX expression (Fig.

3.2A-C). Dex treatment also increased endoderm markers SOX17 and FOXA?2 (Fig.
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3.3F), mesoderm markers ISL1 and GATA6 (Supplemental Fig. 3.5A), the EMT marker
SNAI1 (Fig. 3.3E), and PSA (Fig. 3.3E) within 4 days. Although T-GR increased PST
and NCAM transcript levels, indicating that T lies upstream of these genes, there was a
significant delay between Dex addition and increased cell surface polysialylation. This
points towards the effects of T-GR induction on PST transcription and polysialylation as
being indirect or perhaps, requiring additional other factor(s).

Interestingly, we noticed that transcript levels for the developmental transcription
factor GSC peaked slightly earlier than that for PST following T-GR induction (Fig.
3.3G). This is consistent with the respective kinetics of T, GSC and PST during Activin
A-induced endoderm differentiation (Supplemental Fig. 3.5B). This indicates that GSC is
downstream of T and that GSC may act directly on PST. To investigate this possibility,
GSC was ectopically expressed in hPSCs to establish if it could activate the PST gene
and increase cell surface polysialylation. Within 24 hours of GSC expression, cell surface
polysialylation was significantly elevated (Fig. 3.3H,I). Furthermore, GSC transfected
cells showed increased PST, GATA6 and SOX17 mRNA levels (Fig. 3.3J), and an
inducible GSC-GR construct activated a PST-luciferase reporter (PST-LUC)
(Supplemental Fig. 3.5C) within 6 hours (Fig. 3.3K) of Dex addition, whereas T-GR
(+Dex) had no effect on the reporter (Supplemental Fig. 3.5D). This reporter faithfully
reproduces induction kinetics of the endogenous PST gene during differentiation (Fig.
3.2A-B and Supplemental Fig. 3.5E), confirming it to be a suitable tool for these studies.
Other luciferase reporter assays showed that GSC-GR strongly activated the PST
promoter, whereas T-GR had a weaker effect and neither GSC-GR nor T-GR activated an

STX-luciferase reporter (Supplemental Fig. 3.5F). GSC was shown to bind the PST
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promoter, but not the STX promoter, by ChIP assays (Fig. 3.3L), confirming that it
directly regulates PST transcription. Finally, shRNA knockdown of GSC blocks the up-
regulation of PST during endoderm differentiation and suppresses the down-regulation of
T (Fig. 3.3M and Supplemental Fig. 3.5G). This latter observation is consistent with a
previous report showing that GSC is a repressor of T transcription (Artinger et al. 1997).
Taken together, these data indicate that T promotes expression of GSC, which then
represses T and directly activates transcription of PST resulting in cell surface

polysialylation (Fig. 3.3N).

PST-dependent polysialylation is required for early cell fate specification

Earlier in this report, we showed that sShRNA knockdown of PST activity significantly
reduces polysialylation under endoderm differentiation conditions (Fig. 3.2D). qPCR and
immunofluorescence staining analysis also showed that up-regulation of endoderm
markers FOXA2 and SOX17 was blocked under these conditions (Fig. 3.4A and
Supplemental Fig. 3.6A-B), indicating that polysialylation is essential for normal
differentiation. sShRNA knockdown of NCAM, however, did not affect the ability to form
DE despite a loss of PSA on the surface and its restriction to the Golgi (Fig. 3.2G and
Supplemental Fig. 3.6C-E).

To establish by an independent approach that PST is required for endoderm
differentiation, we engineered hPSC lines carrying a homozygous deletion of the PST
gene using CRISPR-Cas9 genome editing (Fig. 3.4B and Supplemental Fig. 3.7). Culture
of these cells with Activin A confirmed results obtained by shRNA knockdown of PST.

After 4 days of Activin A-treatment of PST” cells, endoderm markers assayed by qPCR,
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Western blot, flow cytometry, and immunofluorescence are markedly reduced (Fig. 3.4C-
F) relative to hPSCs, indicating a major disruption to the differentiation program.
Additionally, forced expression of either PST or STX restores cell surface polysialylation
and rescues the DE differentiation defect of PST”cells (Supplemental Fig. 3.8). These
results suggest that polysialylation by PST is required for hPSC differentiation to DE and
PSA plays an important role in hPSC cell fate determination.

In contrast to endoderm experiments, PST™" cells differentiate to mesoderm and
are comparable to WT cells (Supplemental Fig. 3.9A-C). Flow cytometry indicates PST”
mesoderm cells express a high level of cell surface PSA (Supplemental Fig. 3.9A), but
STX expression is elevated and appears to compensate for loss of PST activity
(Supplemental Fig. 3.9C). These results are surprising considering both endoderm and
mesoderm express PST exclusively in WT cells, suggesting that the mechanisms
controlling polysialylation are regulated differently. In addition, PST™" cells were also
able to generate NCCs and neural progenitors similar to WT cells (Supplemental Fig.
3.9D-F); this result was expected given that STX is expressed in early neuroectoderm
(Fig. 3.2A). Analysis of the bivalent marks on the STX promoter during WT mesoderm
differentiation shows that there is a high level of activating H3K4me3 despite STX
transcript not being expressed (Supplemental Fig. 3.4). This is also true for PST”"
mesoderm (Supplemental Fig. 3.9G) and may indicate that STX is unrepressed and
capable of activation in the absence of PST.

To test if polysialylation is sufficient to promote exit from pluripotency and for
transition towards endoderm, PST alone or PST with NCAM was over-expressed in

hPSCs under self-renewal conditions. When polysialylated NCAM was presented on the
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cell surface following ectopic expression of PST and NCAM, hPSCs maintained the
expression of pluripotency marker OCT4 (Supplemental Fig. 3.10A,D), retained an
epithelial morphology (Supplemental Fig. 3.10B-D), and did not up-regulate
mesendoderm markers such as T (Supplemental Fig. 3.10C) or DE markers such as
SOX17 and FOXA2 (Supplemental Fig. 3.10A-B). Although cell surface polysialylation
is a characteristic of early hPSC differentiation towards the three germ layers, ectopic
expression of PST and ectopic cell surface polysialylation is not sufficient for exit from

pluripotency.

DISCUSSION

In this report, we show that as pluripotent cells commit towards the three germ layers,
they become polysialylated on their cell surface. The major target for this polysialylation
in endoderm, ectoderm and mesoderm differentiation appears to be the cell adhesion
molecule NCAM. Polysialylation of cell surface NCAM is critical for endoderm
differentiation but is not sufficient to trigger exit from pluripotency and is not directly
involved in the EMT associated with transition through the mesendoderm state. This is
surprising because polysialylation of NCAM has been reported to play role in cell
migration by promoting an EMT (Lehembre et al. 2008). Loss of NCAM eliminates
surface polysialylation in our experiments, similar to that seen in PST loss of function
experiments, but it does not impact endoderm differentiation. This may suggest that
additional polysialylated targets control differentiation and that NCAM is only part of the
general mechanism. Our preferred explanation however, relates to previous reports in

mice where loss of NCAM rescues neurological defects seen in PST and STX mutants
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(Weinhold et al. 2005). This has led to the idea that unpolysialylated NCAM inhibits
neural development and that polysialylated NCAM is compatible with neurogenesis. The
role of PST and STX in this context would be to suppress negative signaling inputs
generated by NCAM. This model is consistent with our observations but the details of
how unpolysisalylated NCAM blocks differentiation needs to be explored further.

