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ABSTRACT OF THE DISSERTATION

N-glycosylation Branching and Neural Stem Cell Fate Potential
By
Andrew Richard Yale
Doctor of Philosophy in Anatomy & Neurobiology
University of California, 2020

Professor Lisa A. Flanagan, Chair

Neural stem/progenitor cells (NSPCs) generate all the differentiated cell types in the
central nervous system. However, mechanisms controlling differentiation into specific cell types,
such as neurons and astrocytes, and how differentiation is regulated by extracellular cues must be
identified. Gaining a better understanding of how NSPC differentiation is affected by their
environment will be essential for developing these cells as therapeutics for brain repair. Our lab
identified a novel biophysical signature, membrane capacitance, that indicates neuron- or
astrocyte-bias of NSPCs. | found that N-glycosylation, specifically the N-glycan branching
pathway, differs between astrocyte- and neuron-biased NSPCs. My studies showed that N-
acetylglucosamine (GIcNACc) treatment to enhance N-glycan branching shifted membrane
capacitance and altered fate of NSPCs. | identified the MGATS5 branching enzyme as a critical
regulator of NSPC differentiation in vitro and in vivo. My studies showed that loss of MGAT5
significantly impacted neural development, causing enhanced neuron differentiation but
depletion of the NSPC pool that led to a reduction in neurons in the MGATS5 cortex in vivo. |
found that MGATS null NSPCs in vitro formed more neurons and fewer astrocytes than their
WT counterparts. To identify a potential mechanism for how branching impacts fate, | used a

proteomic screen to identify cell surface proteins regulated by branching and found a reduction

XX



in cell adhesion proteins in GIcNAc-treated NSPCs. My functional assays probing cell-cell and
cell-ECM adhesion showed that cellular adhesion is diminished when NSPC N-glycan branching
is enhanced. Taken together, my studies identified N-glycan branching as a critical component of
fate-specific membrane capacitance, a novel regulator of NSPC differentiation, and a means by

which NSPC differentiation can be affected by the extracellular environment.
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CHAPTER 1

Introduction

Neural stem/progenitor cells (NSPCs) are multipotent cells capable of differentiating into
the vast number of neurons, astrocytes, and oligodendrocytes found throughout the central
nervous system (CNS) and are thus exciting candidates for use in regenerative therapies for
neurological disease and trauma. The identification of progenitor cells and the lineages they
produce is key to our understanding of how the enormous diversity of cell types is produced in
the brain, and this information will guide future attempts to harness stem cells for brain repair.

NSPCs arise from the neural epithelium, a layer of cells formed by the invagination and
closure of the primitive ectodermal layer during neurulation. These neuroepithelial cells rapidly
divide and thicken the neural tube and transition into radial glial cells (RGCs), in other terms —
NSPCs. The generation of neurons, astrocytes, and oligodendrocytes occurs from this single pool
of NSPCs in a tightly regulated temporal and spatial manner. Early in corticogenesis, NSPCs
generate the neurons that occupy the cortical plate in an inside-out manner — deep layer 6 is
formed first with superficial layer 2 being formed last. During late embryogenesis, the fate
potential of NSPCs switches as the neuron-producing machinery is suppressed by glial producing
mechanisms (1).

How NSPCs generate the wide variety of neurons in the cortex and switch fate potential
to glia are not fully understood. NSPCs must integrate multiple external signals that impact cell
fate decision to control differentiation, and how a cell translates these signals to a set of
instructions can change depending on other contextual signals it receives at the same time.. An

example of this is illustrated by the bone morphogenetic protein (BMP) signaling pathway



during cortical development. BMP2/4 is pro-neurogenic early in development (2), but strongly
promotes astrocyte formation during late cortical development (3, 4). This switch in signaling
may be driven by activity of a co-factor, leukemia inhibitory factor (LIF), during periods of
astrogenesis (5). However, LIF is also present during neurogenic periods early in cortical
development, and LIF can stimulate NSPCs to generate neurons (6). EGF receptor (EGFR) may
be involved in shifting the effects of BMP since EGFR expression increases during astrogenic
stages and appears to change the signaling mechanism of both BMP and LIF from pro-
neurogeneic to pro-gliogenic (7). Furthermore, dividing NSPCs distribute EGFR unevenly
between the daughter cells, generating cells that either display glial/astrocyte markers or not
depending on the amount of EGFR the cell inherited during division (8). This complex signaling
at the cell membrane is compounded in vitro by the fact that NSPC cultures are typically
maintained in EGF-containing growth medium, a process necessary to maintain and expand the
large number of cells necessary for prospective transplantation therapies.

Despite the fact that NSPCs may change cell surface protein expression when making the
switch from neurogenesis to astrogenesis, identifying neurogenic and astrogenic NSPCs remains
a challenge. Common NSPC markers such as nestin, PSA-NCAM, and A2B5 have been in place
for many years but are insufficient to resolve neurogenic-astrogenic bias. Other methods to
characterize the behavior and fate potential of NSPCs might prove useful for understanding the
heterogeneity of NSPCs.

1.1 LABEL-FREE APPROACHES TO DISTINGUISH CELL CHARACTERISTICS

Label-free approaches to cell characterization may be useful for distinguishing alternative
properties exhibited by cells. Dielectrophoresis (DEP), a technique that induces cell movement in

a non-uniform electric field, is of particular interest since it can probe a number of



electrophysiological properties of a cell in suspension and without the use of any labels. The
compartment of the cell that is being assessed by DEP is dependent on the frequency of the
applied electric field, and thus analysis of cells with DEP is provides information on specific
cellular compartments. At low frequencies, movement is dependent on properties of the plasma
membrane, and this technique is sensitive enough to discern even minute differences in the
plasma membrane (9). Some notable examples include utilizing DEP to detect differences in
normal and malaria-infected red blood cells (10), neu-oncogene expression in tumorigenic cells
(12), or stimulated vs unstimulated Jurkat cells (12).

Electrophysiological characteristics distinguish cells from one another in a variety of cell
types. One property, membrane capacitance, differs between the different leukocyte
subpopulations (13), and dynamic changes to membrane biophysical properties have been
described during mesenchymal stem cell (MSC) differentiation towards adipogenesis or
osteogenesis (14). We previously found that DEP can distinguish NSPCs and their differentiated
progeny (15). DEP is sufficient to discern the fate potential of NSPCs from both human and
rodent NSPCs based on membrane capacitance alone, providing a novel means to distinguish
neuron- and astrocyte-biased NSPCs (16). DEP is non-toxic to NSPCs (17), and we have
developed multiple DEP-based devices that sort NSPCs on the basis of their membrane
capacitance signature (18-22). As will be discussed in Chapter 2, we have increased the
throughput and fidelity of DEP sorting by developing a continuous, flow-based sorter that can
simultaneously separate neuron-biased and astrocyte-biased NSPCs (19). Furthermore, Chapter 3
will discuss the use of this sorter to study the membrane properties of NSPCs and identify a
biological component of the plasma membrane that distinguishes neuron-biased and astrocyte-

biased NSPCs (23).



1.2 THE BIOLOGICAL LINK TO MEMBRANE CAPACITANCE

Prior to the studies presented in Chapter 3, it remained unclear what components of the
plasma membrane could underly changes in membrane capacitance. The frequencies used in
DEP are not the same that are used to detect resting membrane potential (15, 24). Multiple
theories arose including questions regarding protein abundance on the plasma membrane, cell
size, or plasma membrane folding. Expression of a G protein-coupled receptor in yeast did not
alter capacitance (25), but the expression of channelrhodopsin-2 in HEK293 cells did (26),
suggesting that perhaps certain proteins could impact membrane capacitance although it would
be difficult to distinguish which proteins. Cell membrane microdomains, such as ruffles or
microvilli, increase cell surface area and are theorized to alter membrane capacitance (27). While
NSPCs with distinct membrane capacitance differences do not differ in cell size (16, 20), they
may have different membrane microdomains and membrane folds that are not visible through
phase contrast microscopy. Interestingly, a study found modification of phospholipid bilayers
with polyethelene glycol in artificial vesicles significantly altered membrane capacitance (28),
suggesting that cell surface modifications could contribute to membrane capacitance.

A cellular process that modifies the plasma membrane surface and impacts membrane
microdomains is glycosylation. During glycosylation, carbohydrates able to store charge are
added to plasma membrane proteins and lipids. Domains of glycosylated cell surface molecules
generate surface undulations to increase surface area (29), create large membrane structures
extending up to 200 nm from the cell surface (30), and influence the protein makeup of the
plasma membrane (31, 32). We tested whether glycosylation could impact NSPC behavior
within DEP by treating NSPCs with the N-glycosylation inhibitor, swainsonine. The reduction in

complex N-glycans on the cell surface resulted in a significant shift in cell behavior in DEP,



providing the first link between N-glycosylation and cell behavior in DEP (20). My work in
Chapter 3 takes these studies a step further by comparing the expression profiles of various
glycosylation processing enzymes between DEP-sorted or developmentally isolated NSPCs that
differ in fate potential. We ultimately identify a complex N-glycan remodeling process known as
N-glycan branching as a molecular component impacting fate-specific membrane capacitance
(23).
1.3 N-LINKED GLYCOSYLATION AND THE CORE BRANCHING PATHWAY

Almost all proteins entering the endoplasmic reticulum (ER) are post-translationally
modified by N-glycosylation. This process covalently links a sugar polymer (glycan) to an
asparagine (Asn, N) residue of the consensus site N-X-S/T on an immature peptide. N-
glycosylation of proteins within the cell is canonically known to aid in the folding and trafficking
of proteins as they pass through the ER and the Golgi. As these proteins transit from the ER to
the Golgi, the N-glycans are constantly processed and remodeled en route to the cell surface
(Haltiwanger 2004). This remodeling involves the trimming of mannose residues on the terminal
ends of an immature N-glycan by the enzymes mannosidase 1 and 2 (MAN1, MANZ2) followed
by the sequential addition of N-acetylglucosamine (GIcNAc) by the N-
acetylglucosaminyltransferases I, 11, IV, and V (MGAT1-5) to generate mono-, bi-, tri-, and
tetra-antennary N-glycans (33). This process, known as N-glycan branching, is responsible for
the vast diversity of N-glycans that pattern the cell surface.

The biosynthesis of the donor substrate, UDP-GIcNAc, which is utilized to generate the
N-glycan branches, competes with metabolic processes for energy production (34-36). The
enzymes MGAT1 and MGAT?2, which add the first two branches to N-glycans, are limited by

the availability of the acceptor N-glycan. However, MGAT4 and MGATS?5 are limited by the



availability of UDP-GIcNACc (33, 37, 38) resulting in decreased activity and limited production
of tri- and tetra-antennary (highly branched) N-glycans (35, 37). This leaves these enzymes in a
state of hypersensitivity. Indeed, when cells are supplemented with exogenous GIcNAc, the
activities of MGAT4 and MGATS?5 are selectively upregulated and a spike in the production of
highly branched N-glycans is observed (23, 37). In Chapter 3, we utilize this paradigm to test
whether the stimulation of N-glycan branching impacts DEP-measured biophysical properties.
We not only find that a shift in N-glycan branching could account for the differences in fate-
specific membrane capacitance, but could also regulate NSPC fate potential along the neuron-
astrocyte axis (23).
1.4 N-GLYCOSYLATION IN NSPC FATE POTENTIAL AND NEURAL
DEVELOPMENT

Changes in glycans expressed throughout the brain coincide with the shift from
neurogenesis to gliogenesis during cortical development (39, 40). Defects in N-glycosylation
biosynthesis can be embryonic lethal (41-43), and improper N-glycan processing during early
steps in the N-glycan branching pathway leads to severe developmental disorders known as
congenital disorders of glycosylation (CDGs), which present symptoms of neural abnormalities
(44). A study aiming to dissect the roles of N-glycan branching in development found that
silencing MGAT1 resulted in failed closure and fusion of the neural tube (42). Furthermore,
neuron-specific deletion of MGATL results in severe psychomotor retardation, tremors, and
paralysis (45), mimicking symptoms seen in the human disease CDG-lla caused by insufficient
N-glycan remodeling due to dysfunctional MGAT?2 (44). Taken together, these findings

highlight the importance for N-glycan branching for proper neural development.



However, the impact N-glycan branching has on cortical NSPCs and their fate potential
has not been described. We show that expression of highly-branched N-glycans is significantly
upregulated in the ventricular zone, a niche where NSPCs reside, of the developing cortex
starting at E16 — the embryonic date at which NSPCs begin to switch from neurogenesis to
gliogenesis (23) (Chapter 3). Furthermore, GIcNAc supplementation, which enhances N-glycan
branching, shifts the fate potential of NSPCs to generate more astrocytes at the expense of
neurons in vitro (23)(Chapter 3). Therefore, we sought to study the impact N-glycan branching
could have on early cortical development.

Since GIcNAc drives the formation of highly branched N-glycans, we utilized a
transgenic mouse model lacking MGATS5 to assess the contribution of highly-branched N-
glycans to NSPCs in vivo. This mouse model has been described as being grossly normal, but
more recent studies have identified that knockout animals have decreased depression-like
behavior (46, 47) and females sometimes fail to nurture their pups. While these are mild
neurological symptoms, a closer inspection of the brain during development has not been
performed. In Chapter 4, we find that loss of MGATS5 enhances neuronal maturation but depletes
upper-layer neurogenic progenitors during embryonic development. When the cortex was
assessed at postnatal day 7 (P7), we found a significant reduction in both upper and deep layer
neurons in the MGATS5 knockout mice, leading to significant cortical thinning. These studies
highlight the functional relevance of MGATS5 to neurogenesis in the developing cortex.

1.5 N-GLYCOSYLATION AND THE MOLECULAR MECHANISMS THAT GOVERN
NSPC BEHAVIOR
Since N-glycan branching complexity can significantly alter the function of many plasma

membrane proteins, it can control and coordinate many different sensors of external cues and



therefore dictates a cell’s response to its surroundings. Identifying which cell responses are most
susceptible to changes in glycosylation patterns on the surface will be key to understanding how
N-glycosylation can direct NSPC behavior.

Changes in N-glycan branching impact ligand-receptor sensitivity for a number of growth
factor systems such as EGF, PDGF, bFGF, and IGF (37, 48). These effects are due in part to the
binding of cell surface N-glycans by galectins, molecules whose ligands are galactose residues
found on the terminal ends of complex N-glycan branches. The lattice of galectins and bound N-
glycans opposes endocytosis (37, 49), an effect that is amplified when a galectin is bound to the
MGAT5-modified N-glycan branch (50). N-glycan branching and binding to galectins can
control receptor residence time at the cell surface, ligand affinity, and protein distribution and
clustering for proteins including growth factor and morphogen receptors, ECM binding integrins,
and cell adhesion molecules (51). While N-glycan branching control of receptors is well
described for cancer cells, these functions have yet to be assessed for NSPCs.

We performed an unbiased screen of cell surface proteins by mass spectrometry and
found that adhesion proteins were highly susceptible to changes in N-glycan branching
(described in Chapter 5). E12 NSPCs treated with GICNAC to increase branching had a lower cell
surface abundance of several cell-cell and cell-ECM adhesion proteins including cadherins and
integrins. The studies described in Chapter 5 include a number of functional assays to test cell-
cell and cell-ECM adhesion. We found that N-glycosylation branching negatively impacts
cellular adhesion. Furthermore, we found that Yap, a downstream effector in the Hippo signaling
pathway that is tied to cellular adhesion and mechanotransduction, is redistributed to the nucleus,
providing the first step in a potential mechanism for how N-glycan branching regulates NSPC

fate potential.



1.6 SUMMARY

NSPCs show great promise as therapeutics for neural disease and trauma. However, the
heterogeneity of cells in the lineage and unpredictability of cell behavior hampers the
development of consistent and efficient regenerative therapies. Understanding the mechanisms
that govern NSPC fate potential will improve our understanding of the development and
differentiation of NSPCs and help guide future research for regenerative medicine. The work
presented here highlights the development of a label-free sorting tool based on an innate
electrophysiological property, membrane capacitance (Chapter 2). Sorting NSPCs on the basis of
fate-specific membrane capacitance enabled the discovery of a novel link between membrane
capacitance, N-glycosylation branching, and NSPC fate potential (Chapter 3). We further
explored how N-glycosylation branching could impact neurogenesis in vivo and provide new
evidence that branched N-glycans generated by MGATS5 regulate neuronal production and
maturation during cortical development (Chapter 4). Lastly, we utilized a proteomic screen
comparing control and GIcNAc-treated NSPCs to identify cellular adhesion as a potential
mechanism for how N-glycan branching impacts NSPC fate potential (Chapter 5). In Chapter 6,

we summarize these findings and discuss future directions of the research.
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2.1 ABSTRACT

We created an integrated microfluidic cell-separation system that incorporates
hydrophoresis and dielectrophoresis modules to facilitate high-throughput continuous cell
separation. The hydrophoresis module consists of a serpentine channel with ridges and trenches
to generate a diverging fluid flow that focuses cells into two streams along the channel edges.
The dielectrophoresis module is composed of a chevron-shaped electrode array. Separation in the
dielectrophoresis module is driven by inherent cell electrophysiological properties and does not
require cell-type specific labels. The chevron shape of the electrode array couples with fluid flow
in the channel to enable continuous sorting of cells to increase throughput. We tested the new
system with mouse neural stem cells since their electrophysiological properties reflect their
differentiation capacity (e.g. whether they will differentiate into astrocytes or neurons). The goal
of our experiments was to enrich astrocyte-biased cells. Sorting parameters were optimized for
each batch of neural stem cells to ensure effective and consistent separations. The continuous
sorting design of the device significantly improved sorting throughput and reproducibility.
Sorting yielded two cell fractions and we found astrocyte-biased cells were enriched in one
fraction and depleted from the other. This is an advantage of the new continuous sorting device
over traditional dielectrophoresis-based sorting platforms that target a subset of cells for
enrichment but do not provide a corresponding depleted population. The new microfluidic
dielectrophoresis cell-separation system improves label-free cell sorting by increasing

throughput and delivering enriched and depleted cell subpopulations in a single sort.
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2.2 INTRODUCTION

The subtle phenotypic differences between cells can be difficult to detect but have big
consequences for cell behavior. Separating cells based on their phenotypic differences enables
critical experiments aimed at deciphering their biological functions and determining their
relevance in disease. Cell separation systems that do not require cell type-specific labels have a
number of advantages. Labels can be limiting since many cells of interest for biological or
biomedical applications do not have sufficient markers that distinguish them from other cell
types. Labeling of cells could change their biological function, and since this is rarely screened
for or tested, incorrect assumptions may be made about the function of labeled cells. Antibodies
or labels used for traditional flow cytometry methods bind to cell surface components and could
stimulate intracellular signaling cascades. Labeling of intracellular components requires
modification of the cell to introduce foreign material that may interfere with normal cellular
function. Unlabeled and unmodified cells are also ideal for therapeutic purposes since they
require less manipulation that could affect cell phenotype prior to introduction into a patient.
Continued development of label-free cell separation technologies will provide much needed
alternatives to label-based separation systems.

Many different microfluidic cell separation devices have been developed (Hyun and Jung
2013). Combining multiple separation modalities in microfluidic devices can have advantages
over any single approach. Label-free systems include hydrophoresis, in which fluid flow is used
to direct cell location in a microfluidic channel, and dielectrophoresis (DEP) in which non-
uniform electric fields induce cell movement due to inherent cellular properties (Pethig 2010,
Hyun and Jung 2013). Hydrophoresis may not have sufficient resolving power to separate cells

that are quite similar to each other, particularly cells that are of similar size. DEP can distinguish
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cells of similar size as long as the cells have distinct electrophysiological properties. For
example, similarly sized cells that significantly differ in membrane capacitance can be separated
by alternating current (AC) DEP in the frequency range of approximately 1-1000 kHz
(Martinsen et al. 2002, Chen and Pohl 1974, Labeed et al. 2011, Nourse et al. 2014, Simon et al.
2014, Adams et al. 2018). A limitation to DEP-based sorting is that many DEP devices rely on
trapping of cells along electrode arrays and release of the isolated cells after washing away non-
trapped cells. This “trap and release” mechanism is low throughput due to spatial limits on the
number of trapping sites in a device. Combining methodologies such as hydrophoresis and DEP
may provide advantages over those of either technique alone.

We developed a microfluidic separation device combining hydrophoretic and DEP
modules to create a continuous cell sorter that overcomes the limited throughput of DEP trapping
devices. The hydrophoretic module directs all cells to the outer edges of the microfluidic
channel. This positions cells for separation by the DEP module, in which the induced DEP force
directs targeted cells to the middle of the channel. Channel outlets separately collect two cell
populations, those remaining along the outer edges of the channel and those focused to the
middle of the channel. Our goal was to create a continuous, rapid, and label-free cell separation

system to overcome limitations of sorters using a single separation modality.

2.3 DEVICE DESIGN PRINCIPLES
Integration of Hydrophoretic and DEP Modules

We created a hydrodynamic oblique angle parallel electrode sorter (HOAPES) that
incorporates hydrophoresis and DEP in a single platform with single-step operation. The

integrated system performs better than the trap and release methods used in previous DEP
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devices by continuously sorting cells, minimizing cell-cell interactions and manual operation,
and eliminating residual flow. The microfluidic HOAPES device incorporates a filter to remove

cell clumps, a hydrophoretic module, a DEP module, and a set of 3 outlet channels (Fig. 2.1A).
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Figure 2.1: Schematic of HOAPES device with hydrophoretic and DEP modules. (A) A
simplified schematic of the HOAPES device shows fluid inlet, PDMS pillars (green) that create a
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filter to remove cell clumps, the hydrophoretic module (red), DEP module (orange), and set of 3
outlets (not to scale). (B) An isometric view shows a portion of the hydrophoretic module with
PDMS channel (gray), glass slide (blue) and the fluid volume of the channel. Half of the PDMS
and glass that make up the channel were removed to depict the details of the fluid within the
channel. PDMS microstructures on the ceiling of the channel create fluidic ridges and trenches.
A projected front view shows the PDMS channel (light gray), glass slide (blue), PDMS ceiling
microstructures that create fluid trenches (dark gray), and fluid (white). The plane used for fluid
simulation in panel C is denoted by the dashed blue line. (C) A top view of a portion of the
hydrophoretic module shows a COMSOL simulation of the diverging fluid flow (red arrows) at
the fluid simulation plane. A 10 times scaling factor was applied to the x component of the
velocity vector to emphasize the direction of the transverse flow. (D) Top view of a portion of
the hydrophoretic module shows the ceiling PDMS microstructures, depicting their gradual
change in dimension along the channel based on defined diverging angles. (E) A simplified
representation of the electric field profile from the 40 electrode array in the DEP module. The
isometric view illustrates the electric field distribution in the z direction while the top view
illustrates the distribution in the X, y direction. The green sphere represents a biological cell and
the arrows denote the direction of the drag force and induced DEP force. The inset shows a free
body diagram illustrating a cell (green circle) moving along an electrode. The drag force acts in
the y-direction, the DEP force perpendicular to the electrode, and the combination of the two
creates a total force directing cells along the electrodes.

Hydrophoresis is the manipulation of suspended particles using microstructure-induced
hydrodynamic pressure gradients. Hydrophoresis can be used to direct cells to specific locations
in a microfluidic channel without sheath flow. This simplifies device operation since multiple
fluidic inlets with balanced flow rates are not needed to create sheath flow to direct cell position
in the channel. We utilized a hydrophoretic sheathless aligner working in the laminar flow
regime that directs cell location across a wide range of flow rates. This enables efficient and
reproducible direction of cells within the channel without costly high-precision instrumentation
(Song et al. 2015a). The goal of the hydrophoretic module was to push cells to the channel edges
so that all cells would be at a similar position in the channel when encountering the DEP module.
The hydrophoretic module working mechanism was evaluated with computational flow
simulations while the microstructure design of the channel was determined with dimensional
analysis (also known as the factor label method)(Song and Choi 2014). Briefly, the

hydrophoretic module contains a series of slanted ridged microstructures on the channel ceiling
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that create a pressure gradient to push cells toward the channel edges. The relationship between
cell movement and the dimensionless physical parameters was defined by the following equation

(Song and Choi 2014):

Lyocf (5.5:Re). ()
where L,, is the hydrophoretic equilibrium position of the cell, w is the width of the fluid
channel, D is the diameter of the cell, d is the depth of the fluid trench and Re is the Reynolds

number (all dimensions listed in equations are depicted in Supplemental Figure 2.S1). The

design constraints for optimal hydrophoretic focusing were reported as (Song and Choi 2014):
£<2and (h—d) <d,(2)

where h is the channel height. Following these design constraints, a simplified CAD model with
7 slanted ridged microstructures was designed in Solidworks and imported into COMSOL
Multiphysics to evaluate the flow pattern of the fluid element (Fig. 2.1B). Fluid flow in the
hydrophoretic module was evaluated at a fluid simulation plane 15 um from the bottom of the
channel (blue dashed line in Fig. 2.1B, front view). The height of the fluid simulation plane was
set at 15 um from the bottom of the channel since the diverging fluid flow directing cell
movement in the channel was maximal at this location (Supplemental Fig. 2.52 and Movie 2.1).
The maximum transverse flow occurred at every slanted region of the ridged microstructures,
generating an overall diverging flow profile that carries the cells toward the channel edges (Fig.
2.1C). A 10 times scaling factor was applied to the x component of the velocity vector in Figure
2.1C to emphasize the direction of the transverse flow. To take advantage of the maximum
transverse flow, we designed a 0.5° angle (Fig. 2.1D) to gradually shift the slanted region toward
the channel edges to achieve two focused streams of suspended cells. This design avoided
stepwise movement of cells in the hydrophoretic module. Full dimensions of the hydrophoretic
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module are depicted in Supplemental Figure 2.S1 and videos show that fluid flow in the module
directs cells to the channel edges (Supplemental Fig. 2.S3 and Movie 2.2).