Although cell surface polysialylation is synonymous with early differentiation, it
is regulated differently in the three germ layers. In endoderm polysialylation is
exclusively controlled by PST, while in ectoderm, STX is the primary enzyme for
catalytic activity. Mesoderm is perhaps the most interesting case. Here PST is the
principle polysialyltransferase under normal conditions, but this switches to STX when
PST activity is eliminated. This raises some interesting questions about how the
regulatory mechanisms of polysialyltransferase genes are connected and how under
specific conditions they can compensate for one another.

Many reports have been published describing the role of polysialylation in mouse
development, particularly during neurogenesis. However, there have been no reports
describing roles for polysialylation as cells exit pluripotency and as they form the three
embryonic germ layers. We found that genes encoding the polysialyltransferases (PST
and STX) and the main PSA acceptor NCAM are epigeneticaly marked by bivalent
domains in pluripotent cells, and under specific conditions, these marks become resolved
depending on the lineage chosen. These epigenetic marks implicated PST, STX and
NCAM as part of a broader developmental program required for germ layer formation.
This was subsequently confirmed by shRNA and CRISPR-Cas9 genome editing based

experiments. Despite showing an essential role for PST in early differentiation, its exact

69



function has not yet been resolved. We know, however, that its function is required after
the EMT associated with loss of pluripotency but before key lineage specification genes,
such as SOX17 and FOXA2, are activated. We speculate that a signaling defect is
associated with loss of PST activity and this will be the subject of further investigation.

In endoderm, PST activation is dependent on a well-characterized transcriptional
regulatory network required for lineage specification. Most notably, T is a T-box
transcription factor with downstream effectors, such as GSC, that are expressed during
primitive streak formation. In our experiments, we find that T is required for GSC
activation, and GSC directly binds and transcriptionally activates the PST gene.
Regulation of polysialylation through PST is therefore part of the developmental program
required for endoderm and probably mesoderm and ectoderm formation. The regulatory
network required for STX activation in ectoderm still needs to be defined but is likely to
involve suppression of Smad2,3 activity (Chambers et al. 2009) and/or activation of Wnt
activity (Menendez et al. 2011).

T and GSC have been previously implicated as transcriptional drivers of
metastasis in a range of cancers (Fernando et al. 2010; Hartwell et al. 2006). It is
intriguing to speculate that reactivation of the T/GSC transcriptional network in tumor
progression could also involve activation of polysialyltransferase genes such as PST to
facilitate migration and metastasis. This is particularly interesting because there are
numerous reports describing cell surface polysialyation on metastatic, migratory cells
(Livingston et al. 1988; Schreiber et al. 2008; Tanaka et al. 2000; Roth et al. 1988;
Amoureux et al. 2010). Reactivation of the T/GSC-driven polysialyltransferase activity

could therefore be an important component of T/GSC-driven tumor development.
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Interestingly, our observations of PST requirement for endoderm specification in
hPSCs contrast with previous reports showing that PST null mice are viable with only
mild cognitive impairments (Eckhardt et al. 2000). Additional studies showed that mice
lacking STX shared a similar phenotype (Angata et al. 2004) and that double knockout of
PST and STX led to severe developmental defects and precocious death (Weinhold et al.
2005), indicating that polysialylation is required for development but that PST and STX
are functionally redundant and capable of compensating for each other. The discrepancy
between our findings and previous reports are intriguing as it could represent a
differential requirement of individual polysialyltransferase genes between species.
Furthermore, this observation of an essential human gene being inessential in mice has
been documented previously (Liao and Zhang 2008). Liao and Zhang demonstrated that
null mutations of mouse genes orthologous to essential human genes often show mild or
normal phenotypes and that this phenomenon is frequently observed in genes involved in
glycosylation and carbohydrate metabolism (Liao and Zhang 2008). Their work coupled
with our observations implies that considerable differences exist between species in
regard to single gene mutation and the subsequent phenotypic effect and that this gap
may be particularly evident in genes involved in glycosylation.

Alternatively, this discrepancy may be the result of a non-cell autonomous rescue
of early endoderm in vivo by neighboring cells utilizing STX in the absence of PST. Our
results show that PST™ cells form mesoderm and ectoderm similar to WT and it could be
that these cells assist in the formation of endoderm in the embryo through mechanisms

not present during in vitro differentiation.
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The impact of glycosylation in embryonic development is not well understood
and is an increasingly important topic. In addition to our findings there have been a
number of recent reports documenting potential roles for sialylation and sialyltransferases
in hPSC pluripotency and differentiation (Wang et al. 2015; Alisson-Silva et al. 2014;
Swindall et al. 2013; Wang et al. 2011; Tateno et al. 2011). The full impact of these
processes is to be determined but may point toward sialylated glycans playing key roles

in early development.

Conclusion

Our observations indicate that the initial differentiation of hPSCs toward lineages of all
three germ layers is marked by abundant cell surface polysialylation stemming from
increases in polysialytransferase expression. This process is regulated epigenetically and
transcriptionally via well-established developmental pathways and appears to be critical

for cell fate specification.

MATERIALS AND METHODS

Stem Cell Culture and Differentiations

WAO09, WAO1, WAO7, and TEO3 hESCs (http://grants.nih.gov/stem_cells/
registry/current.htm) were cultured on Geltrex (Life Technologies) coated plates and
sustained using complete defined medium (CDM) containing recombinant Heregulin -1
(10 ng/mL), Activin A (10 ng/mL), bFGF2 (8 ng/mL), and IGF-1 (200 ng/mL) as
described previously (Wang et al. 2007). Cells were plated at a density of 50,000

cells/cm? and grown to 90% confluency before passaging with Accutase (ICT).
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Mesoderm cells were generated by culturing WAOQ9 cells for 4 days in CDM
supplemented with WNT3a (25 ng/mL) and BMP4 (100 ng/mL). Endoderm and
ectoderm differentiations followed previously established protocols (McLean et al. 2007;

Menendez et al. 2011).

qRT-PCR.

RNA was collected using the E.Z.N.A. RNA isolation kit (Omega) and cDNA made from
1 pg RNA using the Iscript cDNA synthesis kit (Bio-Rad). Genes were assayed using
Tagman primers (Life Technologies) on a ViiA 7 Real-Time PCR System (Life
Technologies). Assays were performed in triplicate and normalized to GAPDH

expression. Error bars indicate + SEM.

Western blots
Protein was prepared using RIPA lysis buffer and Western blots done using 30 pg of
protein lysate loaded into NuSep Tris-Glycine Gels. Protein was then transferred onto a

nitrocellulose membrane and probed using antibodies shown in Table 1 with detection via

HRP.

Immunohistochemistry

Cells were grown on Lab-Tek 4-well chamber slides, fixed using 4% paraformaldehyde
treatment for 10 minutes, and permeabilized using 0.2% Triton in PBS. Antibodies and
concentrations used for staining are shown in Table 1. Images were obtained using a

Leica DM6000 B microscope and a Zeiss LSM 710 confocal microscope.
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Flow Cytometry

Cells were harvested using Accutase and 1 million cells were incubated with antibodies
or isotype control in 20 pL PBS containing 0.2% BSA. Antibodies and concentrations
used are shown in Table 1. Results were obtained using a Beckman Coulter Cyan ADP
analyzer with data analysis using FlowJo software. Cell sorting was done using a

Beckman Coulter MoFlo XDP and a Bio-Rad S3.

ChIP-PCR assays

10 million cells were cross-linked using 2% formaldehyde and quenched using 2.5M
glycine. Lysis was performed using the Agilent Mammalian ChIP protocol and DNA
sonicated to ~500 bp using a Covaris S220 Focused-ultrasonicator. Immunoprecipitation
was done by overnight incubation of cell lysate at 4°C with Dynabeads Protein G
magnetic beads (Life Technologies) conjugated with 10 pg of antibody (Table 1). qRT-
PCR of ChIP lysate was done using genomic primers on a ViiA 7 Real-Time PCR

System with comparison to whole cell extract.

Luciferase assays

Reporter plasmids were constructed by cloning the Skb upstream genomic region of PST
and STX amplified using Expand Long Range dNTPack (Roche) with ligation into a
pGLA4.1 Luciferase plasmid (Promega). Cells were plated onto 24-well plates and
transfected in triplicate with 1 pg reporter plasmid and 100 ng Renilla control plasmid

(Promega) using the Dual-Luciferase Reporter Assay System (Promega). Cells were

74



collected and analyzed 48h after transfection and analyzed for luminescence by a Biotek

Synergy 2 plate reader. Data are shown in triplicate with error bars indicating + SD.

shRNA knockdowns and CRISPR genome editing

shRNA knockdowns were done using TRC lentiviral sShRNA plasmids (Dharmacon)
targeting human PST (Cat. RHS4533-EG7903), NCAM (RHS4533-EG4684), and GSC
(Cat. RHS4533-EG145258). Lentiviral particles were generated using a Trans-Lentiviral
Packaging Kit (Thermo Scientific). Virus was concentrated upon collection using Lenti-
X Concentrator (Clontech) and titer determined via qPCR titer kit (Mellgen Labs). Cells
were plated in 24-well plates, transduced at MOI=1-5 in the presence of 6 ug/ulL
polybrene, and selected using 3 pg/mL Puromycin. CRISPR sgRNAs were designed
using CRISPR Design software (Ran et al. 2013) and cells were transfected with
sgRNAs, hCas9 (Mali et al. 2013), and repair plasmid. Cells were selected using Zeocin
(100pg/mL) and grown as single cell clones in 96-well flat bottom plates with addition of

10uM Y-27632 (Tocris). PST™ cells were verified via genomic PCR.
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Figure 3.1. Polysialic acid is expressed upon differentiation to all three germ layers.
(A) Flow cytometry of hPSC differentiation to definitive endoderm showing surface
expression of PSA along with endoderm marker CXCR4 (Top) and pluripotency marker
SSEA3 (Bottom). (B) Immunoblot of PSA expression in hPSC and DE. (C) Flow
cytometry of PSA expression (Top) in hPSC (Shaded gray), DE (Red), mesoderm (Blue),
and NCC (Green). PSA" fractions are 2.9%, 79.7%, 72.4%, and 81.1% respectively.
Isotype control is shown for comparison (Bottom). (D-H) Immunostaining of PSA
expression in hPSC differentiation. Scale bar, 100pum. (D) hPSC: PSA and DE marker
SOX17 (Top), PSA and Golgi marker a-mannosidase II (Bottom). (E) DE: PSA and
SOX17 (Top), PSA and a-mannosidase II (Bottom). (F) Mesoderm: PSA and T (Top),
PSA and NANOG (Bottom). (G) NCC: PSA and NANOG (Top), PSA and Golgi marker
Giantin (Bottom). (H) Zoom of PSA and a-mannosidase II in DE. Arrows point to
overlap of PSA and a-mannosidase II. (I) Time course immunoblot of PSA expression
during hPSC differentiation to NCC (Top). CDK2 shown as loading control (Bottom).
Abbreviations: hPSC, human pluripotent stem cell; DE, definitive endoderm; NCC,

neural crest cell.
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Figure 3.2. Expression of polysialyltransferases is lineage specific and NCAM is the
substrate of polysialylation. (A-C) gPCR expression of PST, STX, and NCAM (Top)
and lineage markers (Bottom) in hPSC differentiation to DE (A), mesoderm (B), and
NCC (C). (D) Immunostaining of PSA expression in DE day 4 cells transduced with
shRNA targeting PST (Right) compared to control shRNA (Left). Scale bar, 100pum. (E)
Flow cytometry of PSA and NCAM surface expression in hPSC, DE, and mesoderm. (F)
Immunostaining of shRNA knockdowns of PST and NCAM in DE day 4. Scale bar,
100pum. (G) Immunostaining of PSA and a-mannosidase II expression in DE cells
transduced with NCAM shRNA. Arrows point to overlap in expression. Scale bar,
100pum. (H) Immunoblot of NCAM (Top) and PSA (Middle) in all three germ layers. -
Actin shown as loading control (Bottom). (I) Immunoprecipitation of NCAM and PSA in
hPSC and DE. IP lysate was then immunoblotted for PSA (Left) and NCAM (Right).
Lysate from COS-1 cells overexpressing PST, STX, and NCAM was used as positive
control. Abbreviations: hPSC, human pluripotent stem cell; DE, definitive endoderm;

CTL, control.
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Figure 3.3. Polysialylation is bivalently regulated with PST under the control of the
T/GSC network. (A-C) Graphical representation of H3K4me3, H3K27me3, and CpG
islands at the PST (A), STX (B), and NCAM (C) genomic loci in WAO1 hPSCs (Data
from the UCSC genome browser database (Rosenbloom et al. 2012)). (D) Graphical
illustration of gene kinetics during DE differentiation. (E) Immunostaining comparison of
T-GR expression of PSA and SNAII after 4 day addition of Dex compared to —Dex.
Scale bar, 100um. (F) gPCR of genes in T-GR cells —Dex, +Dex 2d, and +Dex 4d. (G)
Transcript analysis of GSC and PST over 4 day time course addition of Dex in T-GR
cells. (H) Flow cytometry for surface PSA expression in hPSCs, hPSCs+GFP, and
hPSCs+GSC-GFP 24h post electroporation. (I) Analysis of the percentage of GFP"/PSA”
cells from Fig. 3.4H. (J) gPCR of samples from Fig. 3.4H. (K) Luciferase assay of hPSCs
transfected with GSC-GR, PST-LUC, and LUC-Control after Dex addition for 0, 6, and
12h. (L) GSC ChIP assay in hPSCs transfected with GSC-GFP. Genomic primers used
probe the TSS of the PST promoter and the STX -5kb upstream region shown as negative
control. (M) qPCR of DE d4 cells transduced with shRNA targeting GSC compared to
control shRNA. (N) Diagram of proposed interaction of T, GSC, and PST. Abbreviations:
hPSC, human pluripotent stem cell; Dex, dexamethasone; GR, glucocorticoid receptor;