DEP is one of the most widely used label-free techniques to manipulate cells in
microfluidic systems. The induced movement for each cell is highly dependent on the strength
and frequency of the applied AC electric field. The specific response of a cell to the applied
electric field can be estimated by the complex Clausius-Mossotti (CM) factor. The CM factor

describes the relationship between the cell and the suspension medium that is defined as:

CM = (E:'ell_‘g:nedia) . g* =¢ +]O'/CU (3)

(eteut2&media)’
Here, the term £* is the complex permittivity, ¢ is the permittivity, j = v—1 (imaginary unit), o
is the electrical conductivity, and w is the angular frequency of the AC electric field. The CM
factor can be positive or negative, depending on the relative difference between the polarizability
of the cell and the surrounding medium. Since the complex permittivity is a function of the
frequency of the applied electric field, different cells with distinct electrical properties may

exhibit different responses to the electric field at a particular applied frequency. Further, the DEP
force, ﬁDEP, induced on a cell can be estimated by the following equation:

Fopp = 2nR3smediaRe(CM)V|E|2, (4)
where R is the radius of the cell, €,,.4i, IS the permittivity of the medium, Re(CM) is the real
part of the CM factor, and V|}E_?’|2 is the gradient of the electric field squared. Hence, when the
surrounding medium has greater complex permittivity than the cells, the real part of the CM

factor will be less than zero (Re(CM) < 0) and the cells will move from high to low electric

field regions (negative DEP, nDEP). In contrast, when cells have greater permittivity than the
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surrounding medium (Re(CM) > 0), they will move from low to high field regions of the
electric field (positive DEP, pDEP).

We created the DEP module with angled planar interdigitated electrodes in a chevron
pattern (Fig. 2.1E). The goal of the pattern was to pull cells experiencing pDEP to the center of
the channel, where they would exit via the inner channel outlet. Cells not in pDEP would remain
at the channel edges and exit through the outer channel outlets. The high electric field regions are

typically along the electrode edges for planar interdigitated electrodes (Fig. 2.1E). Therefore,

cells experiencing pDEP feel an induced DEP force (ﬁDEP) perpendicular to the electrodes that
pulls the cells toward the electrodes. The pDEP force must be sufficiently strong to attract cells
to the electrodes in the presence of the fluid flow. Cells that experience sufficiently strong pDEP

to reach the electrodes experience a DEP force perpendicular to the electrode angle (Fig. 2.1E

inset). Hereafter, this force is referred to as ﬁDEP,xy. Coupling the induced DEP force with the

viscous drag force (F"dmg) parallel to the bulk fluid flow causes the cells to migrate along the

electrodes and progressively move down the channel toward the outlets (Fig. 2.1E, Supplemental

Fig. 2.53 and Movie 2.3). Under normal sorting conditions, the cell’s velocity (%,) is less than or
equal to the fluid velocity (iir); hence the only drag force acting on the cell is in the y-direction

from the fluid flow and can be defined by the Stokes drag equation for a spherical cell in laminar

flow:

Firag = 6TNbR; ¥ = s — B, (5)
where 7 is the dynamic viscosity of the fluid, and ¥ is the flow velocity relative to the cell. Thus,
the motion of the cells in the x-y plane is dictated by the vector sum of ﬁDEp,xy and F"dmg, and

the resultant force (F;,¢q;) In the xy coordinate is defined as:
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(Frota)x = ﬁDEP,xy-COS(O() (6)

(Frota)y = ﬁdrag - ﬁDEP,xy- sin(a) (7)
where a is the angle of the electrode relative to the wall of the fluid channel. For the cells to
move along the electrodes, ﬁDEP,xy should cancel out the perpendicular component of ﬁdmg with
respect to the electrodes. For these calculations we do not consider additional forces, such as
friction from the electrodes or channel surface or gravity or buoyancy. In the x’y’ coordinates
(inset Fig. 2.1E):

YFy=0(8)
ﬁDEP,xy - ﬁdrag- sin(a) =0 - ﬁDEP,xy = ﬁdrag- sin(a) (9)

In equation (6), if we replace Fpgp ., With Fy,qg.sin(a) derived from equation (9), we have

(Frotat)x = Farag-sin(@) . cos(«) (10)

The angle of the electrode relative to the channel sidewall was optimized to yield the

maximum focusing force ((F;ota1)) toward the center of the channel. Using equation (10) to

solve for a that yields maximum (Fip¢q1), 9iVes:

sin2a 2

(Frota)x = - Fdrag (11)

2Crotalx — ginpq (12)
ﬁDrag

2a = g;a =% or 45° (13)
The result indicates that the maximum focusing occurs when the angle of the electrode is 45°
relative to the channel sidewall.
Once we determined that the optimal angle of the electrode relative to the sidewall for
cell focusing was 45°, we created a symmetric chevron electrode design resulting in a 90° angle

at the electrode tip. The symmetric design doubles the electrode area for focusing cells, thus
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increasing throughput. The electrode tips were designed to allow release of cells so they could
travel further down the channel. This was accomplished by rounding the tips at the points of the
chevron pattern (Supplemental Fig. 2.S1), which effectively decreased the electrode width and
increased the gap between the electrodes at the points. The electrodes are 35 um wide with 35
pum gaps between electrodes (Supplemental Fig. 2.S1). If the electrode points were not rounded,
the electrode width at the point would be 50 um. By rounding the points, the width was
decreased to 35 um, matching the width at the slanted region. The radius of curvature for the
inner electrode edge on the rounded tips was 50 um while the radius of curvature for the outer
edge of the electrode was 85 um (Supplemental Fig. 2.S1). This differential curvature of the
inner and outer electrode edges creates a larger gap of 65 um between electrodes at the curves.
Thus, the slanted electrodes are 35 um wide with 35 pum gaps but at the points the electrodes are
35 um wide with 65 pm gaps (Supplemental Fig. 2.S1). The electric field strength is lessened at
the electrode tips by increasing the gap between electrodes to 65 um (Fig. 2.1E, top view). The
weakened electric field strength at the electrode tips allows cells to release from one electrode to
the next and move down the channel. Overall, cells that experience an induced pDEP force will
be focused toward the middle of the channel by migrating along the electrodes toward the tips,

where they then release to travel further down the channel and exit via the inner channel outlet.

2.4 RESULTS
2.4.1 Cells for Testing the HOAPES Device

We tested cell sorting in the new HOAPES device with mouse neural stem and progenitor
cells (NSPCs). These cells form distinct differentiated cell types in the central nervous system,

particularly astrocytes and neurons. Cultures of mouse NSPCs contain cells that are biased
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toward forming astrocytes and others that are neuron-biased (Flanagan et al. 2008, Labeed et al.
2011). These astrocyte- and neuron-biased cells do not differ significantly in size and express
similar markers, making them difficult to separate from each other using traditional means
(Flanagan et al. 2008, Labeed et al. 2011). However, astrocyte- and neuron-biased cells do differ
in the electrophysiological property membrane capacitance (Flanagan et al. 2008, Labeed et al.
2011). Differences in membrane capacitance are sufficient to enable separation of astrocyte-
biased and neuron-biased cells without the use of cell type-specific labels (Nourse et al. 2014,
Simon et al. 2014, Adams et al. 2018, Yale et al. 2018). DEP is generally not toxic for mouse
NSPCs (Lu et al. 2012). But, cells exposed to certain frequencies in DEP for times longer than 5
minutes show a decrease in viability (Lu et al. 2012). Thus, a continuous DEP sorting system in
which cells are exposed to electric fields for seconds rather than minutes (as needed for DEP
trapping devices) would be advantageous. The specific properties of mouse NSPCs and the
desire to decrease their exposure to electric fields make them an ideal test case for continuous
label-free DEP sorting.
2.4.2 Functional Analysis of the HOAPES Hydrophoretic and DEP Modules

We tested functional operation of the HOAPES device by flowing through mouse
NSPCs. The HOAPES device was mounted on a microscope stage to enable visualization of cell
behavior during sorting (Fig. 2.2A). Cells were loaded into the inlet port of the channel as
described in Methods. The flow rate was first calibrated using a low cell concentration (1 million
cells/ml), an applied voltage of 6 Vpp (Simon et al. 2014, Lu et al. 2012), and a frequency at
which more than 95% of the cells experienced pDEP and were focused to the inner channel (such
as 1 MHz). Starting with a flow rate of 1 pl/min, we gradually increased the flow rate and found

that 3.5 pl/min was the maximum rate that maintained more than 95% of the cells focused to the

25



inner channel. We next optimized the cell concentration by switching to a lower frequency that
could be used for sorting (such as 150 kHz) and gradually increasing the cell concentration
starting at 1 million cells/ml. We found that a cell concentration of 3 million cells/ml could be
effectively sorted while maintaining the purity (percentage of cells focused to the inner channel)
obtained with lower cell concentrations. Based on these optimizations we used a concentration of

3x10° cells/ml and a flow rate of 3.5 pl/min.
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Figure 2.2: Functional analysis of the HOAPES device. (A) For sorting cells, the HOAPES
device (inset) is mounted on the stage of an upright microscope to enable visualization of cells in
the channel. The device is connected to a function generator for DEP and syringe pump for
constant fluid flow. (B) Red dashed boxes on the HOAPES device schematic show the locations
where images in C-G were taken. (C) The trajectories of mouse NSPCs in the HOAPES device
were obtained from Z-projections (see Methods). Individual cells easily pass the PDMS pillars of
the filter region designed to prevent cell clumps from entering the channel. (D) In the
hydrophoretic module, cell trajectories show that cells are gradually directed into 2 streams along
the channel edges. Arrows indicate the direction of fluid flow. (E) At the end of the
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hydrophoretic module, cells are in 2 streams along the channel edges as they enter the DEP
module. Arrow indicates the direction of fluid flow. (F) When power to the DEP module is off,
the cells remain in 2 streams along the channel edges and exit the two outer channels. (G) When
power to the DEP module is on and electrodes are actuated at 150 kHz and 6 Vpp, a subset of
cells are focused to the middle of the channel and exit via the inner channel. (H) Plot shows the
signal intensity of cell trajectories across the channel width when power to the DEP module is
off (image in F). Arrowhead in F indicates the region of the channel across which the signal
intensity was measured. Two peaks are evident along the channel edges. (1) Plot shows the signal
intensity of cell trajectories across the channel width when power to the DEP module is on
(image in G). Arrowhead in G indicates the region of the channel across which the signal
intensity was measured. A peak is evident in the center of the channel and the two peaks along
the channel edges are lower than those in H. Flow rate in C-G was 3.5 pl/min.

Cells entered the channel via bulk flow and encountered the filter region (Fig. 2.2B, C),
which was designed to prevent entry of large cell clumps that could clog the downstream
channel. The filter effectively trapped large debris and cell aggregates but allowed fluid flow to
continue through the channel so sorting was not disrupted, increasing the utility of the sorter.
Rarely, small cell clumps not trapped by the filter disrupted the function of the hydrophoretic
module or the flow distribution at the channel outlets. The flow profile in the channel before and
after the DEP module was closely monitored and any runs with irregular flow due to these small
cell clumps were discarded.

After passing the filter region, cells continued to spread across the channel width as they
entered the hydrophoretic module. Cells in the hydrophoretic module were gradually directed to
the outer edges of the channel through the action of PDMS microstructures on the channel
ceiling that create hydrodynamic pressure gradients directing cell movement (Fig. 2.2D,
Supplemental Fig. 2.53, Movie 2.2). The location of the angles in the PDMS microstructures
changes along the channel length, becoming successively further apart to direct cells toward
channel edges (Fig. 2.2D, Fig. 2.1, Fig. 2.3, Supplemental Fig. 2.S1). At the end of the

hydrophoretic module, the NSPCs were localized to two streams along the outer edges of the

channel (Fig. 2.2E).
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Figure 2.3: Detail of PDMS microstructures in the hydrophoretic module. Images are from
laser scanning confocal microscopy of the silicone mold used to create the PDMS channel for the
hydrophoretic module. (A) Raised structures on the silicone mold are highlighted red. (B) A cut
away image shows the measured height of the raised structures on the mold. (C) Images of a
section of the mold show the gradual change in the angle of the structures (angles indicated by
arrows).

Cells enter the DEP module in two streams along the channel edges. The electrodes in the
DEP region are 35 pum wide with 35 um gaps and are chevron shaped, creating an angled
electrode array pointing toward the center of the channel (Fig. 2.1, Supplemental Fig. 2.S1).
When the electrodes in the DEP module were not energized, the NSPCs remained along the
channel edges and exited via the outer channels (Fig. 2.2 F, H). In contrast, when the electrodes
were energized at an AC frequency at which a percentage of the cells experienced pDEP (150
kHz), the induced DEP force directed those cells along the electrodes, bringing them to the
center of the channel (Fig. 2.2 G, I). Videos of NSPCs in the channel show their movement along
the slanted electrodes (Fig. 2.4, Supplemental Fig. 2.S3, Movie 2.3). When cells reach the angled
tips of the chevron electrode array, the reduction in induced DEP force allows them to be

released from the electrode and travel down the channel (see Device Design Principles). The
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cells experiencing sufficient pDEP exit via the inner outlet. Varying the frequency of the applied
electric field changes the percentage of cells in pDEP, enabling selection of subpopulations of

cells.

Figure 2.4: Movement of cells along electrodes in the DEP module. A time series of phase
contrast images (10x) show cells moving along the slanted electrodes (gold) in the DEP module
when electrodes were actuated at 150 kHz, 6 Vpp. One cell’s position at each time point is
shown by black arrows while red arrows mark the starting position of that cell in the first panel.
The last two panels (t=7 sec and t=8 sec) show the cell releasing from the electrode at the
rounded tip and moving further down the channel.

2.4.3 Experimental Strategy for Cell Sorting in the HOAPES Device

We utilized a standard workflow for each sorting experiment with the HOAPES device
(Fig. 2.5). Mouse NSPCs are routinely grown in suspension and generate large clusters of cells
termed neurospheres. Individual cells were dissociated from neurospheres for sorting in the
HOAPES device (Fig. 2.5A). Dissociated NSPCs were resuspended in a low conductivity DEP
buffer solution for sorting, which we found previously does not harm NSPCs or alter their
behavior (Flanagan et al. 2008, Lu et al. 2012). A focusing curve was generated for each batch of

NSPCs to determine the appropriate sorting frequency since we find that the optimal frequency

30



can vary slightly from batch to batch (Fig. 2.5B). NSPCs were loaded into the HOAPES device
and the desired frequency for sorting set such that approximately one third of the cells were
focused to the inner outlet through pDEP (see Determining Optimal Sorting Frequency). The
focused cells were collected from the inner outlet and the unfocused cells along the channel
edges were collected from the two outer channels and pooled (Fig. 2.5C). Sorted cells were
compared to several types of control cells: NSPCs grown in regular culture conditions (media
control), NSPCs incubated in DEP buffer but not sorted (DEP buffer control), and NSPCs
exposed to electric fields but not sorted (1 MHz control). The latter group was generated by
setting a high frequency (1 MHz) at which all cells in the population experience pDEP and are
focused to the inner channel. Since the goal of the sort was to enrich astrocyte-biased cells, we
analyzed the fate of sorted cells and controls by differentiating the cells and quantifying astrocyte

formation (Fig. 2.5D-F).
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Figure 2.5: Experimental strategy for sorting mouse NSPCs with the HOAPES device. (A)
Mouse NSPCs grow in suspension and form clusters of cells known as neurospheres (left).
Neurospheres were dissociated to form single cells (right) and cells washed with DEP buffer. (B)
Cells in DEP buffer were loaded into the HOAPES device and the percentage of cells focused to
the inner channel quantified across a range of frequencies. The resultant focusing curve (shown
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here as a schematic) was used to determine a sorting frequency targeting ~30% of the cells. (C)
Mouse NSPCs were sorted in the HOAPES device at the determined frequency and two
populations of cells collected: those focused to the inner channel and those that remained
unfocused and tracked to the outer channels. The unfocused cells from the two outer channels
were pooled for further analysis. (D) Sorted cells (focused and unfocused) and controls (media,
DEP buffer, and 1 MHz) were plated on glass coverslips for cellular differentiation and further
analysis. (E) Cell differentiation was induced by removal of growth factors from the culture
media. Cells were differentiated for 3 days to allow formation of astrocytes. (F) Astrocytes in the
differentiated cell samples were detected by immunostaining with antibodies that detect the
astrocyte marker glial fibrillary acidic protein (GFAP, red). Image shows a differentiated
astrocyte.
2.4.4 Determining Optimal Sorting Frequency

We found previously that astrocyte-biased cells in NSPC populations experience pDEP at
lower frequencies than do neuron-biased cells (Flanagan et al. 2008, Labeed et al. 2011, Nourse
et al. 2014). Using a trap and release DEP-based sorting scheme, we determined that sorting cells
at a frequency at which ~30% of the cells experience pDEP led to enrichment of astrocyte-biased
cells (Simon et al. 2014). We therefore tested a similar approach here, aiming to collect 30% of
the cells experiencing pDEP at low frequencies. Since the HOAPES device incorporates fluid
flow and continuous movement of cells along the electrode array, we experimentally determined
the frequency needed to focus ~30% of the cells to the inner channel outlet. We generated
focusing curves for each batch of mouse NSPCs by measuring the percentage of cells focused to
the inner channel outlet at a range of frequencies from 10-1000 kHz (example shown in Fig. 2.6).

We found the frequency needed to target 30% of the cells ranged from 136-250 kHz across 4

batches of mouse NSPCs, with an average of 184 kHz.
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Figure 2.6: Representative focusing curve. A focusing curve from a mouse NSPC sorting
experiment shows the gradual increase in the percentage of cells focused to the inner channel
across increasing frequency. A best fit line was used to determine 250 kHz as the appropriate
sorting frequency for this population.
2.4.5 Sorting NSPCs in HOAPES Yielded Both Enriched and Depleted Cell Populations

We sorted mouse NSPCs in the HOAPES device at frequencies determined by focusing
curves and differentiated the cells to assess astrocyte formation. Imaging of the differentiated
cells showed robust astrocyte formation by cells focused to the inner channel (Fig. 2.7A). We
found no significant difference in the formation of astrocytes by the control cells (percentage
GFAP-positive cells: 28.7 +/- 1.6 Media, 23.9 +/- 1.7 DEP Buffer, 26.1 +/-2.5 1 MHz, SEM; one
way ANOVA p=0.25) (Fig. 2.7B). Thus, cells incubated in DEP buffer or exposed to 1 MHz
electric fields did not differ from cells in regular NSPC media in their ability to form astrocytes.
These data corroborate our previous findings that DEP sorting of NSPCs does not change their
fate potential (Lu et al. 2012).

We found significant differences in astrocyte formation by the sorted cells (percentage
GFAP-positive cells: 23.9 +/- 1.7 DEP Buffer Control, 33.9 +/- 2.2 Focused, 12.05 +/- 1.7
unfocused, SEM; one way ANOVA p<0.0001) (Fig. 2.7C). Astrocyte-biased NSPCs were

significantly enriched in the focused sample, showing a 1.4-fold increase in cells forming
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astrocytes compared to control cells (p=0.0015)(Fig. 2.7C). Interestingly, astrocyte-biased cells
were correspondingly depleted from unfocused samples collected from the outer exit channels
(Fig. 2.7C). Astrocyte-biased cells were reduced by half compared to controls (2-fold
reduction)(p=0.0001). The focused, enriched cells and unfocused, depleted cells differed from
each other by 2.8-fold, providing two populations that differed more from each other than either
population did from controls (p<0.0001). The focused and unfocused cells give a higher degree
of separation than that obtained with our previous sorting platforms. Thus, a significant
advantage of the HOAPES device over other DEP sorting platforms is the generation of enriched

and depleted cell populations in a single sort.
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Figure 2.7: Astrocyte-biased cells are increased in focused and decreased in unfocused
fractions. (A) Images of differentiated cells stained with antibody to GFAP (red) show that more
cells in the focused population generated astrocytes. All cell nuclei were stained with Hoechst
(blue). Scale bar 50 um. (B) Control cell populations did not differ in the percentage of cells that
generated astrocytes. Controls included cells in regular culture media (Media), cells incubated in
DEP buffer for the duration of the sorting experiment (DEP buffer), and cells sorted in HOAPES
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at a high frequency so that all cells are focused to the inner channel (1 MHz). (C) The percentage
of cells forming astrocytes was significantly higher for focused cells and lower for unfocused
cells. N=4 independent biological repeats (one way ANOVA with Tukey post-hoc for multiple
comparisons, **p< 0.01, ***p<0.001, ****p<0.0001, and NS, not significant).
2.4.6 Device Reproducibility and Throughput

A goal of the continuous sorting HOAPES device was to increase reproducibility and
throughput of cell sorting. Sorting with the HOAPES device was more reproducible than sorting
with our previous trap and release DEP-based sorters (Simon et al. 2014). This is likely due to
the fact that the continuous sorter minimizes cell-cell interactions, eliminates residual flow, and
reduces manual operation. The throughput of the HOAPES device is much higher than that of
our previous DEP-based devices: the DACS device (Nourse et al. 2014), Well device (Simon el
al. 2014), and LCEA device (Simon et al. 2014) (Fig. 2.8). Compared to our first generation trap
and release DEP-based sorting device (DACS device) (Nourse et al. 2014), the HOAPES device

delivers a 40-fold increase in the throughput of sorted cells.
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Figure 2.8: DEP-based sorting device throughput comparison. The actual throughput (#
cells/hour) is shown for several devices used to sort NSPCs.
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2.5 DISCUSSION

We created a microfluidic cell separation device incorporating hydrophoresis and DEP to
continuously and rapidly sort cells. The hydrophoretic module efficiently directs cells to the
edges of a microfluidic channel, lining up the cells for separation by the DEP module. The DEP
module utilizes an array of slanted electrodes to target cells experiencing pDEP toward the
channel center. Outlet channels separately collect cells focused by pDEP and those that remained
unfocused. By providing two populations after sorting, focused and unfocused cells, the device
generated enriched and depleted cell populations in a single sort. This was shown by sorting
mouse NSPCs and determining that astrocyte-biased cells were increased in the focused fraction
and decreased in the unfocused. The continuous sorting design greatly increased throughput over
other DEP-based sorters. In sum, the new HOAPES device greatly improves label-free cell
sorting by providing enriched and depleted cell samples in a single sort and increasing sorted cell
throughput.

Professor Hsueh-Chia Chang has been a pioneer in the field of microfluidics and an
inspiration to many who followed behind. Professor Chang’s studies in the area of electrokinetics
and microfluidic devices laid the groundwork for many of the design elements we incorporated
into our device. In our previous DEP-based cell sorting devices the cells enter the device as a
disperse population spanning the channel width. However, in designing a continuous DEP-based
sorter we realized that directing cells to a particular starting point along the channel width would
enable us to use the directed movement of cells along the channel width as a means of
separation. Professor Chang’s group used a similar strategy to separate microbial samples and
red blood cells (Cheng et al. 2007, Cheng et al. 2009). Their devices used electrodes to induce

nDEP to direct cells to the channel center. In our case, we hoped to direct cells to the channel
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outer edges so employed a sheathless hydrophoretic cell aligner (Song and Choi 2014, Song et
al. 20154, Lee et al. 2018b). We improved upon previous device designs by incorporating a
gradual increase in the angle of the PDMS microstructures on the channel ceiling. This created a
gradual movement of cells and, coupled with the length of the hydrophoretic module, resulted in
seamless direction of cells to the outer edges of the channel (Figs. 2.1, 2.2 and Movie 2.2). From
there, the cells had a common starting point as they entered the DEP-based cell separation
module of the device.

Electrodes for DEP-based cell sorting can be patterned in a wide array of geometries.
When developing a DEP device for continuous cell sorting, our goal was to design electrodes to
direct cell movement without trapping the cells in the channel. Toward a similar end, Professor
Chang’s group used a slanted electrode design to separate distinct cell populations in a
continuous fashion. Cell movement was directed by induced nDEP forces, and the angle of the
electrodes (and the frequency applied to the electrodes) determined whether each distinct cell
type would track along the electrode or not (Kuczenski et al. 2011). The orientation of the
electrodes in the x-y direction created “DEP gates” (electrode pairs at different orientations along
the channel) that moved different cell types in different directions (Cheng et al. 2007, Kuczenski
et al. 2011). This provided the basis of separation for distinct cell types. Negative DEP from
slanted electrodes has also been combined with hydrophoresis to separate beads of different sizes
or live and dead CHO cells (Yan et al., 2015). We sought to develop a continuous sorting system
based on pDEP that could separate stem cells on the basis of fate potential (Flanagan et al. 2008,
Labeed et al. 2011, Simon et al. 2014, Nourse et al. 2014).

We used a slanted electrode design for continuous sorting, but employed an array of

parallel electrodes rather than a series of electrode pairs at different orientations along the
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channel. We created a chevron design of parallel electrodes since this design directs cells to the
center of the channel (Hu et al. 2005). We found previously that pDEP forces effectively
separate mammalian cells that are very similar to each other, particularly in terms of cell size and
shape, so we designed our system around pDEP (Flanagan et al. 2008, Labeed et al. 2011, Simon
et al. 2014, Nourse et al. 2014). Other designs have used slanted electrodes with pDEP to direct
cell movement in a channel (Song et al. 2015b). However, in these devices it was necessary to
turn the electric field on and off in order for cells to detach from electrode edges and proceed
down the channel. We designed a chevron pattern with release points at the tips. This
accomplished two goals - increasing the throughput by doubling the separation region and
enabling cell release without the need to turn off the electric field. Observation of cells in the
HOAPES device confirmed that induced pDEP forces were sufficient to direct cells along the
slanted electrodes toward the channel center and that cells were released from electrode tips to
continue moving down the channel (Figs. 2.2G, 2.4 and Movie 2.3). Our design facilitates
continuous device operation, reduces possible error since the electric field need not be turned off
at specific points in the separation, and increases throughput of DEP-based sorting.

The continuous cell sorting afforded by the HOAPES device overcomes several limitations
of our earlier DEP-based sorting devices. The HOAPES device has only a single inlet, making
fluid flow easier to control since it does not need to be balanced across multiple inlets. The filter
in the HOAPES device prevents clogging by large cell clusters and debris, enabling continuous
operation since experiments need not be stopped to remove channel blockages. Since cells are
not trapped along electrodes, we avoid cell-cell interactions that might adversely impact the
induced DEP forces acting on each cell. The lack of trapping also means that cells are exposed to

electric fields for much shorter times (seconds rather than minutes), avoiding any potential

38



toxicity in DEP electric fields (Lu et al. 2012). Additionally, DEP trap and release devices
require turning the fluid pump on and off, which can result in residual fluid flow that can
increase cell contamination in samples. In the HOAPES continuous flow design residual flow is
eliminated.

The HOAPES device increases throughput since the hydrodynamic forces acting on the
cell aid separation by moving cells along the slanted electrodes. We optimized cell density and
flow rate for mouse NSPCs in the device (3x10° cells/ml and 3.5 pl/min) and determined an
actual throughput of 240,000 cells/hour. This is a significant increase in throughput compared to
our previous devices, which yielded a maximum actual throughput of 150,000 cells/hour (Simon
et al. 2014). This higher throughput, coupled with the fact that NSPCs can be expanded after
sorting while maintaining enrichment, means that we can generate sufficient numbers of cells for
most downstream applications, including stem cell transplantation (Simon et al. 2014). The
theoretical maximum throughput of the HOAPES device operating at 3x10° cells/ml cell
concentration, 3.5 pl/min flow rate, and 6 Vpp with no cell losses or cell clumping and assuming
a steady state separation would be 630,000 cells/hour. Increasing the voltage during separation
could potentially increase this throughput by allowing an increase in flow rate or cell
concentration, as long as the voltage increase does not harm the cells.

The HOAPES device utilizes AC DEP for cell separation, which provides flexibility for
targeting different cell populations by varying the frequency of the applied electric field. We
found previously that astrocyte-biased cells can be enriched from mouse NSPCs in low
frequency DEP bands while neuron-biased cells are in high frequency bands (Nourse et al.
2014). We set the sorting frequency for the experiments in the current study to target

approximately one third of the cells in the population that experience pDEP at low frequencies.
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At those frequencies we were able to generate cell populations enriched for and depleted of
astrocyte-biased cells. The sorting frequency can be varied to target different cells in the
population, resulting in changes to the percentage of cells directed to the inner channel outlet of
the device. Thus, sorting can be performed at a wide range of frequencies to test for enrichment
or depletion of cells of interest.

A significant improvement of the HOAPES device is the generation of enriched and
depleted cell populations in a single sort. Many biological applications require comparison of
cells that may be quite similar to each other but differ in a key aspect. For stem cells, that key
aspect can be fate, or what type of differentiated cell will be formed. Cells that are biased to form
astrocytes are similar in size to other cell populations in NSPC cultures (Labeed et al. 2011,
Nourse et al. 2014), but have very specific functions. Astrocyte-biased cells are of interest for
transplantation in neurological diseases such as Amyotrophic Lateral Sclerosis (ALS), in which
defective astrocyte function contributes to disease progression (Lepore et al., 2008; Yamanaka
and Komine, 2018). The fact that the HOAPES device generates enriched and depleted cells
enables experiments in which control, unsorted cells can be directly compared to populations
making both more and fewer astrocytes. Comparison across a range of cells such as these, all
derived from the same starting population of cells, reduces random sources of variation and
allows analysis of cell properties directly related to the function of interest, in this case the ability
to form astrocytes.

Cells in a heterogeneous population, such as stem cells, display a spectrum of inherent
electrical properties. Our current device design generates two populations at the end of
separation, but the distribution of electrical properties in stem cell populations suggests that

separation into more bins, corresponding to tighter grouping of cells by electrical properties,
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could increase purity of the separated cells. Future devices should take advantage of the full
range of properties displayed by the cell population and collect more fractions to create finer
separation.

DEP-based cell sorters are becoming increasingly relevant for a variety of cell biology and
biomedical applications. We found previously that astrocyte- and neuron-biased cells do not
differ significantly in cell size, but do differ in electrophysiological properties, namely whole cell
membrane capacitance (Labeed et al. 2011, Nourse et al. 2014). Thus, the HOAPES device is
capable of separating cell types that are remarkably similar to each other, in this case subsets of
NSPCs that are fated to different lineages and differ in membrane capacitance but not size.
Recent studies demonstrate that the correlation of stem cell fate with cell electrophysiological
properties and cell behavior in DEP is not limited to the neural stem cell lineage. Similar patterns
hold true for embryonic/pluripotent stem cells, mesenchymal and adipose-derived stem cells,
hematopoietic stem cells, and cancer stem cells (Lee et al. 2018a). Consequently, DEP-based
sorting devices are relevant for isolation of cells destined to form particular types of
differentiated cells from many starting populations of stem cells.

Sorting by DEP is applicable across a wide swath of biological and medical applications.
DEP has sufficient resolution to distinguish similar populations of cells, including stimulated
versus nonstimulated Jurkat cells (Pethig et al. 2002), subpopulations of human leukocytes
(Yang et al. 1999, Vykoukal et al. 2009), red blood cells on the basis of ABO type (Srivastava et
al. 2008), and breast cancer cells transfected with the neu oncogene (Cristofanilli et al. 2002).
DEP analysis is capable of identifying apoptotic cells before traditional markers are expressed
(Chin et al. 2006, Labeed et al. 2006, Mulhall et al. 2015), the efficacy of cancer treatments

(Mahabadi et al. 2018), and the status of intracellular mitochondria (Rohani et al. 2017). The
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pathogenicity of microbes can be detected by DEP, enabling rapid detection of dangerous
organisms (Fernandez et al. 2017). Further development of label-free DEP-based sorting devices

will be critical for many areas of cell biology and medicine.

2.6 MATERIALS AND METHODS
Hydrophoretic Oblique Angle Parallel Electrode Sorting (HOAPES) Fabrication:

The HOAPES device is comprised of three main sections: filter, sheathless hydrophoretic
cell aligner, and DEP module with oblique parallel electrodes adapted from an earlier design
(Lee et al. 2018Db). For full dimensions of the HOAPES device see Supplemental Figure S1. The
channel height is 70 um, except in the hydrophoretic module where the height varies due to
PDMS microstructures on the channel ceiling (see Device Design Principles). The device has a
single inlet directly followed by an array of 70 um tall PDMS posts that create a filter to capture
cell clumps. In the first row, the posts are 150 um wide with 100 um gaps between posts. The
second row is 350 pum downstream from the first row and the posts are 112 um wide with 75 pm
gaps between posts. The third row is 170 um downstream from the second row and the posts are
60 um wide with 40 um gaps between posts. Details of the hydrophoretic and DEP modules are
in the Device Design Principles section. At the end of the DEP module there are 3 outlet
microchannels (one inner and two outer) with 8 um wide perforations between them to decrease
disruption of fluid flow in the event of clogging at the outlets.

The structure of the microchannels was created with two-step photolithography (Choi and
Park 2010). In the first step, a 30 um thick layer of SU-8 2025 photoresist (MicroChem Corp.,
Newton, MA, USA) was spin coated onto a silicon substrate, the first layer photomask was

manually aligned, and UV cured. In the second step, a 40 um thick layer of photoresist was spin
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coated onto the first layer of photoresist and a second photomask was aligned to the first layer
and cured using a mask aligner (Karl Suss MA6 Mask Aligner). Since the PDMS microstructures
on the channel ceiling of the hydrophoretic module are critical for cell alignment, we assessed
the shape and dimensions of the silicon mold for the hydrophoretic module by laser confocal
microscopy (Fig. 2.3). Laser scanning confocal microscopy was carried out on a 3D laser
scanning microscope (Keyence VK-250), which has nanometer resolution to show surface
topology. This analysis confirmed the microstructure shape, gradual change in angle of the
structures along the channel, and 40 um dimension. PDMS was cast onto the mold, cured, and
cut to the desired size. Inlet and outlets were punched in the PDMS using a 1.5 mm diameter
biopsy punch.

The electrodes were fabricated using standard photolithography techniques previously
described (Simon et al. 2014). Briefly, 200 A titanium followed by 1000 A gold were coated on
standard 25 mm x 75 mm glass slides using electron-beam physical vapor deposition. The
electrode features were transferred onto the gold-coated slide using Shipley 1827 positive
photoresist (Shipley Company, Marlborough, MA, USA). To assemble the device, the PDMS
substrate and the electrode slide were irreversibly bonded after a two-minute oxygen plasma
treatment. Finally, 22-gauge solid copper wires were soldered onto the electrode pads for
electrical connection.

Fluid Flow and Electric Field Simulations

A finite element computer program (Student Version 5.0, COMSOL Multiphysics,
http://comsol.com) was used to simulate both the fluid flow characteristic in the hydrophoretic
module and the electric field profile in the DEP module. In both modules, a simplified 3D

computer-aided design (CAD) model with fewer repeating elements was created using
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Solidworks (2018 student version, http://solidworks.com) and then imported into COMSOL to

reduce the processing power required for the simulation (Fig. 2.1); however, all dimensions of
the channel and microstructures were kept consistent with the original design to enable accurate
predictions of the fluid flow and electric field distribution.
Hydrophoretic module simulation: The simulation assumed steady state and non-slip boundary
conditions at the channel walls. The Navier-Stokes equations for momentum were solved
assuming laminar (Reynolds number <2100) and incompressible Newtonian fluid flow (constant
density and viscosity). The governing equations in the hydrophoretic module are the continuity
and Navier-Stokes equations:
V-u=0(14)
Ry wvu = —2vP +Lv2y (15)
ot p p
Where u is the velocity vector (m/s), P is the pressure (Pa) and W/p is the kinematic viscosity
(m?/s). The DEP buffer calculated density was 1.03 g/cm? and viscosity was 1.1 cP at 25°C. The
flow direction was evaluated at the fluid simulation plane (15 pm from the bottom of the
channel)(Fig. 2.1B, Supplemental Fig. 2.S2, Movie 2.1).
Electric field simulation: The electric field was simulated using the AC/DC module in

COMSOL Multiphysics. The DEP buffer conductivity was set to 100 [1S/cm and electric

potential was set to +3V or -3V for each electrode pair.

Mouse Neural Stem and Progenitor Cell (NSPC) Culture:
CD-1 mice (Charles River) were purchased, selected randomly, and bred as approved by
the University of California, Irvine Institutional Animal Care and Use Committee. Dorsal

forebrain cortical tissue was dissected from the cerebral cortices of embryonic day 12.5 (E12)
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mice and placed in dissection buffer: PBS, 0.6% glucose, 50 U/mL Pen/Strep. Cortical tissue
from multiple embryos within the same litter was pooled, and a subsequent culture from a single
litter was considered a biological repeat. The tissue was dissociated using 0.05% Trypsin-EDTA
at 37° C for 10 min. Afterward, trypsin was inhibited using soybean trypsin inhibitor (Life
Technologies) and dissociated cells were re-suspended in proliferation medium containing
DMEM, 1x B27, 1x N2, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 mM N-acetylcysteine, 20
ng/ml EGF, 10 ng/ml bFGF, and 2 pug/ml heparin. Cells were seeded at 150,000 cells/ml into
non-tissue culture treated plastic plates and grown as non-adherent spheres. Cell cultures were
passaged approximately every 3 days using enzyme-free NeuroCult Chemical Dissociation Kit
(Mouse) (StemCell Technologies). All NSPC cultures were passaged at least once prior to
experimental use. Mouse NSPCs were dissociated prior to sorting with non-enzymatic
NeuroCult. Dissociated cells were resuspended in DEP buffer, an iso-osmotic solution consisting
of 8.5% (w/v) sucrose, 0.3% (w/v) glucose, and adjusted to a final conductivity of 100 +/- 5
[1S/cm via addition of RPMI-1640 medium (Flanagan et al. 2008, Lu et al. 2012). DEP buffer
conductivity was measured with a conductivity meter (Thermo Orion, Beverly, MA). The final
cell concentration was adjusted to 3x108 cells/ml for all experiments.

NSPC Sorting with HOAPES Device:

The HOAPES device was placed on a hot plate set at 150°C for 30 minutes to sterilize
and remove moisture. Fluid flow to the device was driven by a syringe pump (Harvard Apparatus
PicoPlus, Holliston, MA) pushing a 1 mL syringe with 1.5 mm outer diameter Tygon® tubing
connected to the device inlet. To remove bubbles from the microchannels and sterilize, 70%
ethanol was pumped into the device at 20 pl/min. Filtered MQ H20O was then flowed into the

device at 20 pl/min for 15 minutes to wash away all ethanol. Bovine serum albumin (BSA, 5%)
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diluted in filtered MQ H20 was then washed through the device for 15 minutes at 10 pl/min to
coat the walls of the microchannels, preventing cell sticking. BSA was washed away with 100
[1S/cm DEP buffer at 20 pl/min for 15 minutes. The device was then mounted on an upright
Olympus microscope (model BX41) with bright field objectives and connected to a function
generator (AFG320, Tektronic, Beaverton, OR). A commercial dSLR camera (Canon model
EOS Rebel T2i) was attached to the microscope to record videos and monitor sorting.

The appropriate sorting frequency was optimized for each batch of cells by generating a
pre-sort focusing curve. NSPCs were loaded into the HOAPES device at 3.5 pl/min flow rate and
the DEP module was actuated at 6 volts peak-to-peak (Vpp) and the frequency swept from 10
kHz to 1000 kHz. The number of cells focused to the center, inner outlet channel and unfocused
to the outer channels was determined for each frequency. The number of cells in the inner
channel was divided by the total number of cells to determine the percentage of cells focused at
each frequency. The focusing curve (percentage of cells focused at each frequency) was then
used to determine the appropriate frequency for sorting in order to collect the desired percentage
of focused cells.

NSPC sorting was carried out in batches to minimize cell settling. Cells were loaded into
the device by attaching Tygon tubing to the end of a 1 ml syringe. Cells were not directly loaded
into the syringe since this resulted in cell settling. The syringe was primed with DEP buffer then
30 pl of cells in DEP buffer was drawn into the tubing. The tubing was attached to the channel
inlet, with care taken to avoid air bubbles by merging the droplet at the end of the tubing with a
convex droplet of fluid at the channel inlet. The tubing was mounted vertically to minimize the
effects of cell settling. The process was repeated to load additional 30 pl batches of cell solution

into the device as needed. The electrodes were actuated at the sorting frequency and the syringe
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pump turned on to induce flow of cells into the channel. In all sorts cells were exposed to electric
fields for less than 1 minute. At the end of each run, focused cells from the inner outlet and
unfocused cells from the outer outlets were collected and placed in separate Eppendorf tubes.
Additional runs were completed at a control frequency (1 MHz) in which the majority of the
cells focused to the inner outlet. If some cells remained unfocused, they were collected from the
outer outlets and mixed with the focused cells, creating an unsorted control sample. Two other
control samples were collected: cells that remained in proliferation media (media control) and
cells that were incubated in the DEP buffer until the end of the sort (DEP buffer control). At the
end of each sort, 50K cells from each condition (controls, focused, unfocused) were evenly
plated onto 12 mm laminin-coated coverslips in proliferation media. Cells were then
differentiated and immunostained to assess astrocyte formation (described below). Actual device
throughput was calculated from cell recovery data from sorting experiments while theoretical
device throughput was calculated from the flow rate in the device and cell concentration used for
sorting and assumed no cell losses and steady state separation.

Z-projections of Cells in the Device:

Videos were used to highlight trajectories of mouse NSPCs moving through the device to
determine cell locations across multiple frequencies. Videos were stacked in ImageJ using
standard deviation of the intensity (maps the change in intensity from one frame to another) to
create images. Each stacked Z-projection image was generated from 30 seconds of video, and the
signal intensity across the channel in each image was measured using ImageJ.

NSPC Differentiation and Immunostaining:
NSPCs were plated as adherent cultures for differentiation. HCl-washed German glass

coverslips (Assistant/Carolina Biological Supply, Burlington, NC) were pretreated with poly-D-
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lysine (40 pg/mL in milliQ H20) for 5 minutes then coated with laminin (20 pg/mL in EMEM) at
37° C for 4-24 hours prior to cell adhesion. NSPCs were seeded onto the laminin-coated
coverslips in proliferation medium. After 24 hours, proliferation medium was removed and
replaced with differentiation medium (same components as proliferation medium but excluding
EGF, bFGF, and heparin) to induce differentiation. NSPCs were differentiated into astrocytes in
these conditions for 3 days. After differentiation, cells were immunostained with anti-glial
fibrillary acidic protein (anti-GFAP) monoclonal (Sigma Aldrich, Cat # G3893, clone GA5) at
1:200 and stained with secondary antibody (Alexa 488, Jackson ImmunoResearch) at 1:200 as
previously described (Flanagan et al. 2008, Labeed et al. 2011). Cells counted as astrocytes
exhibited typical astrocyte morphologies and a filamentous pattern of GFAP reactivity in the
cytoplasm. Controls included cells stained with secondary antibodies only (negative controls)
and appropriate subcellular localization of antibody signal (cytoskeletal for GFAP intermediate
filament protein). Cells were imaged with an inverted Nikon-TE fluorescence microscope. Three
to 5 randomly selected fields for each 12 mm coverslip were selected for quantitation. From
these fields, the number of GFAP+ cells and the number of nuclei were counted using ImageJ.
The percent GFAP+ cells were calculated for each collected sample.
Statistical Analysis:

Statistical analysis was completed using one-way ANOVA with Tukey post hoc test for
multiple comparisons for samples with n=3 or more biological repeats. Biological repeats are

listed as “n” in figure legends.
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2.8 SUPPLEMENTAL MATERIAL:

(1)

(10)

PDMS

Channel ‘ﬁ iy : D e e o e e e e o o ———— — ~

Glass Slide

Location Name Symbol Dimension
(1) Inlet Diameter - 2000 um Pointed Electrode Tips
(2) Hydrophoresis Channel Width w 500 pm
(3) Number of Ridges - 240
(4) Electrode Tip Angle (degrees) 2q 90
(5) Number of Electrodes - 40
(6) Electrode Sidewall Angle (degrees) a 45
(7) DEP Channel Width - 1500 um
(8) Perforation Channel Width - 8 um
(9) Outlet Channel Width - 500 pm Rounded Electrode Tips
(10) Outlet Diameter - 1500 pm
(11) Trench Depth d 40 pym 65 w
(12) Ridge Width - 50 pm
(13) Trench Width - 50 um
(14) Channel Height h 70 um
(15) Electrode Tip Inner Radius of Curvature - 50 pm
(16) Electrode Tip Outer Radius of Curvature - 85 pym
(17) Electrode Gap - 35 pm
(18) Electrode Width - 35 pm
(19) Angled Electrode Gap - 50 pm
(20) Angled Electrode Width - 50 um

Figure 2.51: HOAPES device dimensions. Schematics of the HOAPES device are labeled with
numbers to show each regions for which dimensions are included in the table. Symbols in the
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table correspond to dimensions for equations in the main text. Schematics of pointed and
rounded tips show differences in electrode and gap dimensions.
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Figure 2.52: Simulation of fluid flow at different heights in the channel. Fluid flow was
simulated at 14 locations, 5 um apart, along the height of the channel (70 um) and images show
simulations at 5 um (A, a), 15 um (B, b), and 35 pum (C, c) from the bottom of the channel. (A-
C) Visual representations of the fluid simulation plane in red indicate the location of the plane
along the height of the channel. (a-c) Red arrows indicate the direction of fluid flow and the size
of the arrows shows the velocity vector of the fluid flow at each location. The plane 15 um from
the channel bottom (B, b) gave maximal fluid divergence. Still images correspond to Movie 2.1.
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Figure 2.S3: Cell movement through the hydrophoretic and DEP modules of the HOAPES
device. Blue and orange circles in the device schematics signify two distinct populations of cells.
(A) Schematic shows the region of the hydrophoretic module corresponding to Movie 2.2. (B)
Schematic shows the region of the DEP module corresponding to Movie 2.3.

Movie 2.1: Video showing fluid simulation at various planes in the hydrophoretic module.
Video shows fluid simulation at 14 planes, 5 um apart, in the hydrophoretic module. Left panel
shows velocity vectors (red arrows), with size reflecting velocity. Right panel shows the plane
corresponding to the simulation in the left panel.

Movie 2.2: Video showing movement of NSPCs through the hydrophoretic module. Video
shows suspended mouse NSPCs in the hydrophoretic module being directed toward the channel
edges. Cells form two distinct streams of cells at the channel edges at the end of the
hydrophoretic module.

Movie 2.3: Video showing movement of NSPCs through the DEP module. Video shows
suspended mouse NSPCs in the DEP module as the electrodes are actuated at 150 kHz, 6 Vpp.
Cells in pDEP are visible tracking along the electrode edges and moving from one electrode to
the next as they move down the channel towards the outlets. Cells moving along the slanted
electrodes are focused to the middle of the channel and exit through the inner outlet channel.
After sorting, cells are collected from inner and outer channel ports for further analysis.
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3.1 ABSTRACT:

Understanding the cellular properties controlling neural stem and progenitor cell (NSPC)
fate choice will improve their therapeutic potential. The electrophysiological measure whole cell
membrane capacitance reflects fate bias in the neural lineage but the cellular properties
underlying membrane capacitance are poorly understood. We tested the hypothesis that cell
surface carbohydrates contribute to NSPC membrane capacitance and fate. We found NSPCs
differing in fate potential express distinct patterns of glycosylation enzymes. Screening several
glycosylation pathways revealed that the one forming highly-branched N-glycans differs
between neurogenic and astrogenic populations of cells in vitro and in vivo. Enhancing highly-
branched N-glycans on NSPCs significantly increases membrane capacitance and leads to the
generation of more astrocytes at the expense of neurons with no effect on cell size, viability, or
proliferation. These data identify the N-glycan branching pathway as a significant regulator of

membrane capacitance and fate choice in the neural lineage.
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3.2 INTRODUCTION

Neural stem cells (NSCs) develop into neurons, astrocytes, and oligodendrocytes and
understanding how choices are made among these different fates will improve the use of these
cells in transplantation therapies (1). NSCs expanded in vitro for therapeutic purposes generate a
heterogeneous population of neural stem and progenitor cells (NSPCs) with varying ratios of
progenitors linked to distinct cell fates. The cell biological characteristics that distinguish cells
biased toward forming neurons from those that will generate astrocytes are ill-defined and
current cell surface markers for these cells are limited. Understanding the intrinsic properties of
neuron- and astrocyte-biased cells and the mechanisms that govern their fate will improve the
ability to predict or control the differentiation potential of transplanted cells, enhancing the
reproducibility and effectiveness of NSPC therapeutics.

A cell biological characteristic shown to predict fate in multiple stem cell lineages is whole
cell membrane capacitance, which is an electrophysiological property of the plasma membrane.
Whole cell membrane capacitance can be used to identify and enrich cells at distinct stages of
differentiation and is measured for living cells, non-invasively, without labels by
dielectrophoresis (DEP) or impedance sensing. Membrane capacitance and cell behavior in DEP
distinguish cells with subtle differences, including normal and malaria infected red blood cells
(2), stimulated and unstimulated Jurkat cells (3), and breast cancer cells expressing different
amounts of the neu oncogene (4). Analysis or sorting of NSPCs by DEP is not toxic since the
short-term DEP exposure needed for these applications does not alter cell survival, proliferation,
or differentiation (5). Membrane capacitance discriminates between undifferentiated cells and
their differentiated progeny in multiple stem cell lineages. NSPCs are distinguished from

differentiated neurons and astrocytes and prospectively sorted from neurons by membrane
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capacitance using DEP (6, 7). Membrane capacitance defines and enables the enrichment of
undifferentiated cells from differentiated progeny in the hematopoietic stem cell (HSC),
mesenchymal/adipose-derived stem cell (MSC, ADSC), and embryonic stem (ES) cell lineages,
indicating the relevance of biophysical properties to fate across multiple stem cell types (for a
recent review see (8)). In the neural and mesenchymal stem cell lineages, inherent
electrophysiological properties of the undifferentiated cells predict their differentiated fate. The
neurogenic and astrogenic fate potential of NSPC populations (both human and mouse) are
reflected in distinct membrane capacitance values and membrane capacitance dynamically
reflects declining neurogenic potential of human NSPCs (9). Importantly, the sufficiency of
membrane capacitance as a marker of fate in the neural lineage is shown by the enrichment of
neurogenic or astrogenic cells from a mixed population of undifferentiated mouse NSPCs by
DEP (10, 11). Similarly, the osteogenic fate potential of undifferentiated MSCs is detected by
DEP (12). Since the biophysical property whole cell membrane capacitance is linked to fate,
determining the molecular components contributing to this measure may reveal novel insights
into processes governing cell differentiation.

The cellular and molecular components contributing to membrane capacitance are not well
understood. The DEP frequencies used for stem cell analysis are not in a range that can be used
to detect cell resting membrane potential (6, 13). Expression of a G protein-coupled receptor in
yeast did not alter capacitance (14) although expression of channelrhodopsin-2 in HEK-293 cells
did (15), suggesting the possibility that certain membrane proteins can affect membrane
capacitance. Based on biophysical theory, membrane capacitance should be impacted by plasma
membrane surface area and thickness. While NSPCs that have distinct membrane capacitance

values do not differ in size as measured by phase contrast microscopy (9, 10), they may differ in

59



membrane microdomains not visible at that level of resolution. Cell membrane microdomains
such as ruffles, microvilli, or other morphologies that increase membrane roughness are expected
to alter membrane capacitance by increasing cell surface area (16). Membrane thickness affected
by the lipid composition of the plasma membrane has been proposed to influence whole cell
membrane capacitance although there are constraints on the absolute thickness of the lipid
bilayer set by the size of phospholipid head groups and fatty acid tails (17). Modification of
vesicle phospholipid bilayers with polyethylene glycol (PEG) altered membrane capacitance
(18), suggesting cell surface modifications could contribute to membrane capacitance of cells.

A cellular process that modifies the surface of the plasma membrane and impacts
membrane microdomains is glycosylation, by which carbohydrates able to store charge are added
to plasma membrane proteins and lipids. Domains of glycosylated cell surface molecules
generate surface undulations to increase surface area (19, 20), create structures extending up to
200 nm from the cell surface so make “thickened” membrane structures (21, 22), and influence
the protein makeup of the plasma membrane (23). Glycosylation is critical for normal nervous
system development (24) and changes in glycosylation patterns during cortical brain
development correlate with developmental periods of increased neuron or astrocyte production
(25-27). Treatment of NSPCs with agents that modify cell surface carbohydrates alters their
behavior in DEP (10), raising the possibility that whole cell membrane capacitance is affected by
glycosylation. We hypothesized glycosylation may impact membrane capacitance and fate of

NSPCs.
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3.3 RESULTS
3.3.1 E12 neurogenic and E16 astrogenic mouse NSPCs exhibit differences in glycosylation
enzyme expression

In the developing cerebral cortex, neurons are formed early (starting in mice at
approximately embryonic day 10, E10) and neurogenesis decreases as astrocyte generation
commences (around E16). Both neurons and astrocytes differentiate from NSPCs in the
developing dorsal telencephalon cortical stem cell niche (the ventricular zone/subventricular
zone). In contrast, most oligodendrocytes in the cortex are generated ventrally in the ganglionic
eminence and these cells migrate into the cortex at later developmental stages (28). In order to
test whether glycosylation patterns vary with fate potential, we isolated NSPCs from embryonic
dorsal forebrain cerebral cortices at stages of development when either more neurons (E12) or
astrocytes (E16) are formed (29). E12 (neuron-biased population) and E16 (astrocyte-biased
population) cells differ in fate-specific membrane capacitance, making these cells reasonable

tests for the contribution of glycosylation to this biophysical property (9).