DE, definitive endoderm; LUC, luciferase; TSS, transcription start site; CTL, control.
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Figure 3.4. PST is required for efficient hPSC differentiation to endoderm. (A)
Immunostaining of PSA and SOX17 expression in DE cells transduced with control
shRNA (Left) and PST shRNA (Right). Scale bar, 100pum. (B) Schematic of CRISPR
gene editing approach of the PST first exon. The 300 bp region containing the PST TSS
was cleaved and replaced by a BFP-IRES-Zeo cassette via homology directed repair. (C)
qPCR of genes in WT and PST™ cells differentiated to DE. (D) Flow cytometry of
CXCR4 and PSA expression in WT and PST cells differentiated to DE. (E) Immunoblot
comparisons of WT and PST cells differentiated to DE. (F) Immunostaining of PSA
with SOX17 (Top) and FOXA2 (Bottom) in WT and PST cells differentiated to DE.
Abbreviations: CTL, control; hPSC, human pluripotent stem cell; DE, definitive

endoderm; TSS, transcription start site; sgRNA, single guide RNA.
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Supplemental Figure 3.1. Polysialic acid is expressed upon differentiation in
multiple hPSC lines. (A-B) Flow cytometry showing surface expression of PSA and
CXCR4 in hPSC (A) and DE (B) in WAO01, WA07, WA09, and TEO3 cell lines. (C)
Immunostaining of PSA and SOX17 in DE cells. Scale bar, 100um. (D) qPCR expression
profile of hPSC endoderm differentiation. (E) Immnunostaining of mESC differentiation

with retinoic acid. Abbreviations: mESC, mouse embryonic stem cells; RA, retinoic acid.

84



A A WAO1ThPSC WAO7 hPSC ~ WA09 hPSC - TEO3 hPSC

<
| o
CXCR4 -
B WAO1 DE v WAO7 DE 7 WAOQ09 DE v TEO3 DE
<
w
o
CXCR4 -
C D 400
hPSC Endoderm WmPST 4
2 300/ WSTX
p oY% mNCcAM
< 2200 CJFOXA2
= <200/ msox17
4 WmGSC
£100
[¢)]
o
s 0 .
SRS TR S SR A S -
&V &V &V ,\((/ \Y\?“ \Y\V” $V’ «<</
N~
g hPSC Endoderm
= E

Merge

TEO3
mESC

DAPI DAB2

+RA

[ DAPI/ PSA/ SOX17 | DAPI DAB2

85



PST STX

40 4

< 30 3

>

2

< 20 2

%

£ 10 1
~ 0 A

ShRNA & KN L
DE day 4

Supplemental Figure 3.2. Transcript levels of PST and STX during PST shRNA
knockdown in DE day 4 cells. Data are normalized to WA09 hPSC. Abbreviations:

CTL, control; DE, definitive endoderm.
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Supplemental Figure 3.3. Cell surface polysialylation requires expression of both
PST/STX and NCAM. (A) Immunostaining of PSA expression hPSCs transfected with
PST and NCAM overexpression constructs. Scale bar, 100um. (B) Immunostaining of
PSA and Golgi marker Giantin in hPSCs overexpressing PST. Scale bar, 100um. (C)
Immnunoblot of NCAM expression in hPSCs transfected with PST, STX, and NCAM
overexpression constructs. CDK2 is shown as control. Abbreviations: hPSC, human

pluripotent stem cell.
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Supplemental Figure 3.4. Polysialylation is regulated by bivalent histone
modifications. (A-C) ChIP PCR showing changes in H3K4me3 and H3K27me3 on the
PST (A), STX (B), and NCAM (C) loci during differentiation to DE, mesoderm, and

NCC. Abbreviations: hPSC, human pluripotent stem cell.
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Supplemental Figure 3.5. PST is under the control of the T/GSC regulatory network
in mesendoderm. (A) Transcript levels of PST, ISL1, and GATAG6 in T-GR cells after 6h
Dex addition. (B) Time course expression levels of PST, T, and GSC trancsripts during 4
day differentiation to DE. (C) Illustration of luciferase constructs. LUC-control (Top) has
no promoter while PST-LUC (Middle) and STX-LUC (Bottom) contain the Skb upstream
promoters of the respective genes. (D) Luciferase assay comparing PST-LUC activity to
LUC-control in T-GR cells induced with Dex for 6-12h. (E) Luciferase assay comparing
PST-LUC activity to LUC-control in hPSC differentiation to DE and mesoderm. (F)
Luciferase assay showing activity of LUC-control (Left), PST-LUC (Middle), and STX-
LUC (Right) in GSC-GR and T-GR cells induced with Dex for 24h. (G) Transcript levels
of T in shRNA knockdown of GSC in DE day 4 cells. Abbreviations: Dex,
dexamethasone; hPSC, human pluripotent stem cell; LUC, luciferase; DE, definitive

endoderm; mes, mesoderm; CTL, control.
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Supplemental Figure 3.6. shRNA knockdown of PST inhibits DE differentiation
while NCAM knockdown does not. (A) Immunostaining of PSA and FOXA2
expression in DE cells transduced with control shRNA (Left) and PST shRNA (Right).
Scale bar, 100um. (B) gPCR of DE cells transduced with control shRNA and two
shRNAs targeting PST. (C) Immunostaining of PSA expression in DE cells transduced
with control shRNA (Top) and NCAM shRNA (Bottom). Scale bar, 100um. (D) gPCR of
NCAM and endoderm markers in DE cells transduced with control sShRNA and NCAM
shRNA. (E) Immunostaining of E-cadherin and FOXA?2 expression in DE cells
transduced with GFP control shRNA and NCAM shRNA. Scale bar, 100pm.
Abbreviations: hPSC, human pluripotent stem cell; CTL, control; DE, definitive

endoderm.
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Supplemental Figure 3.7. Disruption of the PST gene using CRISPR-Cas9 genome
editing. (A) Diagram of PST WT genomic locus. sgRNAs were designed to target the
PST peptide start codon in the first exon. (B) Diagram of the PST CRISPR knockdout
genomic locus. The region between sgRNAs has been replaced with a resistance cassette
via homology directed repair. (C-D) genomic PCR of PST locus in hPSC and PST™".
Primers were designed to amplify the WT region excised by CRISPR-Cas9 (C) and the
knockout locus containing the resistance cassette (D). (E-F) Expected PCR product sizes
for WT PCR test (E) and CRISPR-Cas9 knockout PCR test (F). Abbreviations: sgRNA,

single guide RNA; L, ladder.
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overexpressing PST,s or STX,s expression constructs. Cells were sorted for PSA"/PSA™ 3