Glycosylation is controlled by a series of enzymes in the endoplasmic reticulum (ER) and
Golgi that sequentially add and remodel sugars (glycans) attached to proteins and lipids destined
for expression on the cell surface or secretion into the extracellular space. To identify
glycosylation pathways potentially relevant to capacitance and fate of NSPCs, we compared
RNA levels of glycosylation enzymes in E12 and E16 NSPCs. Multiple genes involved in
glycosylation were differentially expressed between E12 and E16 NSPCs (Tables 3.S1, 3.S2,
3.53). Since membrane capacitance reflects characteristics of the plasma membrane, we
prioritized enzymes expected to generate cell surface glycans so enzymes involved in ER quality

control, targeting of enzymes to lysosomes, or lysosomal degradation of glycans were not
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considered further. We focused on N-glycosylation for the following reasons. Virtually all cell
surface proteins are N-glycosylated, and N-glycosylation controls function of membrane
receptors mediating responses to extracellular cues. Loss of N-glycosylation enzymes causes
defects in neural development (30). N-glycosylation of cell surface components can lead to
formation of membrane microdomains affecting cell surface area, which is thought to impact
capacitance (19, 20). Most O-glycosylated proteins are secreted and many become components
of the ECM, but some, such as the heparan sulfate proteoglycans glypican and syndecan can be
membrane bound. Contributions of O-glycosylation to membrane capacitance and the combined
effects of N- and O-glycosylation will be the focus of future studies.

N-glycosylation enzymes exhibiting at least a 1.2-fold or greater change in expression
between E12 and E16 NSPCs can be broadly grouped by function (Fig. 3.1). The Mgat genes
code for N-acetylglucosaminyltransferases that work in parallel with mannosidase 11 (MAN2AL
and MAN2AZ2) to sequentially determine the degree of N-glycan branching. Sialyltransferases
include ST6GALL that generates a terminal sialic acid on glycans and ST8SIA2 and ST8SIA4
that work together to form polysialic acid. FUT8 and FUT11 are fucosyltransferases that add
fucose residues to the core or terminal ends of N-glycans, respectively. BAGALT2 and
BAGALTS5 are galactosyltransferases that add galactose to N-glycans. B3GNT2 is an
acetylglucosaminyltransferase that adds GICNAc to N-glycans. The N-glycan branching, sialic
acid, and fucose pathways were assessed further to test their association with fate in the neural
lineage since multiple members of these pathways were identified in the screen and enzymes that

perform different functions were associated with either E12 or E16 NSPCs.
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Figure 3.1. Differences in N-glycosylation enzyme gene expression between E12 and E16
mouse NSPCs. A total of 32 N-glycosylation enzyme genes were screened in E12 and E16
mouse NSPCs and transcripts that differed by more than 1.2-fold between the samples are
depicted in the bar graph. Positive expression represents genes more highly expressed in E16
NSPCs, which is a more astrocyte-biased population (AB), while negative expression indicates
genes more highly expressed in E12 NSPCs containing a more neuron-biased population (NB).
3.3.2 Complex branching but not sialylation or fucosylation correlates with NSPC fate
The N-glycan branching pathway utilizes enzymes that cleave excess mannose residues
and initiate a new N-glycan branch by attaching N-acetylglucosamine (GIcNAc)(Fig. 3.2A)(31).
High mannose N-glycans contain mannose but no GIcNAc branches while hybrid N-glycans
contain both mannose and GIcNAc and complex N-glycans have lost all the excess mannose
residues. Analysis of NSPCs by RNA-seq revealed high expression of genes important for N-
glycan branching, including Man1l isoforms, Man2 isoforms, Mgatl, Mgat2, Mgat3, Mgat4
isoforms, and Mgat5 (Fig. 3.2B). NSPCs also express galectins, which are proteins that bind N-
glycans and modulate the activities of several N-glycan containing cell surface proteins. RNA-

seq analysis revealed that NSPCs express galectins 1, 4, 5, and 8 but littletono 2, 3,7, 9, or 12

(Fig. 3.2B).
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Figure 3.2. N-glycan branching correlates with NSPC fate. (A) Schematic representation of
the N-glycans formed by glycosylation enzymes, culminating in the formation of highly-
branched, complex N-glycans. (B) RNA-seq analysis of E12 NSPCs reveals expression levels of
transcripts encoding N-glycan branching enzymes and galectins. Scatterplots display average
RPKM (reads per kilobase of transcript per million mapped reads) values organized from high
(>1 RPKM) to low (<1 RPKM) expression (mean £ SEM).(C) Schematic illustrating sorting of
E12 NSPCs by DEP to create an enriched astrocyte-biased population. E12 NSPCs are randomly
distributed when the electric field is off. When the electric field is on, astrocyte-biased cells are
attracted to the electrode edges and the neuron-biased cells are removed by flow, leaving an
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astrocyte biased population of sorted cells. (D) gRT-PCR analysis of astrocyte progenitor marker
expression indicates sorted cells have significantly increased Asef (p=0.0239) and Egfr
(p=0.0273) expression (paired Student’s t-test). (E) Increased GFAP-positive cells after
differentiation in the sorted sample compared to unsorted cells confirms enrichment of an
astrocyte-biased population. (p=0.0002, paired Student’s t-test). (F) gRT-PCR analysis of
glycosylation enzymes shows that sorted cells express higher levels of enzymes whose activity
lead to the formation of highly branched N-glycans (Man2al, p=0.0433, Man2a2, p=0.0474,
Mgat5, p=0.0314; paired Student’s t-test sorted vs. unsorted), while Mgat3 that prevents
branching appears decreased. All error bars represent standard error of the mean. N=3 or more
independent biological repeats (*p<0.05, ***p<0.001).

Gene expression analysis by qRT-PCR of Mgat1, the initial N-
acetylglucosaminyltransferase in the pathway, and Man2al, Man2a2, and Mgat5 identified in the
initial screen (Fig. 3.1) revealed significantly higher levels of Mgatl in E16 compared to E12
NSPCs (Fig. 3.S1A). Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry analysis suggested that E12 NSPCs had more N-glycans with 1 or 2 GIcNAc
residues whereas E16 cells had more N-glycans with 3 or 4 GIcNAc residues (Fig. 3.51B).
Lectin flow cytometry with fluorescein-conjugated leukocyte-phytohaemagglutinin (L-PHA), a
plant lectin highly specific for MGAT5-generated highly-branched N-glycans (32), detected
slightly higher but not significantly different L-PHA binding on E16 NSPCs compared to E12
cells (Fig. 3.51C).

We enriched cells from E12 NSPCs using DEP to generate a control and astrocyte-biased
population from the same developmental stage since variation between E12 and E16 NSPCs
could be due to their different ages independent of fate (Fig. 3.2C). We showed previously that
DEP sorting yields enriched astrocyte-biased populations from E12 NSPCs (10, 11). We tested
enrichment in the current study by analyzing undifferentiated cells for markers of astrocyte
progenitors (33-36) and differentiated cells for the formation of GFAP-positive astrocytes. We

measured the expression of astrocyte progenitor markers in undifferentiated E12 and E16 NSPCs

and found that Asef (Arghgef4), Glast (Slc1a3), and Egfr were more highly expressed in E16
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astrogenic cells (Fig. 3.S1D). Analysis of these markers in undifferentiated cells after DEP
sorting showed significant increases in astrocyte progenitor marker expression in sorted cells
compared to controls (Fig. 3.2D). More GFAP-positive astrocytes were generated from sorted
cells than control NSPCs after differentiation (Fig. 3.2E). While some undifferentiated NSPCs
express GFAP, control and sorted undifferentiated E12 cortical NSPCs do not express GFAP
(Fig. 3.S1E) (6), confirming that this marker can be used to detect differentiation of astrocytes
from these cells. Thus, the expression of astrocyte progenitor markers by undifferentiated cells
and expression of GFAP by differentiated cells both indicate that sorting generated a more
astrocyte biased population of cells.

We used qRT-PCR to screen for differences in glycosylation enzyme expression between
control and sorted astrocyte-biased NSPCs. Sorted cells express significantly higher levels of
Man2al, Man2a2, and Mgat5 and a trend toward higher Mgatl compared to unsorted E12
NSPCs (Fig. 3.2E). Notably, sorted cells appeared deficient in Mgat3, which prevents formation
of highly-branched N-glycans and was higher in E12 NSPCs than E16 NSPCs in the initial
screen (Figs. 3.1, 3.2E). Furthermore, highly-branched N-glycans detected by L-PHA were
significantly elevated in sorted cells (MFI 19423 + 2023) compared to unsorted control E12
NSPCs (MFI 18101 + 2092) (paired Student’s t-test, p=0.0157). Together with the analysis of
E12 and E16 NSPCs, the sorted cell data indicate a correlation between highly-branched N-
glycans and fate of the cell population, suggesting this pathway may affect membrane
capacitance and fate in the neural lineage.

The three enzymes that add sialic acid to N-glycans identified in the original screen of
E12 and E16 NSPCs were St6gall, which had higher expression in E16 NSPCs, and St8sia2 and

St8sia4, which were more highly expressed in E12 NSPCs (Fig. 3.1). Analysis by gqRT-PCR
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indicated significantly higher levels of both St8sia2 and St8sia4 in E12 NSPCs compared to E16
NSPCs but no difference in Stégall expression between E12 and E16 NSPCs (Fig S2A). Total
sialic acid residues detected by MALDI-TOF suggested higher levels of sialic acid containing N-
glycans on E12 compared to E16 NSPCs (Fig. 3.52B). Using the lectin Sambucus nigra
agglutinin (SNA), we found no difference in terminal sialic acid residues generated by
ST6GAL1L between E12 and E16 NSPCs (Fig. 3.52C). The enzymes encoded by St8sia2 and
St8sia4 form long polysialic acid (PSA) chains, most notably on the neural cell adhesion
molecule (NCAM) to generate PSA-NCAM. Flow cytometric analysis for PSA-NCAM indicated
lower levels on E16 NSPCs compared to E12 cells, but the difference was not significant (Fig.
3.52D). Gene expression of St8sia2 did not differ between the sorted astrocyte-biased population
and unsorted NSPCs, and analysis of cell surface PSA-NCAM indicated no difference in PSA
expression between the cells (Fig. 3.S2E, F). While there appears to be more sialic acid on E12
than E16 NSPCs, potentially via the activities of ST8SIA2 and ST8SIA4 and not ST6GALL, the
lack of a difference in St8sia2 and PSA expression in the sorted cells suggests this may not
directly relate to fate. We previously found that enrichment of PSA-NCAM positive cells from
E12 NSPCs did not enrich for neuron-generating cells (10). Furthermore, earlier studies showed
that treatment of blood cells with neuraminidase to remove sialic acid did not change the
responses of the cells in DEP frequency ranges that probe the plasma membrane, indicating that
the loss of sialic acid did not affect membrane capacitance (37, 38). Collectively, E12 NSPCs
have an increased ability to create polysialic acid compared to E16 NSPCs, but there is not a
clear link between polysialic acid and fate-specific membrane capacitance.

Fucosylation of N-glycans occurs through the activity of fucosyltransferases (FUT). In

the original screen, Fut8 gene expression was higher in E16 NSPCs while Fut11 was higher in
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E12 NSPCs (Fig. 3.1). We further analyzed FUTS8 that attaches a core fucose since the
expression of this enzyme showed a greater difference between the E12 and E16 samples than
FUT11. Analysis of E12 and E16 NSPCs by gRT-PCR showed slightly higher but not
significantly different levels of Fut8 in the E16 sample compared to the E12 (Fig 3.S3A), and
core-fucosylated N-glycans were slightly elevated in E16 NSPC membranes compared to those
from E12 as indicated by MALDI-TOF (Fig. 3.S3B). However, lectin flow cytometry with Lens
culinaris agglutinin (LCA), which detects core-fucosylated N-glycans, indicated similar or
slightly lower levels of core fucose on E16 NSPCs compared to E12 NSPCs (Fig. 3.S3C).
Additionally, expression of Fut8 did not differ between the unsorted control NSPCs and the
sorted astrocyte-biased population (Fig. 3.S3D). Thus, the analysis of Fut8 expression and
activity in NSPCs did not provide evidence of a significant association between core
fucosylation and fate in the neural lineage.
3.3.3 Complex, highly-branched N-glycans increase in the brain stem cell niche as fate
shifts from neurogenesis to astrogenesis

Development of the mammalian cerebral cortex proceeds in a stepwise pattern with
neurons formed first (~E10) followed by astrocytes (~E16). The sequential generation of neurons
and astrocytes at early developmental stages provides a means to test association of
glycosylation with fate in vivo. Cortical NSPCs are found within the ventricular
zone/subventricular zone (VZ/SVZ) of the embryonic cerebral cortex, and differentiated cells
migrate away from this region and toward the pial surface to form the cortical plate (CP). We
analyzed sagittal brain sections from E10-E18 embryos and used the NSPC markers Sry-box
(SOX) 1 and SOX2 to mark the VZ/SVZ and microtubule associated protein 2 (MAP2) or

doublecortin (DCX) as markers of differentiated neurons to define the CP (Fig. 3.54).
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Oligodendrocytes are not primarily generated in the cortex; most form ventrally in the ganglionic
eminence and migrate to inhabit the cortex (dorsal telencephalon) at later embryonic stages,
~E18 (28). Thus, very few oligodendrocyte progenitors would be present in the cortical stem cell
niche.

We used L-PHA lectin staining to assess highly-branched N-glycans in the VZ/SVZ stem
cell niche and found significantly more L-PHA binding at E16 than at E12 (Fig. 3.3). There was
no difference in staining of the CP at E12 and E16, showing that the differences observed in the
NSPC-containing VZ/SVZ were not due to general increases in highly-branched N-glycans in all
regions of the cortex over time. The levels of highly-branched N-glycans continued to increase in
the VZ/SVZ NSPC niche at E18 as astrogenesis continues to peak (Figs. 3.3C, D).
Representative images of L-PHA stained brain sections at all developmental stages quantified in
Figure 3.3 are shown in Figure 3.S5. Together with the results from cell culture studies, these
data show that highly-branched, complex N-glycans are associated with astrogenic NSPC

populations both in vitro and in vivo.
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Figure 3.3 N-glycan branching in the stem cell niche is high during astrogenic
developmental stages in vivo. (A) Lectin L-PHA indicates the presence of highly-branched
tetra-antennary N-glycans in sagittal sections of the developing embryonic cerebral cortex at E12
and E16. Arrowheads point to blood vessels, which stain strongly for L-PHA at both E12 and
E16 and were excluded from quantitative analysis. Dotted boxes indicate example regions of the
tissue that were selected for quantitative analysis (at least 10 boxes were analyzed per region in
each section). More intense L-PHA staining is evident in the E16 NSPC niche (VZ/SVZ) than
the E12 niche (VZ). (B) Intensity of L-PHA staining is significantly higher in the E16 NSPC
niche compared to the E12 niche (VZ/SVZ E12 vs. E16, p<0.0001, unpaired Student’s t-test).
There was no significant difference in the L-PHA intensity in the CP between E12 and E16 (CP
E12 vs. E16, p=0.1041, unpaired Student’s t-test). (C) Analysis of L-PHA intensity in the NSPC
niche (VZ/SVZ) over developmental ages spanning from E10 to E18 indicates rising levels of
highly-branched N-glycans. There is not a corresponding increase in L-PHA intensity in the CP.
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(D) Statistical analysis of the data in C indicates a significant increase in L-PHA intensity in the
VZ/SVZ over time (p<0.0001, one-way ANOVA, Tukey post hoc for multiple comparisons). All
error bars represent standard error of the mean. N=3 or more independent biological repeats,
(**p<0.01, ***p<0.001, ****p<0.0001).
3.3.4 GIcNAc treatment enhances expression of highly-branched N-glycans on E12 NSPCs
and significantly increases membrane capacitance

We tested whether altering highly-branched N-glycans on the surface of E12 NSPCs
changes their membrane capacitance values by supplementing the cells with N-
acetylglucosamine (GIcNAc), which is readily taken up by cells and raises intracellular UDP-
GIcNACc levels. The MGAT4 and MGATS branching enzymes are highly sensitive to availability
of UDP-GIcNAc, and GIcNAc treatment increases N-glycan branching in a variety of cell types
(31, 39).. GIcNACc treatment significantly increased highly-branched N-glycans detected by L-
PHA on the surface of E12 NSPCs (Fig. 3.4). Increasing cell surface highly-branched N-glycans

also caused a significant increase in whole cell membrane capacitance of E12 NSPCs, indicating

a role for branched N-glycans in membrane capacitance (Fig. 3.4C).
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Figure 3.4. Enhancing N-glycan branching on the cell surface increases NSPC membrane
capacitance. (A) Experimental design: suspended undifferentiated E12 NSPCs grown in
proliferating conditions were supplemented with 80 mM N-acetylglucosamine (GIcNAc) daily
for 3 days, at which point the spheres of cells were dissociated for analysis. (B) Flow cytometry
analysis with lectin L-PHA indicates significantly more cell surface highly-branched N-glycans
on GIcNAc treated cells (GIcNAc) compared to untreated (Untr) control cells (p=0.0219,
unpaired Student’s t-test). Error bars represent standard error of the mean. (C) Analysis of whole
cell membrane capacitance by DEP shows a significant increase in capacitance after GICNAc
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treatment of E12 NSPCs (p=0.001, unpaired Student’s t-test). Box plots depict 25" and 75"
quartiles and median and the bars represent min and max values. N=3 or more independent
biological repeats, (*p<0.05, ***p<0.001).
3.3.5 Highly-branched N-glycans restrict neurogenesis without affecting NSPC size,
viability, or proliferation

Highly-branched N-glycans may serve as markers of fate or may actively participate in
fate decisions since glycosylation controls the function of myriad cell surface receptors, many
with identified roles in fate decisions (40). To test whether cell surface highly-branched N-
glycans affect NSPC fate, we assessed neuronal differentiation of control and GICNAc treated
E12 NSPCs. GIcNAc treatment to induce highly-branched N-glycans led to a significant
decrease in neuron formation and this effect was dose-dependent, with significantly lower levels
of neurons generated after treatment with 40 or 80 mM GIcNAc (Figs. 3.5A, B). There was no
difference in cell size of the control and 80 mM GIcNAc-treated NSPCs (Fig. 3.5C), consistent
with the fact that neither NSPCs that differ in fate (E12 and E16) nor astrocyte- and neuron-
biased populations enriched from E12 NSPCs differ in size (9, 10). GIcNAc supplementation
might induce cell death, leading to the loss of cells biased to a particular fate from the
population. Yet there was no difference in the overall cell viability or percentage of apoptotic
cells between control and GIcNAc-treated NSPCs, suggesting cell death does not play a role in
the effect of highly-branched N-glycans on fate (Fig. 3.5D). Highly-branched N-glycans could
alter cell proliferation, which may lead to a reduction in the percentage neuron-biased cells in the
population as other cells expand. However, two measures of cell proliferation (EdU
incorporation and phosphorylated histone H3 expression) showed no differences between control

and GIcNAc treated NSPCs (Fig. 3.5E). In sum, GIcNAc treatment to induce highly-branched N-
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glycans on E12 NSPCs decreases neurogenesis but not by altering cell size, viability, or

proliferation.
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Figure 3.5. NSPCs with enhanced cell surface N-glycan branching form fewer neurons
upon differentiation but do not differ in size, viability, or proliferation. (A) E12 NSPCs
treated with 0-80 mM GIcNAc during 3 days as undifferentiated cells and for an additional 3
days during differentiation show a dose-dependent decrease in neuron formation (MAP2). All
nuclei were labeled with Hoechst. (B) The percentage of MAP2/doublecortin (DCX) double-
positive neurons formed from E12 NSPCs decreases with increasing GICNAc concentration
(one-way ANOVA, p<0.0001). Post hoc analysis by Dunnett’s test: untreated E12 NSPCs vs. 40
mM (p=0.0002) and 80 mM (p<0.0001) GIcNAc treated cells. (C) Treatment with GIcNAc did
not alter cell diameters of E12 NSPCs (p=0.3985, unpaired Student’s t-test). (D) Cell viability
assessed by a calcein-AM cell stain and flow cytometry denotes no effect of GICNAc treatment
on the percentage of live E12 NSPCs (p=0.7569, unpaired Student’s t-test). Annexin V flow
cytometry indicated no difference in apoptosis acutely (~3-6 hours post treatment), 1 day, or 3
days after GICNAc supplementation. As a positive control, cells were treated with 200 uM H20>
for 3 hours to induce apoptosis. (E) NSPC proliferation as measured by EdU incorporation (cells
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in S-phase) and phospho-histone H3 staining (cells in M-phase) was not affected by GIcNAc
treatment (EdU analysis p=0.7023, phospho-histone H3 analysis p=0.4354, unpaired Student’s t-
tests). All error bars represent standard error of the mean. N=3 or more independent biological
repeats, (***p<0.001, ****p<0.0001).
3.3.6 Enhancing highly-branched N-glycans on undifferentiated NSPCs leads to the
formation of more astrocytes at the expense of neurons

We expanded analysis of the impact of GICNAc treatment on NSPC differentiation to
consider the timing of treatment and generation of all the differentiated cell types formed by
NSPCs. GIcNAc treatment effects could be due to branched N-glycans on undifferentiated
NSPCs, on newly differentiated cells, or a combination of both since GIcCNAc treatment spanned
proliferation and differentiation stages (Fig. 3.5). Experiments were therefore designed to
separate these effects by treating cells (1) when in the undifferentiated state (NSPCs in

proliferation medium), (2) as cells were undergoing differentiation (cells in differentiation

medium), or (3) during both stages (throughout) (Fig. 3.6A).
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Figure 3.6. Increasing NSPC N-glycan branching during the stem/progenitor stage
decreases neurogenesis and increases astrogenesis upon differentiation. (A) Experimental
design: E12 NSPCs were treated with 80 mM GIcNAc in proliferation media as undifferentiated
cells (Proliferation, 3 days treatment), in differentiation media (Differentiation, 3 days
treatment), or in both proliferation and differentiation (Throughout, 6 days treatment). Cells were
in suspension during the proliferation stage then plated as adherent cells on laminin for
differentiation. (B) Fewer neurons formed from NSPCs treated with GIcCNAc during proliferation
or throughout both stages compared to cells treated during differentiation or untreated controls.
No obvious differences in neuronal morphology were noted in the different conditions. (C) More
astrocytes were generated from NSPCs treated with GIcNAc than untreated controls (all
treatment paradigms). (D) Neuronal quantitation shows a significant reduction in MAP2/TUJ1
double-positive neurons from cells treated with GIcNAc during proliferation (Prolif) or
throughout both stages (Through) compared to cells treated during differentiation (Diff) or
untreated (Untr) control cells (Untr v Prolif p<0.0001, Untr v Through p<0.0001, Prolif v Diff
p=0.0042, Through v Diff p=0.0002, one-way ANOVA, Tukey post hoc for multiple
comparisons). These data indicate an effect of GICNAc on undifferentiated NSPCs but not on
differentiated neurons. (E) The percentage of GFAP-positive astrocytes was significantly
increased in all GIcNAc-treated samples, showing effects of N-glycan branching on both
undifferentiated NSPCs and differentiated cells (Untr v Prolif p=0.047, Untr v Through
p<0.0001, Untr v Diff p=0.0018, Prolif v Through p=0.0236, one-way ANOVA, Tukey post hoc
for multiple comparisons). All error bars represent standard error of the mean. N=3 or more
independent biological repeats, (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

GIcNAc treatment throughout both proliferation and differentiation stages led to a
significant decrease in neuron formation (Fig. 3.6B, D, “throughout™) as seen in our initial
experiments of neuron differentiation (Fig. 3.5). Treatment during only the proliferation stage
induced a similar decrease in neuron formation, but treatment during the differentiation stage
only had no effect on the percentage of neurons (Fig. 3.6B, D, “proliferation”, “differentiation”).
These data indicate that increasing cell surface highly-branched N-glycans decreases neurogenic
potential of undifferentiated E12 NSPCs rather than affecting differentiated neurons.

Analysis of astrocyte generation from E12 NSPCs treated with GICNAC at distinct stages
revealed effects of highly-branched N-glycans on both undifferentiated and differentiated cells.
Astrocyte quantitation was standardized by selecting regions that did not contain dense clusters
of cells and cell debris (Fig. 3.S6) since astrocytes can become reactive in response to dying cells

and upregulate GFAP expression, which could complicate quantitation. Treatment with GICNACc
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to increase highly-branched N-glycans on undifferentiated NSPCs during the proliferation stage
led to a significant increase in the percentage of astrocytes formed after differentiation (Fig.
3.6C, E, “proliferation”). Interestingly, treatment during the differentiation stage also
significantly increased astrocyte percentages, suggesting effects of highly-branched N-glycans
on the differentiated cells (Fig. 3.6C, E, “differentiation”). The percentage of astrocytes formed
when GIcNAc treatment occurred throughout both proliferation and differentiation stages was
significantly higher than that of cells treated only during proliferation, suggesting an additive
effect on both undifferentiated and differentiated cells (Fig. 3.6C, E, “throughout™). Thus,
highly-branched N-glycans impact the formation of astrocytes from NSPCs and also affect
differentiated astrocytes.

At E12, cortical NSPCs primarily generate neurons and astrocytes and the number of
cells in the cortex capable of making oligodendrocytes is low, in part since very few
oligodendrocyte producing cells have migrated from the ganglionic eminence into the cortex at
this stage (28). However, cortical NSPCs isolated at E12 are able to generate low numbers of
oligodendrocytes in culture (29). We assessed the effects of GICNAc on generation of
oligodendrocytes from E12 NSPCs and found the percentage of oligodendrocytes was
significantly decreased when cells were treated with 80 mM GIcNAc during proliferation or
throughout both proliferation and differentiation stages, but not when treated during
differentiation only (Fig. 3.57). Since E12 NSPCs generate few oligodendrocytes, the biological
significance of this finding is unclear and further analysis of the role of highly-branched N-
glycans in oligodendrocyte maturation should utilize cells isolated from the ganglionic eminence

or other sources to assess cells capable of generating higher numbers of oligodendrocytes.
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Since GIcNAc is utilized in both N- and O-glycosylation, we tested whether GICNAc
treatment effects were specifically due to incorporation in the N-glycan branching pathway by
pretreating cells with kifunensine (Kif). Kif is a highly specific inhibitor of mannosidase I in N-
glycosylation, preventing branch formation by blocking the first steps of the N-glycan branching
pathway (Fig. 3.2A) (41, 42). E12 NSPCs were pretreated with 0.5 uM Kif for 1 day and
maintained in Kif during the 3 days of GICNAc treatment to prevent GICNAc incorporation into
the branching pathway (Fig. 3.7A). As indicated by L-PHA flow cytometry, Kif effectively
blocked the branching pathway since no increase in branched N-glycans occurred with GIcNAc
in the presence of Kif (Fig. 3.7B). No significant difference in neuron formation was observed
between Kif treated NSPCs and cells treated with both Kif and GIcNAc, indicating Kif blocked
the effect of GICNAc on NSPC neurogenesis (Fig. 3.7C). Similarly, Kif prevented the effect of
GIcNAC on astrogenesis since the Kif treated NSPCs did not differ from those treated with both
Kif and GIcNAc (Fig. 3.7D). The ability of Kif to block the effects of GICNAc indicates that

GIcNAc influences the fate potential of NSPCs through the formation of branched N-glycans.
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Figure 3.7. Preventing GIcNAc from incorporating into the N-glycan branching pathway
blocks GIcNAc effects on fate potential. (A) Experimental design: Undifferentiated E12
NSPCs were treated with either 0.5 puM kifunensine (Kif) for 4 days, 80 mM GIcNAc (GIcNACc)
for 3 days, or pre-treated with Kif 1 day prior to an additional 3 days of Kif + GICNAc
supplementation (Combo). Cells were grown in suspension during proliferation and treatment
then plated as adherent cells for differentiation. (B) Lectin L-PHA flow cytometry analysis of
cells after the 4 days of treatment indicates significantly less cell surface highly-branched N-
glycans on Kif and Combo treated cells compared to untreated control cells (untreated v Kif
p<0.0001, untreated v Combo p<0.0001, one-way ANOVA, Tukey post hoc for multiple
comparisons). (C) Quantitation of neuronal differentiation shows no difference between Kif and
Combo treated cells, indicating no effect of GICNACc in the presence of Kif. Combo treated cells
show a slight decrease in neuron formation compared to untreated controls (untreated v combo
p=0.0311, one-way ANOVA, Tukey post hoc for multiple comparisons). (D) When blocked with
Kif, GIcNAc has no effect on astrocyte formation since no difference was observed between Kif
and Combo treated samples. All error bars represent standard error of the mean. N=3 or more
independent biological repeats, (*p<0.05, ****p<0.0001).

3.4 DISCUSSION
Deciphering the factors regulating NSPC fate bias will lead to better control over

differentiation. Here we provide evidence that fate-specific membrane capacitance is linked to
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cell surface glycans and altering these sugars affects fate. Neurogenic and astrogenic NSPCs
differ in expression of enzymes that lead to the formation of highly-branched N-glycans and
these N-glycans increase in the stem cell niche in vivo as fate potential shifts from neurogenesis
to astrogenesis. NSPCs induced to express more highly-branched N-glycans had significantly
increased fate-specific membrane capacitance values, providing a direct link between cell surface
glycosylation and this biophysical property. Increasing the levels of NSPC highly-branched N-
glycans specifically affected fate choice since GIcNAc treatment lead to the formation of greater
percentages of astrocytes at the expense of neurons without affecting cell size, proliferation, or
death. These data provide the first evidence that N-glycan branching significantly contributes to
fate specific membrane capacitance and identify this glycosylation pathway as an important

regulator of fate choice in the neural lineage.

The data presented here establish a significant contribution of cell surface N-
glycosylation to membrane capacitance, a label-free measure of cell fate. Glycosylation likely
affects whole cell capacitance values of a variety of cell types since reductions in the complexity
of the bacteria C. difficile S-layer, which is made up of glycoproteins and glycans on the
bacterial envelope, induces shifts in membrane capacitance values (43). Glycosylation may
contribute to membrane capacitance in other stem cell lineages since differentiation of MSCs to
adipogenic and osteogenic lineages is associated both with changes in membrane capacitance
(44) and glycosylation (45, 46). Thus, the interaction of membrane capacitance, cell fate, and cell
surface glycosylation may have relevance for many cell types, including those in other stem cell
lineages. In the long run, it is likely that a combination of label free measures, such as membrane
capacitance, and molecular marker-based approaches will provide the highest degree of

sensitivity for detecting subtle differences between living cell subpopulations.
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Cell surface glycosylation affects membrane structure and surface area, which are
expected to impact whole cell membrane capacitance (16). The size of neuron- and astrocyte-
biased NSPCs enriched by DEP did not differ (10) and there was no difference in the size of
untreated and GIcNAc-treated NSPCs in phase contrast microscopy although they differ in both
membrane capacitance and fate (e.g. Figs. 3.4-3.6). Cell surface glycosylation affects formation
of membrane microdomains such as microvilli and lipid rafts associated with membrane
invaginations, and thus could lead to changes in surface area not visible by phase contrast (19,
20). Cell surface glycosylation also contributes to the formation of the glycocalyx on the cell
surface, which can create thickened regions of membrane that may affect capacitance (21, 22).
The shift in membrane capacitance of E12 NSPCs due to GICNAc treatment (untreated: 8.2 +/-
0.2 mF/m?; GIcNAC treated: 9.8 +/- 0.3 mF/m?) (Fig. 3.4) is similar to the difference in
membrane capacitance values of E12 and E16 NSPCs that differ in fate (E12: 8.2 +/- 0.5 mF/m?;
E16: 10.7 +/- 0.6 mF/m?) (9). Thus, cell surface highly-branched N-glycans could be sufficient to
explain the fate-specific differences in capacitance of NSPCs. However, we do not rule out
contributions of other types of glycosylation since cell surface proteoglycans containing O-
linked sugars play significant roles in development and may affect capacitance. Glycosylation on
NSPC cell surfaces likely affects the membrane molecular landscape and morphology to impact
membrane capacitance.

The formation of more highly-branched N-glycans on the surface of NSPCs alters their
fate potential, leading to the generation of more astrocytes and fewer neurons while not inducing
changes in cell proliferation or viability. A direct role for branched N-glycans in NSPC
differentiation has not been previously described, although glycosylation patterns shift in the

cortex during developmental stages of increased neuron or astrocyte production (26, 27).
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Deletion of the N-glycan branching enzyme MGAT1 results in failed neural tube closure and
embryonic lethality and targeted knockout of MGAT1 in neurons causes premature neuronal
death and postnatal lethality (47-49). Loss of the enzyme MGAT?2 critical for the formation of
branched N-glycans causes congenital disease with mental and psychomotor retardation (30, 50).
The role of branched N-glycans in NSPC differentiation warrants further study.

The effects of highly-branched N-glycans on NSPCs could relate to the interaction of
these N-glycans with galectins, which are endogenous N-glycan binding lectins that form
complexes with cell surface glycoproteins and glycolipids (23). Galectin affinity is proportional
to the number of sugar residues available for binding, so is increased when glycans are more
branched and elongated from each branch point with N-acetyllactosamine (23, 39). Galectins
may influence NSPC differentiation since the E12 cortical NSPCs in our study make galectin 1,
which induces astrocyte maturation in vitro (51) and down-regulates neurogenesis in the adult
rodent hippocampus (52). Galectin 3, but not galectin 1, boosts oligodendrocyte differentiation
of cells from newborn mice (53); however, our data show E12 cortical NSPCs do not express
high levels of galectin 3 (Fig 3.2B) suggesting this pathway may not be as active in these cells.
Interaction of galectin 1 with the highly-branched N-glycans induced by GIcNAc may be part of
the process leading to more astrocytes but fewer neurons from GIcNAc-treated E12 NSPCs.

N-linked glycosylation regulates multiple receptor classes and is thus well-poised to
affect cell differentiation. N-glycan content governs the residence time of plasma membrane
receptors on the cell surface and their ligand affinities, affecting integrins that bind ECM (B1, a3,
a5, aV), cell-cell adhesion proteins (cadherins), and receptors for growth factors and
morphogens (e.g. EGFR, PDGFR, gp130 subunit of CNTFR) (39, 54-63). The absence of

MGATS5 activity reduces cell responses to EGF, PDGF, bFGF, and IGF (64). The N-glycan
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branching pathway governs cell proliferation through the regulation of growth-promoting (e.g.
EGFR and PDGFR) and growth arrest receptors (e.g. TGFBR) that differ in numbers of N-glycan
sites (39). Thus, differences in the cell surface glycosylation of neuron- and astrocyte-biased
NSPCs may not only contribute to their distinct membrane capacitance values but also
specifically regulate multiple types of receptors that guide fate. Future studies will address the
roles of these receptors in the control of NSPC fate by N-glycosylation.

Our data suggest the enzyme MGATS may be more active in cells that will form
astrocytes and MGATS3 in neuron-biased NSPCs, raising the possibility that the balance of these
two enzymes affects fate decisions. MGAT3 antagonizes the activity of MGATD5 since the
formation of a bisecting N-glycan by MGAT3 prevents further branching by MGATS5 (65, 66).
The Mgat5 gene is more highly expressed in both astrogenic-biased E16 and DEP-enriched
NSPCs while the levels of Mgat3 are higher in neurogenic E12 and unsorted NSPCs (Fig. 3.1,
3.2). GIcNACc treatment increases highly-branched N-glycans formed by MGATS leading to
greater astrogenesis and reduced neurogenesis (Fig. 3.5, 3.6). Pluripotent stem cells that
differentiate into neurons upregulate MGAT3 expression and have higher cell surface bisecting
N-glycans, whereas differentiated astrocytes retain low levels of bisecting N-glycans (67, 68).
The balance of MGAT3 and MGATS5 activity regulates several proteins impacting cell function.
Overexpression of MGATS5 or loss of MGAT3 induces greater integrin-mediated migration,
while high levels of MGAT3 cause reduced migration (55, 59). The generation of more bisecting
N-glycans on cadherins fosters greater cell-cell adhesion whereas more highly-branched N-
glycans decrease cell-cell adhesion (55, 69-71). The degree of MGAT3 and MGAT5-modified
N-glycans at the cell surface of NSPCs could regulate responses to a variety of extracellular cues

and thus alter fate potential.
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In summary, we identify the N-glycosylation pathway leading to the formation of highly-
branched N-glycans as a regulator of fate choice in the neural lineage and provide links between
the expression of N-glycans on the cell surface and membrane capacitance, a novel label free
biomarker of cell fate. Since glycosylation controls the function of many cell surface receptors, it
is likely that the glycosylation of NSPC receptors will impact their responses to extracellular

cues in the transplantation niche, thus affecting fate of transplanted cells.

3.5 EXPERIMENTAL PROCEDURES

NSPC cell culture:

CD-1 mice (Charles River) were purchased, selected randomly, and bred as approved by
the University of California, Irvine Institutional Animal Care and Use Committee. Dorsal
forebrain cortical tissue was dissected from the cerebral cortices of embryonic day 12.5 (E12)
and 16.5 (E16) mice and placed in dissection buffer: PBS, 0.6% glucose, 50 U/mL Pen/Strep.
Cortical tissue from multiple embryos within the same litter was pooled, and a subsequent
culture from a single litter was considered a biological repeat. The tissue was dissociated using
0.05% Trypsin-EDTA at 37° C for 10 min. Afterward, trypsin was inhibited using soybean
trypsin inhibitor (Life Technologies) and dissociated cells were re-suspended in proliferation
medium containing DMEM, 1x B27, 1x N2, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 mM
N-acetylcysteine, 20 ng/mL EGF, 10 ng/mL bFGF, and 2 pg/mL heparin. Cells were seeded at
150,000 cells/mL into non-tissue culture treated plastic plates and grown as non-adherent
spheres. Cell cultures were passaged approximately every 3 days using enzyme-free NeuroCult
Chemical Dissociation Kit (Mouse) (StemCell Technologies). All NSPC cultures were passaged

at least once prior to experimental use. NSPCs were plated as adherent cultures for
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differentiation. HCI-washed German glass coverslips (Assistant/Carolina Biological Supply,
Burlington, NC) were pretreated with poly-D-lysine (40 pg/mL in milliQ H20) for 5 minutes then
coated with laminin (20 pg/mL in EMEM) at 37° C for 24 hours prior to cell adhesion. Whole
neurospheres were seeded onto the laminin-coated coverslips in proliferation medium. After 24
hours, proliferation medium was removed and replaced with differentiation medium (same
components as proliferation medium but excluding EGF, bFGF, and heparin) to induce
differentiation. NSPCs were differentiated into neurons and astrocytes in these conditions for 3
days and oligodendrocytes for 7 days. For 7 day differentiated samples, culture media was
replaced after 3 days.

GIcNACc treatment of NSPCs:

A stock solution of 800 mM N-acetylglucosamine (GIcNAc) was prepared in
proliferation medium. For dose response experiments, the stock solution was added to E12
NSPC cultures in proliferation medium to create final concentrations ranging from 20 to 80 mM
GIcNACc and the same concentration of GIcCNAc was maintained in the differentiation medium.
The medium was re-supplemented with fresh GIcNAc every 24 hours for 3 days since GICNAc
breaks down over time in aqueous solutions. For some experiments NSPCs were treated with 80
mM GIcNAc for 3 days in proliferation medium then dissociated for analysis. Experiments
designed to test the effects of GIcNAC at different stages of cell growth and differentiation used
GIcNAc supplementation in either the proliferation medium only (and not the differentiation
medium), the differentiation medium only (and not the proliferation medium), or treated
throughout proliferation and differentiation so included in both media. When GIcNAc was added
to differentiation medium, the GICNAc stock was also prepared in differentiation medium and

GIcNAc was re-supplemented daily in the culture media. Control cells were grown in medium
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lacking supplementation with GIcNAc. Kifunensine (0.5 uM) was added to proliferation medium
in some experiments to block the incorporation of GIcNAc into highly branched N-glycans. Both
kifunensine and GIcNAc were withdrawn during differentiation conditions.

Proliferation Assays

Cells undergoing mitosis were visualized by immunocytochemistry utilizing the primary
antibody mouse anti-phospho-histone H3 (Ser10) (6G3) IgG (Cell Signaling Technology 9706S)
and the secondary antibody donkey anti-mouse 1gG Alexa Fluor 488 (Thermo Fisher Scientific
A21202). All cells were counterstained with Hoechst 33342 nuclear dye (Thermo Fisher
Scientific). Cells that passed through at least one S-phase were visualized using EdU
incorporation (Click-iT EdU Alexa Fluor 555 Imaging Kit, Thermo Fisher Scientific).
Proliferation medium of adherent NSPCs was supplemented with 10 uM EdU and cells
incubated at 37° C for 4 hours. Afterwards, cells were fixed and permeabilized as described
above. After washing with PBS, cells were incubated with the EAU Click-iT reaction cocktail for
30 min at room temperature in the dark and counterstained with Hoechst 33342 nuclear dye
(Thermo Fisher Scientific). Cells were analyzed using manual counting software in ImageJ and
positively labeled cells were counted as a percentage of all Hoechst-stained cells in 5 randomly
selected fields.

Immunocytochemistry and fate potential analysis

After differentiation, adherent cells were fixed with 4% paraformaldehyde (4%
paraformaldehyde, 5 mM MgCl, 10 mM EGTA, 4% sucrose in PBS) for 10 min, and the cell
membranes were permeabilized with 0.3% Triton-X 100 in PBS for 5 min. Cells were blocked
using 5% BSA in PBS for 1 hour then incubated with the primary antibody for approximately 18

hours at 4° C and the secondary antibody for 2 hours at room temperature in the dark. All cells
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were counterstained using a Hoechst 33342 nuclear dye (Thermo Fisher Scientific) and
coverslips were mounted onto glass slides using VectaShield mounting medium (Vector Labs).
Cells were visualized using a Nikon Eclipse Ti-E fluorescence microscope at 20x magnification,
and all images were acquired using NIS Elements AR 4.51 image capturing and analysis
software. Antibodies for immunostaining included mouse anti-MAP2 IgG (Sigma M9942) at
1:200, goat anti-DCX (C-18) IgG (Santa Cruz Biotechnology SC8066) at 1:200, rabbit-anti TUJ1
IgG (Sigma T2200) at 1:100, mouse anti-O4 IgM (R&D Systems MAB1326) at 1:100, or mouse
anti-GFAP 1gG (Sigma G9269) at 1:200 with all antibodies prepared in 1% BSA in PBS.
Secondary antibodies donkey anti-mouse 1gG Alexa Fluor 555, donkey anti-goat 1gG Alexa
Fluor 555, donkey-anti rabbit IgG Alexa Fluor 555, donkey anti-mouse 1gG Alexa Fluor 488,
and goat anti-mouse IgM heavy chain Alexa Fluor 555 (Thermo Fisher Scientific A31570,
A21432, A21206, A21202, A21426) were diluted 1:200 in 1% BSA.

For fate analysis, at least 3 independent sets of NSPCs derived from 3 different litters
were analyzed using manual counting software built into ImageJ. The percentage of cells that
differentiated into double-positive MAP2/DCX or MAP2/TUJ1 neurons with neurite lengths of
at least 3 times the length of the soma was calculated from 5 randomly selected fields per
experiment with more than 1000 cells counted per experimental group in each of the 3
independent experiments, so over 3000 cells per group. The percentages of GFAP-positive
astrocytes were calculated from randomly selected fields of cells adjacent to the sphere
attachment site but not from the dense cells within the sphere since cell density and cell death
affect astrocyte GFAP reactivity. Cells expressing GFAP in a filamentous cytoskeletal pattern
were counted as astrocytes and 3000 or more cells per experimental group were analyzed.

RNA isolation, array, and gRT-PCR analysis
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NSPC or E12 cerebral cortex total RNA was isolated using the Aurum total RNA
isolation kit (Bio-Rad Laboratories), and cDNA was synthesized using M-MLV reverse
transcriptase (Promega) in the S100 Thermal Cycler (Bio-Rad) after which the enzyme was heat
inactivated at 95° C for 5 min. cDNA generated from E12 and E16 NSPC total RNA was
analyzed using the RT? Profiler PCR Array (Qiagen) for 84 glycosylation-related genes in
mouse. Function of glycosylation enzymes is listed in Tables 3.S1, 3.52, 3.S3(72, 73).

Analysis of glycosylation enzyme expression was performed using TagMan probe-based
gene expression assays with the Tagman universal PCR master mix (Life Technologies 4304437)
and commercially available Tagman high specificity probes. Tagman probes used for gRT-PCR
analysis included mouse actin (Mm00607939 s1), 18s (Mm0392899 g1), Man2al
(MmO00484781_m1), Man2a2 (Mm00556618_m1), Mgatl (Mm01288784_m1), Mgat5
(MmO01291751_m1), Fut8 (Mm00489789_m1), Stégall (Mm00486119 m1), St8sia2
(MmO0131039 _m1), St8siad4 (Mm01292231_m1) all from Life Technologies. In experiments
analyzing astrocyte progenitor marker expression, gRT-PCR was performed using short
oligonucleotide DNA primers customized through NCBI’s Primer-BLAST (ordered from IDT)
(see Table 3.S4) and PowerUp™ SYBR® Green Master Mix (Thermo Fisher Scientific). All
gRT-PCR experiments were performed using the ABI Viia7 instrument, and data was exported
from the ABI Viia7 software. Data from the PCR arrayTagman, and SYBR green assays were
analyzed by the comparative cycle (Ct) method (74). The PCR array C: experimental data was
normalized to internal array controls. The Tagman assay data utilized 18s or actin to normalize
the experimental C; values. The SYBR green assay used GAPDH as the reference gene. Where
indicated, gene expression was further normalized to RNA isolated from whole E12 cerebral

cortex or in vitro NSPC samples as indicated
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RNA sequencing and analysis

RNA was isolated from suspended E12 mouse NSPC cultures from three separate litters
using the Bio-Rad RNA Isolation Kit (Genicity, Irvine, CA, USA; G00065). Genomic DNA
contamination of all RNA samples was assessed by using qRT-PCR for mouse 18S and GAPDH
with and without reverse transcriptase and found to be insignificant. cDNA for gRT-PCR was
synthesized using M-MLYV reverse transcriptase (Promega). Total RNA was further monitored
for quality control using the Agilent Bioanalyzer Nano RNA chip and Nanodrop absorbance
ratios for 260/280nm and 260/230nm.

RNA library preparation and sequencing was performed at the UCI Genomics Core.
Library construction was performed according to the Illumina TruSeq mRNA stranded protocol.
The input quantity for total RNA was 250ng and mRNA was enriched using oligo dT magnetic
beads. The enriched mRNA was chemically fragmented for five minutes. First strand synthesis
used random primers and reverse transcriptase to make cDNA. After second strand synthesis the
double-stranded cDNA was cleaned using AMPure XP beads and the cDNA was end repaired
and the 3’ ends were adenylated. Illumina barcoded adapters were ligated on the ends and the
adapter ligated fragments were enriched by nine cycles of PCR. The resulting libraries were
validated by gPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip. The
concentrations for the libraries were normalized and the libraries were multiplexed together. The
concentration for clustering on the flowcell was 12.5 pM. The multiplexed libraries were
sequenced on one lane using single read 100 cycles chemistry for the HiSeq 2500. The version of
HiSeq control software was HCS 2.2.58 with real time analysis software, RTA 1.18.64.

For sequence mapping and bioinformatic analysis, RNA-Seq data was processed as

described previously (75). All bioinformatics analyses were conducted using the Galaxy platform
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(76). Reads were aligned to the mouse NCBI37/mm9 reference genome with the TopHat
program (77) using most default parameters. Alignments were restricted to uniquely mapping
reads with two possible mismatches permitted. RPKM (reads per kilobase pair per million
mapped reads) were calculated as described (78) for mm9 RefSeq genes using the SeqMonk
program (http://www.bioinformatics.babraham.ac.uk/projects/segmonk/). mMRNA RPKMs were
derived by counting exonic reads and dividing by mRNA length.

Membrane preparation and MALDI-TOF Mass Spectroscopy

Approximately 7x10” NSPCs were washed with PBS containing 0.6% glucose twice.
Cells were suspended in an ice-chilled hypotonic solution (1x PBS diluted 1:10) containing
AEBSF and leupeptin protease inhibitors and lysed by freeze-thaw cycling between a dry
ice/ethanol bath and 37° C water bath. The sample was centrifuged at 75 x g for 15 min at 4°C to
remove nuclei, large organelles, and unlysed cells. The supernatant was collected and further
centrifuged at 100,000 x g for 1 hour at 4° C using a Beckman Ultracentrifuge (rotor TL110).
The pellet containing the cell membrane fraction was isolated and sent to the Glycotechnology
Core Facility of the Glycobiology Research and Training Center at the University of California,
San Diego where MALDI-TOF Mass Spectroscopy was performed as described by Lee et al.
(79). Glycan species were obtained from E12 and E16 NSPCs and the total intensity measured
for each glycan structure was analyzed. N-glycan species formed by core branching
glycosylation enzymes were grouped according to the number of branches emanating from the
core structure (1 to 4) and each group compared between E12 and E16 NSPCs. N-glycan species
containing sialic acid or fucose residues were grouped to compare sialic acid or fucose
containing N-glycans between E12 and E16 NSPCs.

Flow cytometry
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Live E12, E16, GIcNAc-treated E12 NSPCs, or DEP sorted cells from E12 NSPCs were
dissociated using NeuroCult and washed 3 times with 5% BSA in PBS. For labeling with lectins,
300,000 cells were re-suspended in 20 pg/mL FITC-conjugated lectin Phaseolus vulgaris
leukagglutinin (L-PHA), 20 pg/mL FITC-conjugated lectin Lens culinaris agglutinin (LCA), or
40 pg/mL FITC-conjugated Sambuca nigra lectin (SNA) (Vector Labs) in 1% BSA and
incubated in the dark at 4° C for 1 hour. After washing 3 times with 1x PBS, cells were re-
suspended in PBS containing 3 uM propidium iodide, which was used to exclude non-viable
cells for analysis. For antibody labeling, cells were re-suspended in 1% BSA with unconjugated-
monoclonal antibody against PSA-NCAM (clone 2-2B, Millipore MAB5324) and incubated at 4°
C for 30 min. Following washes in 1% BSA, cells were incubated in the dark at 4° C for 30 min
with donkey-anti mouse IgM Alexa Fluor 594 (Jackson ImmunoResearch 715-585-140). Cells
were additionally stained using the Zombie Green™ Fixable Viability Kit (BioLegend) to
exclude non-viable cells in analysis. All cells were analyzed on a BD LSR Il flow cytometer, and
the data was collected using the BD FACSDIVA software. All data analysis was performed
using FlowJo v10.1.