days after transfection.
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Supplemental Figure 3.9. PST™ cells are capable of forming mesoderm and
ectoderm. (A-B) Flow cytometry showing surface expression of PSA (A) and SSEA3
(B) in hPSCs and PST™ cells differentiated to mesoderm. (C) gPCR comparison of
hPSCs and PST™" cells differentiated to mesoderm. (D) Flow cytometry showing PSA
expression in hPSCs and PST" cells differentiated to NCC. (E-F) gPCR comparison of
hPSCs and PST™" cells differentiated to ectoderm lineages NCC (E) and neural progenitor
cells (F). (G) ChIP PCR of PST”" mesoderm cells showing levels of H3K4me3 and
H3K27me3 epigenetic marks on the STX promoter. Abbreviations: hPSC, human
pluripotent stem cell; meso, mesoderm; NCC, neural crest cell; NPC, neural progenitor

cell.
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Supplemental Figure 3.10. Ectopic expression of PSA in hPSCs is not sufficient to
drive differentiation. (A) qPCR of hPSCs electroporated with PST and NCAM
compared to a GFP control plasmid. (B-D) Immunostaining of PSA (B-D), FOXA2 (B),
T (C), and OCT4 (D) in hPSCs electroporated with PST and NCAM overexpression
construct. Scale bar, 100um. Abbreviations: CTL, control; hPSC, human pluripotent stem

cell.
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CHAPTER 4

DETAILED EXPERIMENTAL PROCEDURES

MATERIALS AND METHODS

Stem cell culture

Human embryonic stem cells (hESCs) were grown on polystyrene culture dishes
(Thermo Scientific) coated with Geltrex LDEV-Free hESC qualified reduced growth
factor basement membrane matrix (Thermo Scientific) diluted at 1:200 from
manufacturer stock in DMEM/F-12 (Corning). A chemically defined medium (DM) was
used as a base medium and consisted of DMEM/F-12 (Corning) supplemented with 0.2%
Probumin (Millipore), 1X Antibiotic Antimycotic solution (Corning), 1X MEM
nonessential amino acids (Corning), 2mM glutagro supplement (Corning), 1X trace
elements A/B/C (Corning), 50 pg/mL L-ascorbic acid, 10 pg/mL Transferrin (Athens
Research & Technology), and 100 uM 2-Mercaptoethanol (gibco). Addition of 10 ng/mL
Heregulin -1, 10 ng/mL Activin A, 8 ng/mL bFGF2, and 200 ng/mL IGF-1 to DM
constituted complete defined medium (CDM) that was used to maintain hESCs. Cells
were grown in an incubator at constant conditions of 37°C and 5% CO, and were
passaged every 4-5 days when they reached approximately 90% confluency by treatment
with Accutase (ICT) at 37°C for 10 minutes, followed by centrifugation at 1000 rpm for
4 minutes, resuspension in CDM, quantification using a hemocytometer, and plating at a

density of 50,000 cells/cm® onto Geltrex coated plates.
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Differentiations
Definitive endoderm (DE) cells were generated from hESCs following a previously
established protocol (McLean et al. 2007) by culturing in DM supplemented with 100
ng/mL Activin A and 8 ng/mL bFGF2 for 4 days with 25 ng/mL WNT3a present for the
first 24 hours.

Mesoderm (ISL1) cells were generated from hESCs by culturing in CDM
supplemented with 25 ng/mL WNT3a and 100 ng/mL BMP4 for 4 days.

Ectoderm cells were generated following a neural crest protocol (Menendez et al.
2011) by culturing in DM supplemented with 10 ng/mL Heregulin B-1, 8 ng/mL bFGF2,
and 200 ng/mL IGF-1, 20 uM SB 43152 (Tocris), and 2 uM BIO (GSK3 inhibitor IX,
Calbiochem) for 8 days.

Neural progenitor cells were generated from hESCs by culturing in DM
supplemented with 10 ng/mL Heregulin -1, 200 ng/mL IGF-1, 20 uM SB 43152

(Tocris), and 500 nM LDN-193189 (Sigma) for 6 days.

qRT-PCR

Cultured cells were harvested using Accutase and centrifuged at 1000 rpm for 4 minutes
prior to RNA isolation using the E.Z.N.A. RNA isolation kit (Omega). RNA was
quantified using a Biotek Synergy 2 plate reader and 1 pg of RNA was used to make
cDNA with the Iscript cDNA synthesis kit (Bio-Rad) followed by dilution in molecular
grade water to a total volume of 500 puL for analysis. Genes were assayed using Taqgman
primers (Life Technologies) in a 5 pL reaction consisting of 2 L. cDNA, 2.5 uL. PCR

Mastermix (Life Technologies), 0.25 pL Tagman primer, and 0.25 pL molecular grade
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water. Samples were aliquoted into a 384 well plate and analyzed using a ViiA 7 Real-
Time PCR System (Life Technologies). Reactions were performed in triplicate with
expression normalized to reference genes GAPDH or GUSB and data were shown as

mean + SEM.

Flow cytometry

Cells for analysis were harvested using Accutase for 10 minutes at 37°C, quantified using
a hemocytometer, and aliquoted into 5 mL round bottom tubes. 1 million cells were used
per tube and were filtered by pipetting through the 35 um cell strainer cap. Cells were
washed once using 3 mL of PBS containing 0.2% BSA, centrifuged at 1000 rpm for 4
minutes, and the PBS aspirated leaving a small pellet. Antibodies were diluted in the PBS
+ 0.2% BSA solution and a volume of 20 pL. was used to resuspend the pellet. Cells were
then incubated in antibody solution for 20 minutes, washed with 3 mL of PBS + 0.2%
BSA, centrifuged at 1000 rpm for 4 minutes, and aspirated. This process was repeated
until cells had been labeled with all primary and secondary antibodies. Each cell sample
for analysis had an isotype control sample that was labeled using the corresponding
isotype fluorophores or secondary antibodies. After the final wash step, cells were
resuspended in 0.5 mL of PBS + 0.2% BSA and analyzed using a Beckman Coulter Cyan

or Hypercyan cytometer followed by analysis using FlowJo software.

Western blotting

Cells for Western blotting were typically grown in 60 mm plates and were collected by

aspirating the culture medium from the plate, adding 1 mL of cold PBS, scraping the
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plate surface with a cell scraper, and pipetting the cell mixture into a 1.5 mL tube. Cells
were centrifuged at 1000 rpm for 4 minutes, PBS aspirated off the cell pellet, snap frozen
in liquid Nitrogen for 1 minute, and stored at -80°C. Protein was isolated from the cells
by resuspension in 20-50 puL of RIPA lysis buffer (Sigma) containing protease inhibitor
(Roche), phosphatase inhibitor (Calbiochem), and 100 mM dithithreitol. Cells were
incubated in lysis buffer on ice for 30 minutes followed by centrifugation at 20,000 x g
and extraction of the protein lysate supernatant into a new tube. Protein was quantified
using a Bradford assay measuring absorbance at 595nm using a Biotek Synergy 2 plate
reader. Sample buffer was made using 950 pL Laemmli buffer supplemented with 50 pL
of 2-mercaptoethanol and was added to the samples in equal volume to the protein lysate.