DEP-based sorting of NSPCs

Mouse NSPCs were dissociated prior to sorting by dielectrophoresis (DEP) with non-
enzymatic NeuroCult as described above. Dissociated cells were resuspended in DEP buffer, an
iso-osmotic solution consisting of 8.5% (w/v) sucrose, 0.3% (w/v) glucose, and adjusted to a
final conductivity of 110 uS/cm via addition of RPMI-1640 medium (5, 6). DEP buffer
conductivity was measured with a conductivity meter (Thermo Orion, Beverly, MA). The final

cell concentration was adjusted to 1x108 cells/mL for all DEP experiments.
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The DEP device used for sorting experiments was fabricated as previously described and
appropriate sorting parameters were used so that DEP had no effect on NSPC survival,
proliferation or differentiation potential (5, 11). Prior to DEP sorting, the DEP multi-well device
was sterilized by UV light for 30-45 minutes, followed by washing with 70% EtOH (v/v), mQ
H20, 0.05% trypsin-EDTA (v/v), and DEP buffer in sequential order in a sterile biosafety
cabinet. Dissociated cells resuspended in DEP buffer were added to each well (60x10° cells per
well) followed by a 10 minute incubation to ensure settling of all cells to the bottom of the wells.
This was done to make sure the majority of cells were in close proximity to the electrodes. Cells
were sorted by applying an AC electric field using a function generator AFG320 (Tektronix,
Beaverton, OR) with 3 Vpeak-peak at 100 kHz (sorting frequency) for 5 minutes while 3 washes
with DEP buffer removed cells not attracted to the electrodes. Control samples include cells
exposed to 1 MHz (control frequency) for 5 minutes, since this frequency exposes cells to DEP
but does not sort the cells, or cells incubated in DEP buffer without application of the electric
field. Cells from these two controls did not differ in any of the analyses. Cells were collected and
either processed for RNA analysis or flow cytometry as described above or plated in
proliferation medium in 4mm diameter PDMS microwells that were contact bonded to glass
coverslips that were subsequently coated with pDL/laminin as previously described (10). After
24 hours, the medium on the plated cells was switched to differentiation medium and cells were
differentiated for 5 days prior to immunocytochemistry with anti-GFAP as described above.

DEP-based capacitance and cell size measurements

NSPCs were dissociated and suspended in DEP buffer as described above. DEP-based
membrane capacitance measurements were obtained using the DEP-Well system, as described

previously (9, 80). The DEP-Well was observed using a Nikon inverted microscope equipped
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with a 1.3 Mpixel video camera, and the change in light intensity across the well over time was
determined using a MATLAB (The Mathworks Inc, Natick, MA) script. The well was energized
with frequencies ranging from 1 kHz—-20 MHz at 5 points per decade. Using MATLAB, light
intensity measurements were fit to the single shell model (81) and the best-fit model (minimum
line correlation coefficient 0.98) was used to determine the specific membrane capacitance
(Cspec). Cell diameters were measured using ImageJ to analyze phase contrast microscopy
images of trypan blue excluding cells in a hemocytometer.

Brain tissue section analysis:

Developing CD-1 mice embryos were collected at embryonic days E10, E12, E16, and
E18. The whole embryo was collected for E10 embryos, the head for E12 embryos, and the brain
dissected out at E16 and E18. Tissue was placed in 4% paraformaldehyde (PFA) for
approximately 18 hours at 4°C then transferred to 30% sucrose in PBS until the tissue was no
longer floating. For some antibodies (Sox1, Sox2), tissue was fixed in 4% PFA, 2% saponin for 2
hours at 4°C. Tissue was quickly frozen in Optimal Cutting Temperature (OCT) compound
(Tissue-Tek) and stored at -80°C prior to sectioning. Cryosections (20 um) were taken along the
sagittal plane using a Leica research cryostat (Leica CM3050 S) and mounted on SuperFrost
glass slides. Sections were washed with PBS and blocked for 20 min at room temperature with
3% BSA in PBS for lectin histochemistry or 5% donkey serum in PBS for antibody staining,
with both solutions containing 0.1% Triton-X 100. For lectin staining, sections were incubated
with diluted lectin in blocking solution for 1 hour at room temperature in a humidified chamber.
For antibody staining, sections were incubated with primary antibody in blocking solution for 18
hours at 4°C in a humidified chamber then with secondary antibody for 1 hour at room

temperature. All sections were counterstained with Hoechst 33342 nuclear dye (Thermo Fisher
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Scientific) and mounted using VectaShield (Vector Labs). Lectins included FITC-conjugated
lectin Phaseolus vulgaris leukagglutinin (L-PHA) at 20 pg/mL (Vector Labs). Primary
antibodies included goat anti-Sox1 1gG (Santa Cruz Biotechnology SC17318) at 1:50, goat anti-
Sox2 IgG (Santa Cruz Biotechnology SC17320) at 1:200, goat-anti DCX (C-18) IgG (Santa Cruz
Biotechnology SC8066) at 1:200, mouse anti-MAP2 IgG (Sigma M9942) at 1:200. Secondary
antibodies included donkey anti-mouse Alexa Fluor 555 and donkey anti-goat Alexa Fluor 555
(Thermo Fisher Scientific A31570 and A21432) at 1:500. Images of the developing dorsal
forebrain surrounding the lateral ventricle were taken using a Nikon Eclipse Ti-E fluorescent
microscope at 20x magnification and the NIS image capturing software. The cortical plate (CP)
and ventricular zone/subventricular zone (VZ/SVZ) were distinguished by MAP2/DCX for
neurons in the CP and Sox1/Sox2 staining for NSPCs in the VZ/SVZ. A measuring box
generated in ImageJ was used to quantify the average signal intensity in 10 randomly selected
areas within each of the given regions and lectin-stained blood vessels were excluded from
analysis. Maximum and minimum intensity values were recorded for each analyzed box and the
minimum value was subtracted from the maximum to control for variations in staining intensity
across different staining batches. One brain from a litter represented one biological repeat and at
least 3 brains were analyzed for each embryonic stage.

Statistical Analysis:

Statistical analysis used Prism v6 software (GraphPad). Comparison of two samples
utilized 2-tailed unpaired Student’s t-tests except for qRT-PCR data obtained from E12 NSPCs
and sorted cells, which was analyzed by a paired sample t-test since the same sample was
measured before and after sorting. Data sets containing more than two samples were analyzed by

one-way ANOVA. A Dunnett’s post hoc correction was applied for the GIcNAc dose response
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experiments to compare all GIcNAc treatment groups to the untreated control and a Tukey’s post

hoc correction was applied for all other multiple comparisons.

3.6 AUTHOR CONTRIBUTIONS

LAF, ARY, JLN conceived and designed the experiments. ARY, JLN, KRL, SNA, JA,
AYLJ, LPM performed experiments. ARY, JLN, KRL, SNA, JA, GAB analyzed data. APL,
ESM, MD provided expert advice. ARY, JLN, LAF wrote the manuscript. LAF supervised,

supported the study, and finalized the manuscript.

3.7 ACKNOWLEDGEMENTS

This work was supported in part by NSF CAREER Award 10S-1254060 (LAF), NIH
NINDS T32 NS082174 (predoctoral fellowship to AY), CIRM RT1-01074 (LAF) and CIRM
Bridges to Stem Cell Research at California State University, Fullerton TB-01181 (SNA), NIH
NCRR and NCATS through Grant UL1 TR001414 (Pilot Grant to LAF), a Collaborative
Multiple Sclerosis (MS) Research Center Award from the National MS Society (MD), the Sue &
Bill Gross Stem Cell Research Center at University of California, Irvine, and a gift by Pearl Tze

Hosfiel and Keith Hosfiel.

95



3.8 SUPPLEMENTAL MATERIAL

3.8.1 Supplemental Figures
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Figure 3.51. Analysis of E12, E16, and sorted astrocyte-biased NSPCs. (A) Analysis of N-
glycan branching enzyme gene expression by gRT-PCR indicates higher levels of expression in
E16 compared to E12 NSPCs (Mgatl, p=0.015, unpaired Student’s t-test). Values for E12 and
E16 NSPCs are relative to E12 cortex (see Supplemental Experimental Procedures). (B) Plasma
membrane N-glycans of E12 and E16 NSPCs analyzed by MALDI-TOF mass spectrometry
reveal differences in numbers of GICNAc residues attached to the trimannosyl core (referred to
here as branches). One branch corresponds to mono-antennary GIcNAc structures and 2 branches
to bi-antennary structures. Three branches correspond to either tri-antennary structures or bi-
antennary sugars also containing a bisected GIcNAc. Four branches correspond to either tetra-
antennary structures or tri-antennary sugars also containing a bisected GIcNAc. E12 NSPCs
contain more 1 or 2 branched N-glycans while E16 NSPCs have more with 3 or 4 branches
(n=1). (C) Flow cytometry analysis with lectin L-PHA to detect cell surface highly branched N-
glycans indicates similar levels of these structures on E12 and E16 NSPCs, with a trend toward
higher levels on E16 cells. Data is represented as mean fluorescence intensity (MFI). (D)
Analysis of astrocyte progenitor marker expression by qRT-PCR indicates higher levels of
expression in E16 compared to E12 NSPCs (Asef, p=0.0300; Glast, p=0.0234; Egfr, p=0.0311;
unpaired Student’s t-test). Values for E12 and E16 NSPCs are relative to an independent E12
NSPC sample. (E) Unsorted and DEP-sorted E12 NSPCs were immunostained for GFAP. No
GFAP expression was observed in undifferentiated unsorted controls or sorted cells. More
GFAP-positive cells were observed in the differentiated sorted sample compared to control
NSPCs. All error bars represent standard error of the mean. N=3 or more independent biological
repeats unless otherwise noted, (*p<0.05).
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Figure 3.S2. Characterization of NSPC sialic acid. (A) qRT-PCR gene expression analysis of
transcripts encoding sialic acid modifying enzymes indicates higher expression of St8sia2 and
St8sia4 in E12 compared to E16 NSPCs (St8sia2, p=0.007, St8sia4, p=0.0072, unpaired
Student’s t-test). There was no difference in Stégall expression between the two cell
populations. Values for E12 and E16 NSPCs are relative to those of E12 cortex. (B) Analysis of
plasma membrane N-glycans from E12 and E16 NSPCs by MALDI-TOF mass spectrometry
shows more sialic acid modified N-glycans on E12 than E16 NSPCs (n=1). (C) Flow cytometry
analysis with lectin SNA to detect cell surface sialic acid containing N-glycans modified by
ST6GALL indicates similar levels of these structures on E12 and E16 NSPCs. Data is
represented as mean fluorescence intensity (MFI). (D) Flow cytometry analysis of PSA-NCAM
indicates a non-significant lower (p=0.0891) expression of PSA-NCAM on E16 NSPCs
compared to E12 NSPCs. Data represented as MFI. (E) Expression of the sialic acid modifying
enzyme St8sia2 analyzed by gRT-PCR indicates similar levels in control and sorted astrocyte-
biased NSPCs. Values for E12 NSPCs and sorted cells are relative to those of E12 cortex. (F)
Flow cytometry analysis of PSA-NCAM indicates similar levels between control and sorted
cells. All error bars represent standard error of the mean. N=3 or more independent biological
repeats unless otherwise noted, (**p<0.01).
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Figure 3.S3. Characterization of NSPC core fucose glycosylation. (A) gRT-PCR gene
expression analysis of transcripts encoding the Fut8 enzyme that adds core fucose indicates
similar levels in E12 and E16 NSPCs. Values for E12 and E16 NSPCs are relative to those of
E12 cortex. (B) Plasma membrane N-glycans of E12 and E16 NSPCs analyzed by MALDI-TOF
mass spectrometry show similar amounts of core fucose modified N-glycans on E12 and E16
NSPCs (n=1). (C) Flow cytometry analysis with lectin LCA to detect cell surface core fucose
containing N-glycans indicates similar levels of these structures on E12 and E16 NSPCs. Data is
represented as mean fluorescence intensity (MFI). (D) Expression of Fut8 analyzed by gRT-PCR
indicates similar levels in control and sorted E12 NSPCs. Values for E12 NSPCs and sorted cells
are relative to those of E12 cortex. All error bars represent standard error of the mean. N=3 or
more independent biological repeats unless otherwise noted.
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Figure 3.54. Identification of the VZ/SVZ and CP during embryonic cortical development.
(A) Schematic representing the layers of the developing cerebral cortex depicts the VZ and CP at
E12 and the VZ/SVZ, IZ, and CP at E16. Stem and progenitor cells in the VZ/SVZ are shown in
blue, migrating cells in the IZ are in red, and the differentiated cells of the CP are in green. (B)
Sagittal sections of the E12 mouse embryonic cortex were stained with antibodies to SOX1 to
identify NSPCs and define the borders of the VZ. (C) E12 sagittal sections stained with
antibodies to MAP?2 to identify differentiated neurons define the borders of the CP. (D)
Similarly, DCX antibodies detect differentiated neurons in the E12 CP. (E) Sagittal sections of
the E16 mouse embryonic cortex were stained with antibodies to SOX2 to mark the NSPCs of
the VZ/SVZ. (F) MAP2 staining of E16 sagittal sections marks the differentiated neurons in the
CP; note the intervening IZ between the VZ/SVZ and CP at E16. All cell nuclei were labeled
with Hoechst stain.
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Figure 3.S5. Labeling of the E10 to E18 developing cerebral cortex with lectin L-PHA to
detect highly branched N-glycans. Lectin L-PHA indicates the presence of highly branched
tetra-antennary N-glycans in sagittal sections of the developing embryonic cerebral cortex at
E10, E12, E16, and E18. Dotted lines denote the boundaries between the NSPC niches (VZ in
E12 and VZ/SVZ in E16) and regions containing more differentiated cells, the cortical plate (CP)
and migrating progenitors, intermediate zone (1Z). Solid lines indicate the outer boundaries of
the CP and 1Z. Arrowheads point to blood vessels, which stain strongly for L-PHA and were
excluded from quantitative analysis. More intense L-PHA staining is evident in the E16 and E18
NSPC niche (VZ/SVZ) than the E10 or E12 niche (VZ). Right hand panels are corresponding
Hoechst stained nuclei for each panel on the left.
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Figure 3.S56. Whole field images of GFAP-positive cells. Images of GFAP-positive astrocytes
differentiated from E12 NSPCs indicate the zones of cells used for analysis (dashed boxes) to
avoid high cell density regions (left side of each image). Cells were untreated or treated with 80
mM GIcNAc during proliferation, throughout proliferation and differentiation, or during
differentiation (see Figure 3.6A). All cell nuclei were labeled with Hoechst.
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Figure 3.57. GIcNAc treatment decreases oligodendrocyte formation from E12 mouse
NSPCs. (A) E12 NSPCs treated with 80 mM GIcNAc during 3 days as undifferentiated cells and
for an additional 7 days during differentiation generated fewer oligodendrocytes stained with O4
(green) than control NSPCs (0 mM, untreated). Some non-specific globular signal was present in
all samples and was excluded from analysis. All nuclei were labeled with Hoechst (blue). (B)
The percentage of O4-positive oligodendrocytes formed from E12 NSPCs decreases with
increasing GIcNAc concentration (one-way ANOVA, p=0.0222). Post hoc analysis by Dunnett’s
test indicates significant decrease in oligodendrocyte formation after supplementation with 80
mM GIcNAc (p=0.0161) compared to untreated E12 NSPCs. (C) E12 NSPCs were treated with
80 mM GIcNAc in the proliferation stage (Prolif, 3 days), throughout both proliferation and
differentiation stages (Through, 10 days), or during the differentiation stage (Diff, 7 days). The
percentage of O4 positive oligodendrocytes was significantly decreased when NSPCs were
treated with GICNAc during the proliferation stage or throughout both stages (Untr v Prolif
p=0.0383, Untr v Through p=0.0144, one-way ANOVA, Tukey post hoc for multiple
comparisons) but not the differentiation stage, suggesting an effect on undifferentiated NSPCs
but not differentiated cells. All error bars represent standard error of the mean. N=3 or more
independent biological repeats, (*p<0.05).
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3.8.2 Supplemental Tables

Table 3.S1: N-glycosylation enzymes of E12 and E16 NSPCs. Bolded enzymes represent
expression difference greater than 1.2-fold.

Enzyme E16 fold Function
over E12
Man2a?2 1.6935 Removes mannose from N-glycans to initiate complex branching
Fut8 1.5476 Adds a1-6 linked fucose to first GICNAc on N-glycan core
B3gnt2 1.5476 Involved in the formation of poly-N-acetyllactosamine
St6gall 1.5263 Adds a2-6 linked sialic acid to galactose residues
Man2al 1.2924 Removes mannose from N-glycans to initiate complex branching
B4galt5 1.2483 Adds galactose to N-glycans
Mgat5 1.2142 Adds B1-6 linked GIcNAc on highly-branched N-gycans
Prkcsh 1.1810 B-subunit of glucosidase 11
Mgatl 1.1567 Adds first B1-2 linked GIcNAc to form hybrid and complex N-glycans
Ganab 1.1408 A-subunit of glucosidase I1; cleaves glucose from immature N-glycans in the ER
B4galtl 1.0000 Adds galactose to GICNAc residues on branched N-glycans
St3gal2 1.0000 Adds 02-3 linked sialic acid to galactose
B3gnt4 0.9931 Biosynthesis of poly-N-acetyllactosamine
Mgat2 0.9794 Adds second B1-2 linked GIcNAc to form di-antennary N-glycans
Manlbl 0.9659 Removes mannose from N-glycans
B4galt3 0.9461 Adds first galactose for poly-N-acetyllactosamine chains
0.9395 Removes mannose from N-glycans necessary to initiate biosynthesis of branched N-
Manla2 ' glycans
Mogs 0.9013 Cleaves glucose from mannose in early N-glycan processing
Mgat4b 0.8888 Adds B1-4 linked GIcNAc on highly-branched N-gycans
Mgatda 0.8526 Adds B1-4 linked GIcNAc on highly-branched N-gycans
Manlcl 0.8011 Removes mannose from N-glycans
Futll 0.7792 a1-3 fucosyltransferase
B4galt2 0.7423 Involved in the formation of poly-N-acetyllactosamine
St8sia4 0.5664 Also known as PST, biosynthesis of polysialic acid
Mgat3 0.5471 Adds B1-4 linked GIcNAc to form bisected N-glycans
St8sia2 0.2755 Also known as STX, biosynthesis of polysialic acid
B3gnt8 low expr Elongates branched N-glycans, strong activity toward tetra-antennary N-glycans
Removes mannose from N-glycans necessary to initiate biosynthesis of branched N-
Manla low expr glycans
Mgat4c low expr Adds B1-4 linked GIcNAc on highly-branched N-gycans
St8sia3 low expr Biosynthesis of polysialic acid
B3gnt3 not expr Involved in the formation of poly-N-acetyllactosamine
Man2bl not expr Removes mannose from N-glycans
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Table 3.52: O-glycosylation enzymes of E12 and E16 NSPCs. Bolded enzymes represent
expression difference greater than 1.2-fold.

Enzyme E16 fold Function or possible function based on homology
over E12
Adds galactose to pre-existing O-linked GalNAc on serine/threonine (S/T)
Galnt7 1.74 residues
Galnt4 1.65 Adds initial GalNAc onto S/T in mucin-type O-glycans
Pofut2 1.37 Generates O-fucosylated proteins
Pomtl 1.23 Works with Pomt2 to generate O-mannose glycans
Adds initial GICNAc to S/T to generate cytoplasmic and nuclear O-GIcNAc
Ogt 1.19 glycans
B3glct 1.1567 Transfers glucose to O-linked fucosy! glycans
Pomgntl 1.07 Adds GIcNAc onto O-mannose glycans
Galntl 1.06 Adds initial GaINAc onto S/T for mucin type O-glycans
St6GalNAcl 1.0479 Adds sialic acid to galactose residues of O-linked sugars
Pomt2 1 Works with Pomt1 to generate O-mannose glycans
Galntl1 0.97 Initiates biosynthesis of O-linked GalNAc glycans
Galnt2 0.97 Initiates biosynthesis of O-linked GalNAc glycans
Clgaltlcl 0.97 Chaperone necessary for C1galtl and core 1 O-glycan synthesis
Clgaltl 0.93 Generates the core 1 O-glycan structure
Galnt10 0.87 Adds initial GaINAc onto S/T for mucin type O-glycans
Pofutl 0.85 Adds initial fucose to S/T to generate O-fucosylated proteins
Whscrl7 0.84 Initiates biosynthesis of O-linked GalNAc glycans
Galntl16 0.81 Adds initial GaINAc onto S/T in mucin-type O-glycans
St3gall 0.79 Adds sialic acid to galactose residues of O-linked sugars
Galntl3 0.68 Adds initial GaINAc onto S/T in mucin-type O-glycans
Mgat5b 0.48 Adds GIcNAc to mannose to generate branched O-mannose glycans
Galnt12 low expr Initiates biosynthesis of O-linked GalNAc glycans
Galntl4 low expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Galnt3 low expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Galnt9 low expr Adds initial GaINAc on S/T in mucin-type O-glycans
Gentl low expr Generates the core 2 O-glycan structure
St8siab low expr Biosynthesis of polysialic acid on O-glycans
Adgnt low expr Transfers GICNAc to core 2 O-glycans to form type 111 mucins
Galntb not expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Galnt6 not expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Galntl5 not expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Galntleé not expr Adds initial GaINAc onto S/T in mucin-type O-glycans
Gent3 not expr Involved in biosynthesis of core 2 and core 4 O-glycans of mucins
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Table 3.S3: Enzymes of E12 and E16 NSPCs involved in endoplasmic reticulum (ER)
quality control, targeting of enzymes to lysosomes, or lysosomal degradation of glycans.
Bolded enzymes represent expression difference greater than 1.2-fold.

Enzyme E16 fold Function
over E12
Manba 1.8921 Lysosomal mannosidase
Hexa 1.7901 A-subunit of lysosomal enzyme that degrades GM?2 ganglioside
Aga 1.7532 Lysosomal enzyme; cleaves GIcNAc-Asn linkage on N-linked glycoproteins
Fucal 1.2924 Lysosomal enzyme; degrades fucose containing glycoproteins
Cleaves GIcNAc from mannose; involved in lysosomal enzyme trafficking
Nagpa 1.2746 from Golgi to lysosome
Uggtl 1.2142 Re-glucosylates N-glycans of misfolded proteins in the ER
Participates in ER-associated degradation (ERAD) by cleaving mannose residues
Edem3 1.1567 from N-glycans
Participates in ERAD by cleaving mannose residues from N-glycans and targets
Edeml 1.1408 misfolded glycoproteins for degradation
Uggt2 1.0718 Re-glucosylates N-glycans of misfolded proteins in the ER
Hexb 1.0497 B-subunit of lysosomal enzyme that degrades GM2 ganglioside
Glbl 1.014 Lysosomal enzyme; involved in degradation
Neu3 1.0070 Plasma membrane sialidase
Neul 0.9862 Lysosomal sialidase
Edem?2 0.9461 Participates in ERAD by trimming mannose in the ER
Fuca2 0.9138 Lysosomal enzyme, degrades fucose containing glycoproteins
Gnptg 0.9075 Generates glycans necessary for trafficking lysosomal enzymes to lysosome
Gnptab 0.895 Generates glycans necessary for trafficking lysosomal enzymes to lysosome
Neu4 low expr Lysosomal sialidase
Neu?2 not expr Cytoplasmic sialidase
Table 3.54: DNA primers for gqRT-PCR.
Gene Forward Primer (5’ 3°) Reverse Primer (5 = 3°) Expected
length (bp)
Asef (probe | TCTCCAGAGTCTCCGCATCTTC GTGGCATCCATCACTTCGATG 353
1)
Asef (probe | GAGGAGGTGGAGAGCAACTG GCGGTAGATGTCCTCGATGTTC 484
2)
Slcla3 TTTCTCTCTAGGGGCAGGCT CAGAAGGGAGGGCCTCTAGT 140
(GLAST)
Egfr TCTTCAAGGATGTGAAGTGTG TGTACGCTTTCGAACAATGT 145
GAPDH ATACGGCTACAGCAACAGGG GCCTCTCTTGCTCAGTGTCC 105
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4.1 ABSTRACT

N-linked glycans attached to cell surface proteins come in a variety of different
configurations that impact protein folding, trafficking, and function and can thus alter a cell’s
behavior and perception of its environment. N-glycans undergo a modification known as
“branching” that can directly alter receptor retention at the cell surface as well as modulate
ligand affinity. Increasing the expression of highly branched N-glycans on neural
stem/progenitor cells (NSPCs) alters fate-specific electrophysiological properties, reduces
neurogenesis and increases astrogenesis. However, the specific N-glycan configurations that
impact NSPC fate decisions are unknown. We hypothesized that modulating glycosylation
enzymes to reduce N-glycan branching would influence NSPC fate potential. We report that
blocking an early enzyme in the branching pathway did not alter the differentiation of NSPCs.
However, targeting the enzyme that produces the most highly branched N-glycans in mammalian
cells, MGATS5, did impact NSPC fate. NSPCs lacking MGATS5 had significantly reduced N-
glycan branching and generated more neurons and fewer astrocytes in vitro. MGATD5 plays a
significant role in neural development in vivo since mice lacking MGATS5 generated more
NeuN-labeled mature neurons, but fewer cells in the cortex overall and less neurons in both
upper and deep layers. These data identify MGATS as a significant contributor to NSPC fate
potential and development in the neural lineage and define a novel role for N-glycosylation

branching in neural development and NSPC differentiation.
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4.2 INTRODUCTION

Glycosylation is a major post-translational modification in which enzymes attach sugar
molecules, known as a glycans, to target conjugates such as proteins or lipids (1). Glycosylation
patterns expressed across the CNS change during development and impact a variety of different
functions such as cell maturation, neuronal migration, axonal targeting, and synapse formation
(1-7). Defects in N-glycans lead to a variety of diseases termed congenital disorders of
glycosylation (CDGs), many of which include neurological symptoms such as psychomotor and
mental retardation, seizures, or paralysis (8-11).

How N-glycosylation may affect neural stem cells is not fully understood since this
process affects a wide variety of signaling modalities across the cell surface. LewisX, a terminal
N-glycan modification produced by the glycosylation enzyme FUT9, has been shown to impact
human neural stem/progenitor cell (NSPC) proliferation by interacting with the Notch signaling
pathway (12). The mitogenic activation of adult hippocampal NSPCs by FGF2 is dependent on
the N-glycosylated form of the secreted protein cystatin C (CCg), which is secreted by NSPCs,
but most predominantly those found within the adult SVZ (13). Polysialic acid found on neural
cell adhesion molecule (PSA-NCAM) is necessary for proper migration of immature neurons (2,
3, 14), but there is some evidence that it could also impact NSPC fate potential. PSA-NCAM
deficient NSPCs isolated from embryonic cortices are more susceptible to glial formation when
stimulated by PDGF (15). On the other hand, degradation of PSA by EndoN from hippocampal
adult NSPCs induced neuronal differentiation in vivo and in vitro (16). Galectins, proteins that
bind to N-glycan epitopes, have been implicated in astrocyte maturation and suppression of
neurogenesis within the adult hippocampus (17, 18). Additionally, Galectin-3 has been shown to

induce oligodendrocyte differentiation and maturation from local oligodendrocyte progenitor
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cells to maintain myelin integrity. Furthermore, galectin-3 deficient adult NSPCs had reduced
commitment to the oligodendritic lineage (19). A glycomic study revealed astrocytes express less
bisected N-glycans compared to neurons when differentiated from pluripotent stem cells
suggesting differences in N-glycan branching can potentially reflect the fate potential of NSPCs
(20).

N-linked glycosylation begins by covalently linking glycans to an asparagine residue of a
translated polypeptide in the endoplasmic reticulum. Enzymes in the Golgi add and remodel
sugars on proteins that eventually reside on the cell surface or are secreted from cells. N-glycans
share a common processing pathway in which additional sugars can be added to form what is
known as complex branches (21-24). N-glycan branching is essential for proper CNS
development since reducing the expression of enzymes that generate branched N-glycans results
in severe developmental issues. For example, deficiency of MGATL1 causes failure in neural tube
closure and is embryonic lethal (25, 26); neuron-specific deletion of MGAT1 results in early
postnatal lethality due to spontaneous neuronal apoptosis (27). Deletion of MGAT?2 in animals
mimics symptoms of patients with CDG lla and causes premature death; symptoms include
psychomotor retardation and cognitive deficits (28).

We previously reported that increased N-glycan branching induced by N-
acetylglucosamine (GIcNACc) treatment causes a shift in NSPC fate potential towards
astrogenesis (29). Screening for differences in glycosylation enzyme expression revealed higher
levels of expressed N-glycan branching related enzymes in astrocyte-biased NSPCs that were
either isolated from later stages of cortical development or enriched to contain more astrocyte
progenitors in the sample population (29). Additionally, we found increased expression of highly

branched N-glycans in the ventricular/sub-ventricular zone of the developing embryonic cortices
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in vivo (29). Stimulating N-glycan branching by N-acetylglucosamine (GIcNAc)
supplementation resulted in a significant shift in membrane capacitance (29). Furthermore, we
found GIcNACc treatment affected fate potential as NSPCs with increased expression of highly
branched N-glycans generated more astrocytes and fewer neurons (29). Our studies show N-
glycan branching directly impacts NSPC differentiation; however, the specific N-glycan
configurations that impact NSPC fate decisions are unknown. Here we identify that NSPCs
lacking the N-glycan branching enzyme, MGATS5, generate more neurons and less astrocytes in
vitro. Furthermore, the loss of MGATS5 spurs increased maturation of neurons early in cortical
development. However, this is accompanied by a loss of progenitor cells within the VZ/SVZ
resulting in an overall depletion of neuron production seen in both embryonic and postnatal

cortices.

4.3 RESULTS
4.3.1 Abolishing N-glycan branching by targeting early enzymes in the branching pathway
significantly alters the cell surface N-glycan landscape and does not alter NSPC fate

We previously identified that branched, complex N-glycans significantly impact the fate
potential of NSPCs (29). N-acetylglucosamine (GIcNAc) stimulates N-glycan branching in
NSPCs, causing increased expression of highly branched N-glycans on the cell surface (29).
Treating NSPCs with GIcNAc induced the formation of more astrocytes at the expense of
neurons (29). We therefore hypothesized that reducing the formation of branched N-glycans
would have the opposite effect. Specifically, we asked whether simple, high-mannose type N-

glycans correlated with the formation of neurons.
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We utilized the drug Kifunensine (Kif) to selectively inhibit alpha-mannosidase 1
(MANL1) (30), which is the enzyme responsible for cleaving excess mannose residues to initiate
N-glycan branching. This treatment was chosen to induce high-mannose N-glycans on NSPCs.
We treated embryonic day 12 (E12) mouse NSPCs with Kif doses ranging from 0.001 to 10 uM
and analyzed N-glycan branching by binding of L-PHA, a lectin used to detect highly branched
N-glycans (Supp. Fig. 4.S1A). To prevent potential side effects of Kif at too high a
concentration, we chose 0.5 uM Kif as the lowest dose to achieve ~100% reduction in L-PHA
reactivity after 4 days of treatment (Supp. Fig. 4.S1B). After 4 days, L-PHA binding was
virtually undetectable on E12 NSPCs treated with 0.5 uM Kif (Fig. 4.1A, B, Supp. Fig. 4.S1B)
whereas NSPCs treated with 80 mM GIcNAc showed increased L-PHA reactivity relative to
controls (Fig. 4.1B). Thus, 4 days of 0.5 uM Kif treatment significantly reduced the expression

of highly branched N-glycans on the surfaces of NSPCs.
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Figure 4.1. Kifunensine treatment abolishes expression of highly branched N-glycans but
does not affect neuron and astrocyte differentiation. A) Schematic representing the
experimental design. Undifferentiated E12 NSPCs in growth medium were treated with 0.5 uM
Kif for 4 days or 80 mM GIcNAc for 3 days. After treatment, cells were either dissociated for
lectin analysis by flow cytometry or allowed to differentiate for 3 days and analyzed by
immunocytochemistry. B) Flow cytometry with L-PHA lectin (MFI, mean fluorescence
intensity) indicated that N-glycan branching was significantly reduced by treatment with Kif
(p<0.0001) and enhanced by GIcNAc treatment (p=0.0154) (one-way ANOVA, Dunnett’s post-
hoc, N>3, *p<0.05, ****p<0.0001). C) Control (Untr, untreated), Kif treated and GIcNAc treated
E12 NSPCs were differentiated for 3 days and immunostained to detect neuron marker MAP2 or
astrocyte marker GFAP. All nuclei were stained with Hoechst. D) Quantitation of cells co-
expressing neuron markers MAP2 and TuJ1 indicates GIcNAc treatment significantly reduced
formation of neurons (p<0.0001) while Kif treatment did not affect neuron formation.
Quantitation of GFAP expressing cells indicates GICNAc treatment significantly increased
formation of astrocytes (p=0.0173) while Kif treatment did alter astrocyte generation (one-way
ANOVA, Tukey’s post hoc, N>3, *p<0.05, ****p<0.0001).

119



We tested whether Kif treatment affected differentiation of NSPCs by treating
undifferentiated E12 mouse NSPCs with Kif for 4 days then removing Kif and allowing the cells
to differentiate. As a comparison, we treated undifferentiated NSPCs with 80 mM GIcNAc for 3
days to increase highly branched N-glycans then removed GIcNAc and differentiated the cells.
As we found previously, NSPCs treated with GIcNAc differentiated into significantly fewer
neurons and more astrocytes compared to untreated controls (Fig 4.1) (29). In contrast, Kif-
treated NSPCs demonstrated no change in neuron or astrocyte formation (Fig. 4.1, Supp. Fig.
4.51C), indicating that disruption of MANL1 activity in E12 mouse NSPCs prior to differentiation
did not affect generation of neurons or astrocytes.

We next tested whether Kif treatment would affect differentiation of mouse NSPCs from
other developmental stages at which more astrocytes are normally formed. During development,
NSPCs in the cortex switch from neurogenesis at early embryonic stages to astrogenesis at later
stages. This developmental fate switch translates in vitro as NSPCs isolated from E12 cortices
tend to generate more neurons than astrocytes when compared to NSPCs isolated from more
mature developmental stages such as E16 (31). NSPCs in vivo express more highly branched N-
glycans detected by L-PHA at later astrogenic stages, such as E16 and E18, than they do at
earlier neurogenic stages, revealing a correlation between expression of highly branched N-
glycans and astrogenesis (29). We hypothesized that Kif treatment might have a greater impact
on cells that express higher levels of the highly branched N-glycans, such as E16 and E18
NSPCs. However, treatment of E16 and E18 NSPCs with 0.5 uM Kif did not significantly
impact neuron or astrocyte formation (Supp. Fig. 4.S2). These data indicate that blocking MAN1
in the branching pathway did not affect generation of neurons or astrocytes from NSPCs at

several stages of development.
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One possibility to Kif treatment not showing any effect in our system could be due to the
withdrawal of Kif during the differentiation process resulting in a rapid recovery of N-glycan
branching on the cell surface. In another set of experiments, NSPCs were treated with either
deoxymannojirimycin (DMJ) to inhibit MANL1 or swainsonine (SW) to block MAN2. NSPCs
were treated prior to differentiation and throughout the process of differentiation to ensure
disruption of the branching pathway in undifferentiated cells and in cells undergoing
differentiation. There was no significant difference in the formation of either neurons or
astrocytes from E12 or E16 NSPCs with these treatments (E12 MAP2: untreated 16.5% = 0.8,
DMJ 17.2% £ 1.8, SW 14.8% + 1.0) (E12 GFAP: untreated 21.3% * 3.2, DMJ 22.6% * 3.3, SW
17.5% £ 3.7) (E16 MAP2: untreated 14.4% + 0.8, DMJ 13.0% + 1.6, SW 14.5% + 1.0) (E16
GFAP: untreated 27.2% + 2.6, DMJ 28.0% * 2.1, SW 28.4% + 1.4) (N>3, all variation represent
SEM). These data confirm the findings with Kif, showing that blocking enzymes in early steps of
the N-glycan branching pathway does not alter NSPC differentiation into neurons or astrocytes
in vitro.

Several glycosylation enzymes function downstream of MAN1, so we used lectin
analysis to determine which N-glycan configurations were altered after Kif treatment. We
performed flow cytometry on GIcNAc or Kif-treated E12 NSPCs using a variety of lectins that
detect different N-glycan species (Fig. 4.2A). Treatment of E12 NSPCs with 80 mM GIcNAc
increased cell surface levels of B1-4 and B1-6 branched N-glycans detected by lectins DSL and
L-PHA without changing other N-glycan species (Fig. 4.2B). GIcNAc treatment thus specifically
enhanced the formation of highly branched N-glycans generated by the glucosaminyltransferases
MGAT4 and MGATS. In contrast to the specificity of GICNAc treatment for highly branched N-

glycans, Kif treatment induced shifts in 6 out of the 7 N-glycan species analyzed. E12 NSPCs
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treated with Kif had reduced levels of B1-4 branches (DSL), B1-6 branches (L-PHA), bisected
branches (E-PHA) and core fucose (LCA) and increased levels of high mannose (ConA) and
poly-lactosamine (LEA) (Fig. 4.2C). Terminal sialic acid residues (SNA) were not significantly
changed (Fig. 4.2C). Kif treatment therefore induces widespread changes to the cell surface N-

glycan landscape that includes, but is not limited to, the highly branched N-glycans.
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Figure 4.2. Changes to the N-glycan landscape of NSPCs after treatment with GIcNAc,
Kifunensine, or genetic disruption of MGAT5. A) Schematic diagrams of N-glycan structures
in which symbols denote particular sugar moieties. Boxed regions indicate structures recognized
by the listed lectins: concanavalin concanavalin A (ConA), Phaseolus vulgaris erythroagglutinin
(E-PHA), Datura stramonium lectin (DSL), Phaseus vulgaris leucoagglutinin (L-PHA), Lens
culinaris agglutinin (LCA), Sambucus nigra agglutinin (SNA), Lycopersicon esculentum
agglutinin (LEA). B) E12 NSPCs treated with 80 mM GIcNAc expressed significantly more
branched N-glycans detected by DSL (p=0.0001) and L-PHA (p=0.0154) lectins compared to
untreated controls (one-way ANOVA followed by Tukey’s post hoc test, N>3, *p<0.05,
***p<0.001). C) E12 NSPCs treated with 0.5 uM Kif expressed higher levels of N-glycans that
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bind to lectins ConA (p=0.0025) and LEA (p=0.04), but lower levels of those that bind to lectins
E-PHA (p=0.0002), DSL (p<0.0001), L-PHA (p<0.0001), and LCA (p=0.0011) Comparisons
between Untr, GIcNAc, and Kif were carried out by one-way ANOVA followed by Dunnett’s
post hoc test, N>3, *p<0.05, **p<0.01, ***p<0.001, ****p<0001). D) E12 NSPCs from wild-
type (WT), heterozygous (HET) and null (NULL) MGATS5 knockout mice were analyzed by
lectin staining. Both heterozygous (p=0.0004) and null (p<0.0001) NSPCs exhibited lower levels
of branched N-glycans detected by L-PHA compared to WT cells. Heterozygous NSPCs showed
an increase in polylactosamine detected by LEA (p=0.0192) (one-way ANOVA followed by
Dunnett’s post hoc test, N>3, *p<0.05, ***p<0.001, ****p<0001).
4.3.2 MGATS5 knockout specifically blocks the production of highly branched N-glycans

Enhanced N-glycan branching drives NSPC differentiation towards astrocytes at the
expense of neurons (29), but blocking the MAN1 enzyme, which is early in the branching
pathway, did not affect NSPC fate potential (Fig. 4.1, Supp. Fig. 4.S2). The balance of highly
branched N-glycans and other N-glycan species generated by enzymes downstream of MAN1
may be important for NSPC fate. We previously reported that astrocyte-biased NSPCs expressed
higher levels of Mgat5, whereas neuron-biased NSPCs have higher levels of Mgat3 , which
produces a bisected N-glycan (29). Furthermore, bisected N-glycans were upregulated on
neurons and downregulated on astrocytes differentiated from neural stem cells derived from
pluripotent stem cells (20). Taken together, a balance between branched N-glycans and bisected
N-glycans may impact fate decisions made by NSPCs. It may be that Kif treatment does not
change NSPC fate because intermediate structures such as the bisected N-glycan produced by
MGATS3, are lost with Kif disruption of MANL1 (Fig. 4.2C). Therefore, we sought an alternative
model to reduce N-glycan branching without changing the activity of other N-glycan remodeling
enzymes.

We obtained a genetic mouse model containing a lacZ gene insert within the Mgat5

coding region (32). This mutation disrupts generation of the functional MGAT5 enzyme, which

is responsible for the addition of a B1-6 modified GICNAc branch to the tri-mannosyl core of an
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N-glycan. The activity of this enzyme is selectively upregulated in the presence of excess
GIcNAc (21), causing an increase in highly branched tetra-antennary N-glycans (21, 29). We
mated heterozygous (having only one disrupted Mgat5 allele) animals to generate wild type
(WT), heterozygous (het) and null (lacking both Mgat5 alleles) littermates, genotyped each
embryo, and isolated E12 cortical NSPCs from the forebrain of each embryo.

We analyzed E12 MGAT5 WT and mutant NSPCs with lectins to assess any changes to
the cell surface N-glycan landscape. Binding of L-PHA, which detects the 1-6 N-glycan branch,
was reduced in the het cells and virtually abolished in the MGATS5 null NSPCs (Fig. 4.2D).
There was a slight increase in poly-lactosamine, detected by lectin LEA, on het NSPCs (Fig.
4.2D). Binding of the other lectins to WT, het, and null NSPCs was relatively similar (Fig.
4.2D). These data indicate that the main change to the N-glycan landscape of the MGAT5
mutant NSPCs is reduced N-glycan branching with few changes to other N-glycan
configurations. Thus, the MGATS5 knockout model provides an opportunity to decipher the
contributions of highly branched N-glycans to NSPC fate without confounding changes to other
N-glycan structures.

4.3.3. MGATS5 deficiency in vivo alters embryonic cortical neurogenesis

Changes in glycosylation patterns occur during brain development (7), and we found that
N-glycan branching increases between E12 and E18 in the VZ/SVZ, where NSPCs reside (29).
MGATS null animals appear grossly normal (24, 32), but exhibit behavioral abnormalities,
including failure to nurture pups (24) and decreased depressive-like behaviors (33, 34). MGAT5
knockout animals may have altered neural development that leads to later behavioral deficits.
We investigated whether MGATS deficiency decreases highly-branched N-glycans in the mouse

brain. We stained E16 brain sections with L-PHA lectin and found a decrease in signal intensity
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in the het brain and a marked reduction in signal in null animals (Supp. Fig. 4.S3). These data,
coupled with the lectin analysis of NSPCs from WT, het, and null animals, confirm that loss of
MGATS5 causes a specific and significant decrease in highly branched N-glycans in the brain.

Since increasing highly branched N-glycans with GICNAc treatment of NSPCs lead to a
decrease in neuron formation (29), we tested whether loss of highly branched N-glycans might
alter neuron generation in the brain. We analyzed neurons in embryonic (E16) coronal brain
sections by immunostaining for class 111 beta tubulin (TuJ1, detects all neurons) or NeuN
(detects mature neurons). There was a notable increase in class 111 beta tubulin and NeuN
expression in MGATS null cortex (Fig. 4.3A, B). We quantified NeuN-positive cells in the
cortical plate, where differentiated neurons reside, of WT and null animals and found a
significant increase in the percentage of NeuN-positive cells at 3 locations across the cortex:
medial, dorsal, and lateral (Fig. 4.3C, D). There was a significant increase in the number of
NeuN-positive cells per mm? in the dorsal cortical plate (Fig. 4.3D). We tested whether there
might be a defect in neuronal migration by measuring NeuN signal in the intermediate zone (12),
which contains newly born and migrating neurons, and VZ/SVZ, which is the NSPC niche. Very
few NeuN-positive cells were detected in the I1Z and VZ/SVZ and there was no difference across
the genotypes, indicating that MGATS5 depletion did not alter neuronal migration (Supp, Fig.
4.4). Our data show that a higher proportion of cells in the cortical plate express the mature

neuronal marker NeuN in MGATS null animals.
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Figure 4.3. MGATS5 deficiency leads to enhanced neuron production in the developing
embryonic cerebral cortex. A) E16 coronal sections of wild-type (WT) and homozygous null
brains were immunostained with TuJ1 to detect the neuronal marker class 111 beta tubulin.
Greater TuJ1 signal was evident in the null brain compared to the WT brain. B) E16 coronal
sections of WT and NULL brains were immunostained to detect the mature neuronal marker
NeuN. NeuN expression is be enhanced in the cortical plate (CP) of the MGATS null brain. C)
Quantification paradigm schematized on a WT E16 coronal section of dorsal forebrain stained
with Hoechst. Yellow lines indicate the separation of cortical plate (CP), intermediate zone (12),
and ventricular zone/sub-ventricular zone (VZ/SVZ) regions. The red boxes indicate slices from
medial, dorsal, and lateral regions of the cortex and the bolded red boxes show cortical plate
regions for analysis. D) NeuN signal was quantified in E16 brain sections as either the
percentage of NeuN expressing cells or the number of NeuN expressing cells per mm? in the
cortical plate. MGATS5 null brains displayed a significant increase in the percentage of NeuN
positive cells in the cortical plate compared to WT brains in medial, dorsal, and lateral regions
(Student’s t-test WT vs. null; medial, p=0.027; dorsal, p=0.0291; lateral, p=0.049). Similarly,
MGATS null cortices displayed significantly increased NeuN cells per mm? in the dorsal cortical
plate (two-tailed Student’s t-test WT vs. null, p=0.0310) (N>3) (*p<0.05)

We analyzed the number of cells and thickness of the embryonic cortex to determine
whether the increase in NeuN-positive cells in MGATS5 null animals changed either of these
measures. Analysis of the cortex as a whole, which included the cortical plate (CP), 1Z, and
VZ/SVZ, indicated that there were decreases in the cells/mm? in lateral cortex, decreases in
thickness of lateral and dorsal cortex, and decreases in the total number of cells in lateral and

dorsal cortex in MGAT5S null animals (Fig. 4.4). In the CP, loss of MGATD5 caused decreases in
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cellssmm? in lateral and medial CP, decreases in thickness of lateral and dorsal CP, and decreases
in the total number of cells in lateral, dorsal, and medial CP (Fig. 4.4). The 1Z of MGATS5 null
animals had decreased cells/mm? in lateral 1Z but an increase in medial 1Z, decreased thickness
of lateral and dorsal 1Z, and decreased total number of cells in lateral 1Z (Fig. 4.4). Lastly,
analysis of the VZ/SVZ indicated decreases in cells/fmm? in lateral and dorsal VZ/SVZ, no
change in thickness, and decreases in the total number of cells in lateral and dorsal VZ/SVZ (Fig.
4.4). Overall, the number of cells and thickness is decreased in the MGAT5 null brain compared
to the WT brain. These data suggest that the increase in NeuN-positive cells could be due to a
more rapid neuronal differentiation into neurons expressing mature markers that does not lead to
an overall increase in neuron numbers. We assessed this further by analyzing markers of

neuronal layers in the embryonic cortex.
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Figure 4.4. Embryonic MGATS null brains display decreased cell numbers and cortical
thickness. A) The number of cells per mm? detected by Hoechst staining was quantified across
the total cortex (combined CP, 1Z, and VZ/SVZ) and in the CP, 1Z, and VZ/SVZ individually.
The number of cells per mm? was significantly decreased in the null lateral cortex (p=0.0025),
medial (p=0.0009) and lateral (p=0.0318) CP, lateral (p=0.0442) 1Z, and dorsal (p=0.0343) and
lateral (p=0.0119) VZ/SVZ compared to WT. In contrast, MGATS5 null medial (p=0.0009) 1Z
shows higher cell density than WT. All data were analyzed by two-tailed Student’s t-test WT vs.
null, N>3, *p<0.05, **p<0.01, ***p<0.001. B) The thickness of the total cortex (combined CP,
I1Z, and VZ/SVZ) and the CP, 1Z, and VZ/SVZ individually was measured. The MGAT?5 null
brains were reduced in thickness across the dorsal (p=0.0105) and lateral (p=0.0062) total cortex,
the dorsal (p=0. 0.0001) and lateral (p=0.0172) CP, and the dorsal (p=0.0300) and lateral
(p=0.0286) 1Z compared to WT. No change in VZ/SVZ thickness was observed between WT and
null brains. All data were analyzed by two-tailed Student’s t-test WT vs. null, N>3, *p<0.05,
**p<0.01, ***p<0.001. C) The total cell number was quantified as the total number of Hoechst-
stained cells in the cortex (combined CP, 1Z, and VZ/SVZ) and in the CP, 1Z, and VZ/SVZ
individually. The total number of cells was significantly reduced in the MGATS5 null dorsal
(p=0.0081) and lateral (p=0.0004) total cortex, medial (p=0.0246), dorsal (p=0.0083), and lateral
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(p=0.0005) CP, lateral (p=0.0058) 1Z, and dorsal (p=0.0369) and lateral (p=0.0009) VZ/SVZ
compared to WT. All data were analyzed by two-tailed Student’s t-test WT vs. null, N>3,
*p<0.05, **p<0.01, ***p<0.001.
4.3.4 Embryonic neuronal layers in MGATS5 deficient cortices

The cortex is composed of intricately patterned layers of neurons. During development,
the deep neuronal layers are formed first and the upper layers follow. Perturbations to early
developmental processes can alter the formation of cortical layers. We investigated whether
neuronal layering was impacted by staining E16 brains for the upper layer marker BRN2 and
deep layer markers CTIP2 and TBR1 (Fig. 4.5A). Neurogenesis occurs in a gradient during
development with maturation beginning laterally and moving to dorsal then medial regions.
Since the medial region could include the newly developing hippocampus, we focused analyses
on dorsal and lateral regions. BRN2-positive neurons were not present laterally at E16 so we
focused on dorsal regions to assess upper layers and found no significant difference in the
number of BRN2-positive cells per mm? in MGATS5 null CP (Fig. 4.5B). There was not a
significant difference in the deep layer marker CTIP2 in dorsal or lateral regions, but TBR1-
positive deep layer neurons were significantly decreased in the MGATS5 null CP (Fig. 4.5B,
Supp. Fig. 4.5). The reduction in TBR1-neurons was consistent with the decrease in the total
number of cells observed in the MGATS null CP (Fig. 4.4). Since TBR1 labels some of the
earliest born neurons, further analysis of neuronal layers would best be carried out at a later

developmental stage, such as P7. The reduction of cells in the cortical plate and the decreases in

TBR1-positive neurons could be due to a change in progenitor cells in the VZ/SVZ.
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Figure 4.5. Loss of MGATS causes a decrease in deep layer neurons that is visible at
embryonic stages. A) E16 brain cortices were immunostained to detect upper layer neuron
marker BRN2 in the dorsal cortex and deep layer neuron markers CTIP2 (layers 5/6) and TBR1
(layer 6) in the lateral cortex. All nuclei counterstained with Hoechst. B) There was no
significant difference in the upper layer marker BRN2 or the deep layer 5/6 marker CTIP2 in the
cortical plate between WT and null brains. However, TBR1-positive layer 6 neurons were
significantly reduced (p=0.0018) in the MGATS null cortical plate. All data were analyzed by
two-tailed Student’s t-test WT vs. null, N>3, **p<(.01.