Electrophoresis was done using 20-40 pug of protein loaded into each well of Bolt
bis-Tris precast gels (Life Technologies) and followed by transfer onto nitrocellulose
membranes. The membranes were blocked using 2% nonfat milk dissolved in 0.5%
TBST for 1 hour at room temperature. Primary antibodies were diluted (Table 1) in the
blocking solution and were incubated with the membrane overnight at 4°C. The
following day membranes were washed 3 times for 5 minutes each in 0.5% TBST on a
shaker to remove excess antibody. HRP secondary antibodies were diluted 1:2000 in
blocking solution and incubated on the membrane for 1 hour at room temperature
followed by washing 3 times with 0.5% TBST. Amersham ECL detection reagent (GE)
was then added to the membrane for 1 minute and removed prior to detection using

Amersham hyperfilm (GE).
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shRNA knockdowns

TRC shRNA lentiviral plasmid sets (GE Dharmacon) were ordered for PST (Cat.
RHS4533-EG7903), NCAM (RHS4533-EG4684) and GSC (Cat. RHS4533-EG145258).
Each set contained 4-6 plasmids targeting different sequences within the gene. Lentiviral
particles were generated following the Thermo Scientific trans-lentiviral packaging kit
using 5.5 million HEK293-T cells plated on a 10 cm culture dish in high glucose DMEM
supplemented with 10% FBS and 2mM L-glutamine. One day after plating, cells were
transfected with 42 pg of shRNA plasmid, 30 pL of Trans-lentiviral packaging mix, 105
uL of CaCl,, and 1050 pL of 2X HBSS brought to a total volume of 2 mL with molecular
grade water. 16 hours following transfection cells were switched to 14 mL of reduced
serum medium consisting of high glucose DMEM, 5% FBS, and 2mM L-glutamine and
incubated for 48 hours. During the incubation period the cells were visually inspected on
a microscope for morphology and cell death; high levels of cell death and poor
morphology were indicative of efficient viral production. The supernatant was collected
48 hours after addition of reduced serum medium and was centrifuged at 1600 x g for 10
minutes followed by filtration using a 0.22 pm Steriflip tube. Lenti-X concentrator
(Clontech) was then added at 1:3 the volume of the viral supernatant and incubated at 4
°C overnight. The samples were centrifuged at 1500 x g for 45 minutes at 4 °C the next
day yielding a small pellet of concentrated viral particles. The supernatant was discarded
and the pellet was resuspended in DMEM/F12 according to 100 puL per 10 cm plate used
and single use 20 pL aliquots were frozen and stored at -80°C. Titering of the
concentrated virus was done using a qRT-PCR based lentiviral titering kit (Mellgen Labs)

using SYBR Green (Bio-Rad) and 1 pL of viral supernatant.
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Knockdown experiments were done in WA09 hESCs plated in 24 well plates at a
density of 40,000 cells/cm’. Cells were transduced 24 hours after plating by first adding
growth media supplemented with 6 ng/uL polybrene, incubating at 37°C for 30 minutes,
followed by addition of concentrated viral particles at 1-5 MOI. 24 hours after
transduction the culture medium was supplemented with 3 pg/mL of Puromycin to
eliminate non-transduced cells. Cells were cultured with media containing Puromycin
until they were collected (typically 3-5 days). shRNA knockdown efficiency was
calculated as the percent reduction of mRNA levels assayed by qRT-PCR compared to a

control shRNA.

ChIP assays
Cells were harvested using Accutase treatment for 10 minutes at 37°C, quantified using a
hemocytometer, and 10 million cells were aliquoted into 15 mL tubes and washed with
PBS. The cells were resuspended in 1 mL of PBS and then cross-linked by adding 27.5
uL of 37% formaldehyde and incubating for 10 minutes followed by quenching with 50
uL of 2.5M glycine for 5 minutes. Cells were then washed with PBS, snap frozen in
liquid nitrogen, and stored at -80°C.

Lysis of the cells was done following the Agilent mammalian ChIP protocol using
lysis buffers (LB) 1, 2, and 3. Cells were resuspended in 5 mL of LB1, rocked for 10
minutes at 4°C, and centrifuged at 1350 x g at 4°C for 4 minutes. This was repeated using
LB2 and after centrifugation the pellet was resuspended in 1 mL of LB3. The genomic

DNA was then sonicated to approximately 500 bp using a Covaris S220 focused
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ultrasonicator for 8 minutes at 5% duty cycle. Following sonication the lysate was stored
at -80°C.

Protein G magnetic beads (Life Technologies) were incubated overnight at 4°C
with 10 pg of antibody, washed 3 times with 1 mL RIPA wash buffer, and resuspended in
100 pL RIPA wash buffer. Sonicated lysate was then thawed and aliquoted into the tubes
containing antibody-bound magnetic beads and was placed in a rotator overnight at 4°C.
50 uL of sonicated lysate was aliquoted into a separate tube and frozen at -20°C to serve
as the input control for each sample. After overnight immunoprecipitation, samples were
washed 5 times each with 1 mL RIPA wash buffer and eluted using 210 pL of Agilent
elution buffer. The elution was done by incubating the magnetic beads at 65°C for 15
minutes with vortexing every 2 minutes and cross-links were reversed by incubating
overnight at 65°C.

200 pL of TE was added to the elution samples the next day followed by addition
of 4 uL of RNAse A and incubation at 37 °C for 2 hours. Protein was then degraded
using Proteinase K for 30 minutes at 55 °C and DNA was purified by phenol chloroform
extraction and ethanol precipitation. The precipitated DNA pellet was then resuspended
in 100 pL molecular grade water and stored at -20 °C. ChIP-PCR was done using SYBR
Green (Bio-Rad) and genomic primers with detection from a Viaa7 real time PCR system

(Life Technologies).

CRISPR-CAS9 GENOME EDITING

The overall strategy for CRISPR-Cas9 genome editing (Figure 4.1) involved (1)

designing and cloning single guide RNAs (sgRNAs) to target a specific locus, (2)
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generation of a donor plasmid to facilitate homology directed repair after Cas9-induced
double strand breaks, (3) electroporation of Cas9, sgRNAs, and donor plasmid into cells,
(4) drug selection of a polyclonal population of CRISPR edited cells, (5) clonal isolation
and expansion of CRISPR edited cells, and (6) identification and validation of properly
edited clonal cell lines. Each of these steps will be discussed in detail with the knockout

of ST8SIA4 being an example.

Guide RNA design and construction

Genes targeted for CRISPR-Cas9 knockout were first analyzed by uploading the genomic
locus from the NCBI database (www.ncbi.nlm.nih.gov) to SnapGene software to
determine the region within the gene to be edited. The strategy for knocking out
ST8SIA4 was designed to delete a 300 base pair segment of the first exon containing the
start codon for translation of the protein using two sgRNAs on each side (Figure 4.2).
Generation of sgRNAs was done by copying the genomic region of interest and probing
for potential sgRNAs using the Optimized CRISPR Design web-based portal
(crispr.mit.edu/), which analyzes genomic sequences for protospacer adjacent motifs
(PAMs) and scores them based on frequency of off target binding throughout the genome
(Ran et al. 2013). sgRNA 20 base pair sequences (without PAMs) with off target scores
above 90 were selected and input into a spreadsheet along with their respective reverse
complement sequences. sgRNA sequences were ordered as DNA oligos and were
designed to be cloned into a pSpCas9(BB)-2A-GFP plasmid (Addgene plasmid #48138,
Figure 4.3), referred to here as pCas9-GFP, using Bbsl compatible overhangs (Figure

4.3). The sequences of the oligos followed the form
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CACCGGNNNNNNNNNNNNNNNNNNNN where the Ns represent the sgRNA
sequence and CCNNNNNNNNNNNNNNNNNNNNCAAA where the Ns represent the
sgRNA reverse complement. The oligos were then annealed and phosphorylated using T4
PNK (New England Biolabs) and ligated into BbsI digested pCas9-GFP (Figure 4.3B) at
16°C for 1 hour using a ligation mix (Takara). Ligated plasmid was then transformed into
High Efficiency competent cells (New England Biolabs) and clones generated. Initial
validation of the sgRNA plasmids was performed by BbsI digestion and comparison to
pCas9-GFP lacking sgRNA insert. pCas9-GFP is digested by Bbsl and yields one band
on an agarose gel while sgRNA-pCas9-GFP plasmids lack the Bbsl site as a consequence
of cloning and yield two bands on a gel from supercoiled and linear plasmid. Final
validation was done by Sanger sequencing to confirm the proper sgRNA sequence was

present in sgRNA-pCas9-GFP plasmids.

Donor plasmid design

Generation of a donor plasmid was done to provide both a fluorescence marker and drug
resistance to select for CRISPR edited cells more easily. The donor plasmid for ST8SIA4
knockout was designed by using two 1 kb homology arms consisting of the genomic
regions upstream and downstream of the sgRNA sequences beginning within 25 bp of the
Cas9 induced double strand breaks (Figure 4.2). A 20 bp spacer region containing
restriction sites compatible for subcloning a pCAG-BFP-Zeo cassette into the donor
construct was designed in between the homology arms. This sequence block was ordered
from Genscript as a custom gene synthesis project inserted into a pUC57 construct. The

final donor plasmid was completed by ligation of the pCAG-BFP-Zeo cassette into the
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custom pUC57 construct and validation was carried out by restriction fragment length

polymorphism analysis.

Electroporation of sgRNA-Cas9 and donor plamids

Once the sgRNA-pCAS9-GFP and donor plasmids were generated they were
electroporated together into WA09 hESCs using a Neon electroporation system (Life
Technologies). The electroporation reactions were carried out using 1.5 million WA09
cells and 7.5 pg total plasmid DNA (1.87 ng sgRNA-Cas9-GFP plasmid 1, 1.87 pg
sgRNA-Cas9-GFP plasmid 2, 3.75 pg pCAG-BFP-Zeo donor plasmid) with instrument
parameters of 1050V, pulse width 30, and 2 pulses. Each reaction was done in 100 pL of
electroporation buffer R and cells were prepared according to the manufacturers
instructions including a single wash with PBS (without Calcium or Magnesium) prior to
resuspension in buffer R. After electroporation cells were plated into a single well of a 6-
well plate containing CDM lacking antibiotic and supplemented with 10 pM Rho-
associaed kinase inhibitor (ROCK) Y-27632 (Tocris) to reduce apoptosis and increase
plating efficiency. This reaction was repeated a total of 12 times yielding two 6-well

plates to allow for a large starting population.

Selection for CRISPR polyclonal cell population

Selection began 24 hours after electroporation cells using CDM supplemented with100
ug/mL Zeocin (Sigma) to select for cells that stably integrated the pPCAG-BFP-Zeo
cassette from the donor construct. When the effects of Zeocin selection were apparent,

after 4-6 days of selection, the cells from a 6 well plate were passaged into a 35 mm plate
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to maintain proper cell density. This process of passaging into smaller wells continued
every 3-4 days until cell death diminished and drug resistant cells began amplifying.
Cells were then amplified to >5 million cells to be frozen down into stocks of polyclonal
Zeocin resistant cells labeled as “PST-CR.” The PST-CR cells were then assayed for BFP
expression using flow cytometry and showed >99% BFP expression. Genomic DNA was
extracted from the PST-CR cells and genomic PCR was done using primer sets designed
to identify the wild type (WT) ST8SIA4 locus and the properly CRISPR edited ST8SIA4
locus lacking the 300 bp first exon region but containing the CAG-BFP-Zeo cassette
(Supplemental Figure 3.7). The results of the genomic PCR indicated the presence of
both WT and CRISPR edited ST8SIA4 loci. This result was expected and indicated that

properly CRISPR edited cells could be isolated through clonal expansion.

Clonal cell line isolation

The generation of clonal cell lines was done by pre-treating the polyclonal cell culture for
30 minutes with CDM containing 10 uM ROCK inhibitor, releasing cells from the plate
using Accutase for 10 minutes, filtering cells using a 35 um cell strainer, and sorting
single cells using a Beckman Coulter MoFLo XDP into each well of a 96 well plate
coated with Geltrex (1:200 dilution in DMEM/F12). The media used for plating and
culturing on 96 well plates was a 50/50 mixture of CDM and 24-hour hESC conditioned
media (CM) supplemented with 10 uM ROCK inhibitor. The conditioned media was
collected from a 10 cm plate of hRESCs 24 hours after addition, filtered using a Steriflip
0.22 pm filter unit, and supplemented with 8 ng/mL bFGF2. Cells were plated in 125 pL

per well of the CDM/CM 50/50 mix and media was changed every other day using a
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volume of 80 uL. Wells were examined for colonies under a microscope 1-2 weeks after
sorting and wells containing colonies were marked. The number of colonies formed was
variable between experiments and cell types and ranged between 5-40 wells of a 96 well
plate. Colonies were expanded in the 96 well plate until the colony density became very
high; typically the cells would not expand to fill the entire well but would begin to grow
on top of each other within the colony. Once this occurred, cells were passaged using
Accutase and plated in a single well of a 24 well plate in the same CDM/CM mix media.
These cells were then expanded until they filled the 24 well plate and were passaged
using Accutase and plated into a 35 mm plate containing CDM. The media was switched
at this point as cell density reached normal levels and no longer necessitated conditioned

media.

Validation of CRISPR cell lines

Screening of CRISPR clonal cell lines was performed to identify those that had properly
edited the ST8SIA4 locus according to the design. The first step was a genomic PCR
based assay to identify the presence of the BFP-Zeo cassette in the genomic locus. To do
this, primers specific to regions in the BFP-Zeo sequence were designed along with
primers from the genomic regions beyond the homology arm sequence (Supplemental
Figure 3.7B). Cells were collected during clonal isolation culture from either a 24 well or
6 well plate and genomic DNA was extracted using a Wizard genomic DNA purification
kit (Promega) and genomic PCR was done using a Phusion high fideligy PCR kit (New
England Biolabs). The products of the PCR were then analyzed using a 1.0% agarose gel

and WT WAUOQ9 cells did not generate a PCR product for this reaction but correctly edited
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cell lines yielded the predicted band of 1269 bp (Supplemental Figure 3.7D). Once it was
determined that a cell line contained the BFP-Zeo cassette in the proper location, a
second PCR assay was done to confirm that the wild type locus is lost in both alleles. To
accomplish this, genomic primers were designed for the region to be excised between the
gRNAs (Supplemental Figure 3.7A). The results of this assay yielded a small 119 bp
band for the WA09 control but no band for CRISPR cell lines (Supplemental Figure
3.7C). Cell lines that satisfied the PCR criteria were considered to be ST8SIA4 knockout
cell lines. qRT-PCR for PST also confirmed this as the knockout cell lines showed a loss

of PST transcript due to the gene disruption.
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Figure 4.1. CRISPR-Cas9 genome editing workflow.
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Guide RNA design gRNA-Cas9-GFP plasmids

20 base guide RNA PAM
GAGGAGCACCAGGAGACGCAACTCATCGGGTAA /7
+ + +

t + +
CTCCTCGTGGTCCTCTGCGTTGAGTAGCCCATT

. .

~~~~~ SN gRNA 1 gRNA 2 N —— e ————

ST8SIA4
300 bp

@ Homology directed repair

gRNA 1 gRNA 2
CRISPR edited locus l | I | l
I I
IRES Poly A

Insertion and gene disruption

Figure 4.2. CRISPR editing strategy of the ST8SIA4 genomic locus. ST8SIA4 was
targeted with two guide RNAs flanking the translation start codon in the first exon. The
300 bp region was excised and replaced with a CAG-BFP-Zeo resistance cassette through

homology directed repair.
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Genomic 5’ -, ,GACCACAGTCTGATCAGTTTTCCTT (( CTGCAA...- 37
Sequence 3’ -, .. CTGGTGTCAGACTAGTCAAAAGGAACCGACGTT...~ 5
Oligo 1 » 57 - CACCGGCAGTCTGATCAGTTTTCCTT 3
i CC GTCAGACTAGTCAAAAGGAA CAMA 57 Oligo 2
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Figure 4.3. Design of oligos for cloning into pCAG-Cas9-GFP. (A) Guide RNAs were
designed from genomic sequences and were ordered as oligos containing overhangs
compatible for cloning into Bbsl restriction sites. (B) Illustration of BbsI digested

sequence from pCAG-Cas9-GFP. (C) Plasmid map of pCAG-Cas9-GFP.
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Table 1 — ANTIBODIES USED

Antibody Source Catalog no. | Uses* Dilution | Dilution | Dilution
(IB) (FC) (IHC)
PSA mAb 735 IB, IHC, FC | 1:1000 1:100 1:250
SOX17 R&D Systems AF1924 IB, IHC 1:1000 - 1:100
T R&D Systems | AF2085 [HC - - 1:100
NANOG Genetex GTX100863 | IHC - - 1:100
Giantin abcam ab24586 IHC - - 1:100
ao-Mannosidase II | abcam ab12277 IHC - - 1:100
CDK2 Santa Cruz SC-163 1B 1:2000 - -
NCAM Santa Cruz 123A8 IB, IHC, FC | 1:500 1:50 1:50
SNAII R&D Systems | AF3639 [HC - - 1:100
FOXA2 Millipore 07-633 IB, IHC 1:1000 - 1:100
CXCR4 eBioscience 17-9999 FC - 1X -
SSEA3 eBioscience 53-8833 FC - 1X -
V5 Invitrogen 46-0705 IHC - - 1:100
HA Sigma H3663- [HC - - 1:100
200UL
GSC R&D Systems | AF4086 ChIP - - -
H3K4me3 Abcam Ab8580 ChIP - - -
H3K27me3 Abcam Ab6002 ChIP - - -
IgG Abcam Ab46540 ChIP - - -
E-Cadherin R&D Systems | AF648 [HC - - 1:100

*Uses key: IB — Immunoblot, [HC — Immunohistochemistry, FC — Flow cytometry, ChIP

— chromatin immunoprecipitation
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

The presence of polysialic acid on the surface of cells throughout embryonic
development has been observed for decades in rodents yet has not been described in
detail in human development. The vast majority of these studies focused on the role of
PSA in the developing nervous system where it is crucial for proper migratory patterns
(Rutishauser 2008) but have paid little attention to the abundant expression of PSA
occurring in early embryogenesis (Lackie et al. 1994; Angata et al. 1997; Phillips et al.
1997; Ong et al. 1998). Because of this, the existing paradigm of polysialylation is
limited to its anti-adhesive effects, facilitation of migration and invasion, and cell
signaling potential.

In our studies we have outlined a specific role for polysialylation in the germ
layer specification of hPSCs. This work definitively shows PSA expression occurs at the
earliest stages of lineage specification as pluripotent cells first begin to differentiate into
progenitors of all three germ layers. Our results also demonstrate that this is a tightly
regulated process that is under the control of previously described developmental
transcriptional networks. The observation that loss of PST gene expression leads to
negative effects is perhaps the most interesting finding as it suggests that polysialylation
is a critical component of the differentiation program and represents the first observation

of a carbohydrate structure participating in early cell fate decisions.
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The exact mechanism through which PSA is acting to influence differentiation is
not currently known but we speculate that it is via altered cell signaling caused by
aberrant, unmodified NCAM on the cell surface. Investigations into PST, STX, and
NCAM null mice have previously shown that NCAM in its unpolysialylated state
generates severe developmental phenotypes that are rescued by mice that lack NCAM
(Weinhold et al. 2005), and it is intriguing to speculate whether the same effect is being
observed in hPSCs.

Our studies to date have focused on the genetic knockout of PST and its effects on
endoderm differentiation but this raises additional questions of how knockouts of STX
and NCAM would affect other lineages. From our results it would be expected that STX
knockout would show differentiation defects in ectoderm cells given that it is the sole
polysialyltransferase expressed in that cell type. Additionally, it would be interesting to
see if cells completely devoid of PSA through PST and STX double knockout would be
able to differentiate properly and if the adverse effects would be alleviated by a knockout
of NCAM similar to murine models (Weinhold et al. 2005). These studies would help
elucidate role of PSA in embryonic development and perhaps gain greater perspective on
the studies done in knockout mice.

Interestingly, our results coincide with other studies outlining specific roles for
sialic acid in stem cells. a2-6 sialylation has been shown by multiple groups to be highly
expressed on the surface of hPSCs (Alisson-Silva et al. 2014; Hasehira et al. 2012; Wang
et al. 2011; Satomaa et al. 2009), and a recent study has shown that this sialylation
pattern is required for the maintenance of pluripotency (Wang et al. 2015). Taken

together with our findings it suggests that varying sialic acid expression may represent a
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dynamic carbohydrate-based mechanism that functions during early embryonic

development to control cell fate decisions in pluripotency and differentiation.
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