4.3.5 MGATS deficiency depletes a subset of neural progenitors in the embryonic VZ/SVZ

We identified significant decreases in cell numbers in the MGATS5 null cortex, including
a significant reduction in cells in the VZ/SVZ (Fig. 4.4). These data could suggest a depletion of
NSPCs in the VZ/SVZ. In order to test whether the reduced cells in the VZ/SVZ could be due to

lower levels of proliferation in MGATS null animals, we measured levels of Ki67-positive

130



proliferating cells in E16 VZ/SVZ. We found no difference in Ki67 expression in the WT and
null VZ/SVZ (Fig. 4.6A), indicating that lower cell numbers were not due to a decrease in
proliferation. We assessed progenitors in the VZ/SVZ using three markers: SOX2, a neural stem
cell and progenitor cell marker, TBR2, a neuron progenitor marker, and BRN2, a marker of
upper layer neuron progenitors. SOX2 labeled cells along the VZ and showed no significant
differences between WT and null animals (Fig. 4.6B). TBR2-positive cells were less likely to be
adjacent to the ventricle and there was no difference in these cells between WT and null brains
(Fig. 4.6C). BRN2 is expressed by progenitor cells in the VZ/SVZ and is critical for instructing
upper layer neuron identity (35). There was a significant decrease in the percentage of BRN2-
positive cells and in the total number of BRN2-positive cells in the VZ/SVZ of MGATS5 null
animals (Fig. 4.6D). The progenitor cell data suggest that MGATS5 deficiency does not alter
NSPC proliferation but may decrease some progenitors. This could reflect depletion of the
progenitor pool that could cause a reduction in neuron numbers in the cortex. Since TBR1-
positive deep layer neurons and BRN2-positive progenitors were reduced in MGATS5 null brains
at E16, we assessed upper and deep layer neurons at postnatal stages after neurogenesis is

complete.
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Figure 4.6. MGATS5 deficiency does not affect proliferation of progenitors in the VZ/SVZ at
embryonic stages but does cause a decrease in certain progenitor populations. A) MGAT5
WT and null E16 brains were immunostained to detect Ki67, a marker of proliferating cells.
Quantitation of signal in the lateral cortical region showed no difference in Ki67 labeling in the
VZ/SVZ between WT and null brains. B) SOX2 immunostaining of E16 WT and null brains
showed a slight but non-significant decrease (p=0.0693) in density of SOX2-positive cells in the
VZ/SVZ and no difference in the percentage or total number of SOX2-positive cells between the
samples. C) Analysis of TBR2, an intermediate progenitor marker, indicated no difference in
TBR2-positive cells between WT and MGATS5 null VZ/SVZ regions. D) Immunostaining to
detect BRN2, a marker of upper layer neuron progenitors, showed a non-significant decrease
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(p=0.0537) in cellssmm?, a significant decrease in percentage of positive cells (p=0.0019) and in
total number of positive cells (p=0.0009) in the VZ/SVZ. All nuclei were counter-stained with
Hoechst and all data were analyzed by were two-tailed Student’s t-test WT vs. null, N>3,
**p<0.01, ***p<0.001.
4.3.6 Neuronal layering and architecture are altered in postnatal MGAT?5 deficient brains
We assessed neurons in the WT and MGATS null postnatal (P7) brain using a pan-
neuronal marker of mature neurons, NeuN, and markers for upper (BRN2) and deep (CTIP2)
layer neurons. There was a non-significant increase in the percentage and number of NeuN-
positive cells in the MGATS null cortical plate compared to WT, suggesting that neuronal
maturation in the WT animals is catching up to that of the null animals at this stage (Fig. 4.7A,
B). Analysis of BRN2 staining revealed that MGATS5 null animals have a significant reduction in
the number of upper layer neurons at P7 (Fig. 4.7 C, D). The deep layer marker CTIP2 showed a
similar significant decrease in deep layer neurons in MGATS5 null animals when compared to
WT (Fig. 4.7 C, D). We wondered whether upper and deep layers were equally impacted by the
loss of MGATS. To test whether there might be a difference relative to each other, we generated
a ratio of the number of deep to upper layer neurons for WT and MGATS5 null brains. There was
a significant increase in the CTIP2:BRN2 ratio in null animals compared to WT, suggesting that

upper layer neurons were disproportionately affected during development of MGATS null brains

(Fig. 4.7E).

133



D Upper Layers 2/3

H
(=3
o
o

3000
2000 °

1000

BRN2 positive (cells/mm?)

o
I

e S
WT NULL

Deep Layers 5/6
6000+

5000+

a000{ = o

3000 %30

CTIP2 positive (cells/mm?)

2000-

e T N
WT NULL

B Cortical Plate

m

-
o
=3
)

-
=)
o
(=3
E=]

@ @
=1 o
=] =]
=] (=]

% NeuN positive
B 2]
o o

5
Ratio CTIP2 : BRN2
£

NeuN positive (cells/mm?

Figure 4.7. At postnatal stages, mature neurons are similar in WT and MGATS5 null brains,
but decreases in upper and deep layer neurons are evident in animals lacking MGATS. A)
P7 coronal sections of WT and MGATS5 null brains were immunostained to detect NeuN.
Sections are from lateral cortical regions, somatosensory cortex in the anterior portion of the
forebrain, and show the cortical plate. B) The percentage of NeuN expressing cells and number
of NeuN positive cells per mm? showed a non-significant increase in MGAT5 null cortical plate
compared to WT. C) Coronal sections of P7 WT and MGATS5 null brains were immunostained
to detect the upper layer neuron marker BRN2 and the deep layer neuron marker CTIP2 to assess
cortical layers in the postnatal brain. D) BRN2-positive upper layer neurons were significantly
reduced (p=0.0053) in MGATS5 null cortical plate at P7 compared to WT. Deep layer neurons
detected by CTIP2 labeling were also significantly reduced (p=0.0187) in the MGATS5 null brain
compared to WT. E) The ratio of CTIP2:BRN2 indicates that upper layer neurons were more
affected than deep layer neurons in MGATS5 null brains. There was a significant increase
(p=0.0408) in the ratio of CTIP2:BRN2 in the MGATS5 null brain compared to WT. All data
were analyzed by two-tailed Student’s t-test WT vs. null, N=3, *p<0.05, **p<0.01.

We analyzed cell numbers and thickness of the P7 WT and MGATS5 null cortical plate.

The number of cells per mm? in upper (layers 2/3) and deep (layers 5/6) cortical layers were
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significantly lower in MGATS5 null animals compared to WT (Fig. 4.8A). We analyzed cortical
plate thickness from the pia surface to the corpus callosum and found significantly reduced
thickness in MGATS null brains (Fig. 4.8B). Analysis of layer thickness revealed that layer 2/3
and 4 thickness did not differ between WT and null but there was a significant decrease in the
thickness of layer 5/6 in the MGATS null brain compared to WT (Fig. 4.8B). The reduction in
cell numbers in MGATS null compared to WT is consistent with the reduction in BRN2 and
CTIP2 upper and lower neuronal layer markers (Fig. 4.7). Collectively, the data suggest that loss
of MGATS5 leads to earlier neuronal differentiation but an overall reduction in the number of

neurons in the cortex.
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Figure 4.8. The postnatal MGATS5 null cortical plate has lower cell density and reduced
cortical thickness. A) The number of cells per mm? were significantly reduced in layers 2/3
(p=0.0003) and layers 5/6 (p=0.0189) in MGATS null cortical plate compared to WT. B)
Cortical plate thickness, measured from the pial surface to the corpus callosum and
encompassing all cortical layers, was significantly reduced (p=0.011) in the MGATS5 null brain.
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The reduction in thickness is primarily due to significantly reduced (p=0.0009) thickness in
layers 5/6 rather than a change in layers 2/3 or layer 4. All data were analyzed by two-tailed
Student’s t-test WT vs. null, N=3, *p<0.05, **p<0.01, ***p<0.001)

Generation of neurons during development impacts neuron number in the cortex, but this
measure is also regulated by pruning mechanisms in which unnecessary neurons undergo
apoptosis to ensure correct neuron number and neuronal connectivity throughout the cortex. We
tested whether the reduced number of neurons in the MGATS5 null cortex could be due to
neuronal apoptosis by staining for cleaved Caspase-3. There was no difference in the number of
cells labeled with cleaved Caspase-3 between WT and null brains (Supp. Fig. 4.S6) and the
distribution of labeled cells in the cortical layers was also similar (data not shown). These data
indicate that the reduced neuron numbers in the postnatal MGATS5 null cortex are not due to
increased neuronal apoptosis.

We found in previous studies that enhancing highly branched N-glycans on NSPCs lead
to increased generation of GFAP-positive astrocytes in culture (29). Therefore, we hypothesized
that loss of branching in MGATS5 null mice may cause a decrease in GFAP-positive astrocytes in
the brain. GFAP labels astrocytes in the CNS that are more mature or are reactive and GFAP-
positive astrocytes were not present in E16 or P1 brain tissue (data not shown). GFAP-positive
cells were detected in P7 brains and were mostly restricted to regions near the pial surface of the
medial, cingulate cortex and the white matter tracts of the external capsule, cingulum, and corpus
callosum (Supp. Fig. 4.S7A). We quantified GFAP-positive signal near the pial surface of the

cingulate cortex along the midline (Supp Fig. 4.7B) and found a non-significant reduction in

GFAP-positive cells in the MGATS null brain (Supp. Fig. 4.S7C).
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4.3.7 NSPCs deficient in MGATS5 differentiate into more neurons and fewer astrocytes in
vitro

In order to more specifically assess the effects of MGAT5 on NSPCs, we established
cultures of these cells from WT, het and null embryonic (E12) cerebral cortices. We found
previously that enhanced N-glycan branching induced by GIcNAc reduces generation of neurons
from E12 NSPCs and boosts astrocyte formation (29). We differentiated MGAT5 WT, het and
null NSPCs and used neuronal and glial markers to assess cell phenotype. E12 MGATS5 het and
null cells formed significantly more neurons expressing MAP2 and TuJ1 compared to WT
NSPCs (Fig. 4.9A, B). MGATS5 null NSPCs generated significantly fewer GFAP-positive
astrocytes compared to WT cells (Fig. 4.9A, B). We assessed oligodendrocyte generation
although NSPCs isolated from the developing E12 cortex generate few oligodendrocytes in vitro
and most cortical oligodendrocytes derive from the ganglionic eminence (29, 36, 37). There was
no difference in the formation of O4-positive oligodendrocytes among WT, het and null NSPCs
(Supp. Fig. 4.58). The NSPC culture experiments show that loss of MGATS5 leads to enhanced
neuron differentiation and reduction in the formation of GFAP-positive astrocytes.

We assessed whether MGATS5 WT, het and null NSPCs differed in cell viability or
proliferation since these could impact differentiation into neurons or astrocytes. There was no
difference in cell viability of WT, het and null NSPCs (Fig. 4.9C). NSPC proliferation was
analyzed by multiple assays. Ki67 labels all cycling cells and we found no difference in Ki67
labeling of control and mutant cells (Fig. 4.9D), which was consistent with the fact that we saw
no difference in Ki67 in vivo labeling between WT and null brains (Fig. 4.6A). We utilized EdU
incorporation to measure cells in S-phase and found a significant increase in labeling of null cells

compared to WT or het NSPCs (Fig. 4.9D). We assessed cells in M-phase by measuring the
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percentage of cells expressing phosphorylated histone H3 (phospho-histone H3) and found no
difference among WT, het and null cells (Fig. 4.9D). Since there was a difference in one marker
of proliferation in the null cells but not others, we performed cell cycle analysis by flow
cytometry utilizing propidium iodide labeling of nuclear content to measure all stages of the cell
cycle in the same population of cells. There was no significant differences in the percentages of
cells in Go/Gy, S, or Go/M phases across genotype (Fig. 4.9E). Taken together, these data suggest
that the viability and proliferative ability of MGATS deficient cells are similar to those of their

WT counterparts.
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Figure 4.9. E12 NSPCs lacking MGATS5 generate more neurons and fewer GFAP-positive
astrocytes in vitro and retain cell viability and proliferative ability. A) E12 NSPCs isolated
from MGAT5 WT, het, and null cerebral cortices were differentiated and immunostained to
detect neuron marker MAP2 or astrocyte marker GFAP. More MAP2-positive neurons formed in
the het and null cell populations compared to WT while GFAP-positive cells were reduced in
both the het and null cell populations. B) Quantitation of MAP2/TuJ1 co-expressing neurons
shows a significant increase in neuron production from both het (p=0.0075) and null (p=0.00009)
NSPCs compared to WT. The percentage of GFAP-positive astrocytes formed by null NSPCs
was significantly reduced (p=0.0267) compared to WT NSPCs. C) Cellular viability was
assessed by co-staining NSPCs with propidium iodide and calcein-AM and analyzing labeled
cells by flow cytometry. No change in cell viability was detected between the WT and MGAT5
deficient het and null NSPCs. D) NSPC proliferation was measured by Ki67 (cells actively
cycling, not in Go), EdU (cells in S-phase), or phosphorylated histone H3 (cells in M-phase). No
difference was observed among the NSPCs by Ki67 or phosphorylated histone H3 labeling.
However, MGATS5 null NSPCs had significantly increased EdU incorporation compared to both
WT and het NSPCs (null vs. WT, p=0.0021; null vs. het, p=0.0058). E) Cell cycle analysis by
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propidium iodide labeling and flow cytometry revealed no difference in the proportion of cells in
Go/Gy, S, or Go/M phase among WT, het, and null NSPCs. All data were analyzed by one-way
ANOVA followed by Tukey’s post hoc test, N>3, *p<0.05, **p<0.01, ***p<0.001.
4.4 DISCUSSION

We identify the enzyme MGATS5 and the production of highly branched N-glycans as
critical determinants of differentiation in the neural lineage. Enhancing expression of highly
branched N-glycans with GIcNAc pushed NSPCs toward a more astrogenic bias while reducing
neurogenesis (29) (Fig. 4.1); however, blocking branched N-glycans by treating NSPCs with Kif
to disrupt MANL activity did not alter fate potential (Fig. 4.1, Supp. Fig. 4.52). These data
suggest that 1) increased levels of high-mannose, simple N-glycans are not sufficient to increase
neurogenesis in vitro, and 2) other enzymes downstream of MAN1 may be responsible for the
GIcNAc-induced changes in fate potential.

Treating NSPCs with Kif completely blocked the production of branched N-glycans but
did not impact fate potential. Kif treatment induced significant changes to the cell surface N-
glycan landscape beyond affecting highly branched N-glycans. The central nervous system is
rich in bisected N-glycans (38), and glycomic studies of the differentiation of pluripotent stem
cells into neurons or astrocytes revealed that neurons, but not astrocytes, up-regulate expression
of bisected N-glycans produced by MGAT3 (20). Furthermore, we found that astrocyte-biased
NSPCs express more Mgat5 and less Mgat3 (29). Since MGATS3 acts as a molecular brake for N-
glycan branching and indirectly opposes the function of MGATS, there might exist a balance of
bisected and highly branched N-glycans that regulate the fate potential of NSPCs. In our study,
Kif treatment did not just block the production of branched N-glycans — as indicated by
diminished DSL and L-PHA signal by flow cytometry — but also abrogated the production of

bisected N-glycans as detected by the lectin E-PHA (Fig. 4.2B). In contrast, GICNAc treatment
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primarily stimulates the production of outer N-glycan branches produced by MGAT4 and
MGATS5 since GIcNAc is the limiting substrate for these enzymes (22). NSPCs lacking
functional MGAT5 show selective reduction in N-glycan branching without affecting bisected
N-glycans (Fig. 4.2D). Kif treatment thus may disrupt processes influencing both neurogenesis
and astrogenesis, making the knockout of MGATS5 a more direct means to test the effects of N-
glycan branching on NSPC fate potential.

Loss of MGATS5 leads to the generation of a higher proportion of neurons expressing
NeuN but a loss in cell density in both the developing embryonic and postnatal cerebral cortex.
Studies involving defects to N-glycan branching within the CNS have demonstrated the
importance of N-glycan processing and its indispensability to normal CNS development (1, 9,
11, 25-27, 39). These studies highlight the importance of N-glycan branching for the normal
development of the CNS, but they do not identify an impact to NSPCs during cortical
development. Loss of MGATS causes an increase in the proportion of mature neurons occupying
the CP at E16 (Fig. 4.3). However, this is accompanied by a decrease in cell density and cortical
thickness throughout the cortex (Fig. 4.4). Additionally, there is a decrease in a subset of
progenitors and reduced numbers of cells in the VZ/SVZ at E16 (Fig. 4.6). Taken together, we
hypothesize two effects that may be occurring due to the lack of functional MGATS5 within the
CNS: 1) neuronal differentiation is accelerated leading to an increased percentage of mature
NeuN-positive cells in the CP early in development, and 2) the lower numbers of neurons in the
CP and cells in the VZ/SVZ could be due to a depletion of NSPCs that accompanies the

accelerated neuronal differentiation (Fig. 4.10A).
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Figure 4.10. Model of neurogenesis during cortical development in the MGATS5 null brain.
A) Schematic illustration of neuron formation in the WT and MGATS5 null brain. Our data
suggest a model for cortical development in the MGATS null brain in which NSPCs form neuron
progenitors (NP) that rapidly transition to immature then mature neurons, which express NeuN.
This leads to an increase in the percentage and number of NeuN-expressing cells in the cortical
plate at embryonic stages (E16). Similarly, cultured MGATS5 null NSPCs from embryonic ages
generate higher percentages of neurons than their WT counterparts. Our data also showed that at
E16, the total number of cells in null animals was reduced in the cortical plate, so there were
fewer neurons overall. Animals lacking MGATS5 also had reduced numbers of cells in VZ/SVZ
at E16 and reduced numbers of progenitors, particularly those destined to form upper layer
neurons. The lower numbers of cells correlated with a reduced thickness of the cortex at E16 in
animals lacking MGATS5. At postnatal stages (P7), there was a reduction in upper and deep layer
neurons in animals lacking MGATS5 and, as observed at embryonic stages, a reduction in cell
number and thickness of the cortex. Collectively, the data suggest that loss of MGAT5 leads to a
more rapid production of mature neurons expressing NeuN in the cortical plate that depletes
progenitors in the VZ/SVZ, resulting in an overall lower production of neurons in the cortex,
reduced cell numbers, and reduced cortical thickness. B) Schematic illustration of neuronal
layering as development progresses from embryonic to postnatal stages. At embryonic stages
(E16), our data showed a reduction in both BRN2-positive progenitors destined to form upper
layer neurons and in TBR1-positive deep layer neurons in animals lacking MGATS5. Postnatally,
MGATS5 null animals had reduced neuron numbers in both upper (2/3) and deep layers (5/6),
reduced cell numbers overall in those layers, and reduced thickness of deep layers. Layers
formed relatively normally in MGATS null animals, but with reduced cell numbers and a shift in
the ratio of deep to upper layer neurons, suggesting that upper layers that form later in
development were more affected than deep layers. Overall, these data suggest that loss of
MGATS5 leads to more rapid neuron generation that depletes progenitors, reducing the number of
neurons in all layers with more of an impact on later formed upper layer neurons.
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Early, subtle abnormalities that occur during CNS development can have long lasting
impacts on behavior. For example, mutations in disheveled, which is an important protein in the
Whnt/B-catenin pathway, cause abnormal expansion of deep layer cortical neurons due to rampant
neuron progenitor cell expansion and premature differentiation. The brain appears normal in
adults, but mutant animals exhibit abnormal social interactions and repetitive behaviors (40).
Similarly, adult MGATS5 deficient animals appear grossly normal but fail to nurture pups and
have altered depression-like behavior (24, 33, 34). Generalized N-glycosylation has been shown
to be important for cerebellar development. A reduction in N-glycosylation of cerebellar
progenitors leads to ectopic cell clustering and defects to migration and adhesion of maturing
neurons (41). Our novel findings indicate that there is a significant decrease to the amount of
upper and deep layer neurons produced in the postnatal P7 MGATS null mouse brain when
compared to the WT (Fig. 4.7) including a change to cortical thickness, particularly in layers 5/6
(Fig. 4.8). These postnatal layer abnormalities appear to originate during embryonic stages as
there is a decrease in the amount of BRN2-positive progenitors in the VZ/SVZ and TBR1-
positive deep layer neurons in the CP at E16 (Fig. 4.5) This is accompanied by an overall
decrease in the number of total cells found throughout the cortex in both embryonic and
postnatal stages (Fig. 4.4, Fig. 4.8). We not only hypothesize that there is a change to neuronal
production and maturation, but also that cortical layering is significantly impacted (Fig. 4.10B).
Specifically, by the time upper layer neuron production normally occurs, BRN2-positive
progenitors are depleted (Fig. 4.6) leading to a significant decrease in BRN2-positive neurons in

the postnatal brain when compared to the WT brain (Fig. 4.7).
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We isolated NSPCs from MGATS5 null brains, grew them in culture, and found that
NSPCs lacking MGATS5 and thus incapable of generating highly branched N-glycans generate
more neurons at the expense of astrocytes in vitro (Fig. 4.9). The molecular mechanisms by
which N-glycan branching impacts NSPC fate are not currently known. N-glycan branching can
modulate cell surface receptor function multiple ways, including cell surface residence time and
ligand affinity. A multitude of cell surface proteins are regulated by branching, including cell
adhesion molecules, ion channels, and growth factor receptors that could affect the
differentiation of NSPCs. Loss of MGAT5 within T-cells or breast cancer cells desensitizes them
to growth factors such as EGF, PDG, bFGF, and IGF (21, 42). This is likely due to increased
endocytosis and recycling of the receptors, since N-glycan branching opposes endocytosis by
locking retention of proteins at the cell surface (21, 43). Overexpression of MGATS5 leads to
increased integrin-mediated cell migration and reduced cell adhesion (44-49). The gene Srd5a3
encodes the enzyme that synthesizes dolichol, the lipid carrier for all N-glycans prior to their
transfer to a peptide. When Srd5a3 is knocked out in the cerebellum, IgSF-CAM s fail to be
glycosylated properly resulting in decreased expression of a variety of cell adhesion molecules.
Cerebellar size is reduced and ectopic neuronal clusters are formed due to defects in neurite
outgrowth and neuronal migration in the cerebellum (41). Thus, the cell surface proteome or a
cell’s response to extracellular cues may change depending on N-glycan patterns present on the

cell surface. These may affect NSPC fate decisions and CNS development.
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4.5 MATERIALS AND METHODS
Animals and Tissue Collection

The CD-1 mice (Charles River) and Mgat5-deficient mice (gift from Dr. Michael
Demetriou) were purchased, selected randomly, bred, and tissue was collected in accordance to
protocols approved by the University of California, Irvine Institutional Animal Care and Use
Committee. Heterozygote Mgat5-deficient mice (HET, Mgat5*"), as previously described, were
maintained and bred together to generate pups containing either wild type (WT, Mgat5**),
heterozygous, and homozygous (KO, Mgat5’") knockout of Mgat5.

To collect cells, dorsal forebrain cortical tissue was dissected from the cerebral cortices
of embryonic day 12.5 (E12), E16.5, or E18.5 mice and placed in dissection buffer: PBS, 0.6%
glucose, 50 U/mL Pen/Strep. Cortical tissue from multiple embryos within the same litter was
pooled, and a subsequent culture from a single litter was considered a biological repeat. The
tissue was dissociated using 0.05% Trypsin-EDTA at 370 C for 10 min. Afterward, trypsin was
inhibited using soybean trypsin inhibitor (Life Technologies) and dissociated cells were re-
suspended in proliferation medium containing DMEM, 1x B27, 1x N2, 1 mM sodium pyruvate,
2 mM L-glutamine, 1 mM N-acetylcysteine, 20 ng/mL EGF, 10 ng/mL bFGF, and 2 pg/mL
heparin. Cells were seeded at 150,000 cells/mL into non-tissue culture treated plastic plates and
grown as nonadherent spheres.

To collect brain tissue, whole brain was dissected from embryos on development stages
E12, E16, P1, and P7. Whole brain was drop fixed in 4% paraformaldehyde (PFA) for
approximately 18 hours at 4C then transferred to 30% sucrose in 1x PBS until the tissue was no
longer floating. Tissue was quickly frozen in Optimal Cutting Temperature (OCT) compound

(Tissue-Tek) and stored at -80°C prior to sectioning.
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Genotyping

Animals with Mgat5-deficiency have a lacZ gene insertion that disrupts the coding
portion of exon 1 as described previously (Granovsky, 2000, Nat. Medicine). All animals and
tissue samples were genotyped for Mgat5-deficiency using standard PCR and utilizing the
following primers for Mgat5 (forward: 5' - GCC AAG GGA ATG GTA CAT TGC - 3’; reverse:
5'- GGA GTC GAC ACT CAG GAA TG —3’) and LacZ (forward: 5' - CCC ATC TAC ACC
AAC GTA ACC - 3’; reverse: 5' - CCT TCT AGT CCT ATA CAC CGC - 3”). A single band
about 400 bp amplicon signifies expression of the wild type Mgat5 allele; a single 300 bp
amplicon signifies complete knockout of Mgat5; and both bands in a single sample indicate
heterozygous knockout of Mgat5.
Cell Culture, Differentiation, and Fate Analysis

Cell cultures were passaged and maintained in proliferation medium (as described above)
approximately every 3 days using enzyme-free NeuroCult Chemical Dissociation Kit (Mouse)
(StemCell Technologies). All NSPC cultures were passaged at least once after dissection prior to
experimental use. NSPCs were plated as adherent cultures for differentiation. HCI-washed
German glass coverslips (Assistant/Carolina Biological Supply, Burlington, NC) were pretreated
with poly-D-lysine (40 pug/mL in milliQ H20) for 5 minutes then coated with laminin (20 pg/mL
in EMEM) at 370 C for 24 hours prior to cell adhesion. Whole neurospheres were seeded onto
the laminin-coated coverslips in proliferation medium. After 24 hours, proliferation medium was
removed and replaced with differentiation medium (same components as proliferation medium
but excluding EGF, bFGF, and heparin) to induce differentiation. NSPCs were differentiated into
neurons and astrocytes in these conditions for 3 days and oligodendrocytes for 7 days. For 7 day

differentiated samples, culture media was replaced after 3 days.
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For fate analysis, at least 3 independent sets of NSPCs derived from 3 different litters
were analyzed using manual counting software built into ImageJ. The percentage of cells that
differentiated into double-positive MAP2/TUJ1 neurons with neurite lengths of at least 3 times
the length of the soma was calculated from 5 randomly selected fields per experiment with more
than 1000 cells counted per experimental group in each of the 3 independent experiments, so
over 3000 cells per group. The percentages of GFAP-positive astrocytes were calculated from
randomly selected fields of cells adjacent to the sphere attachment site but not from the dense
cells within the sphere since cell density and cell death affect astrocyte GFAP reactivity. Cells
expressing GFAP in a filamentous cytoskeletal pattern were counted as astrocytes and 3000 or
more cells per experimental group were analyzed.

Cell Treatment

A stock solution of 800 mM N-acetylglucosamine (GIcNAc, Thermo Fisher Scientific,
1079) was prepared in proliferation medium. To stimulate the N-glycan branching pathway, the
stock GIcNAc solution was diluted to 80 mM in proliferation medium. The medium was re-
supplemented with fresh GIcNAc every 24 hours since GIcNAc breaks down over time in
aqueous solutions. A stock 1mg/ml solution of kifunensine (Sigma-Aldrich, K1150) in H,O was
diluted to 0.5 uM in the proliferation medium to block the N-glycan branching pathway. Both
kifunensine and GIcNAc were withdrawn during differentiation.

Lectin Flow cytometry

Live NSPCs were dissociated using the NeuroCult dissociation kit and re-suspended in
1x PBS with 5% BSA. Cells were incubated with various fluorescein-conjugated lectins for 1
hour on ice in the dark. All cells were counter-stained with propidium iodide (Thermo Fisher,

P3566) for 5 minutes prior to being analyzed. Cell samples were analyzed on a BD LSR Il flow
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cytometer, and the data was collected using the BD FACSDIVA software. All data analysis was
performed using FlowJo v10.1. See Table 4.1 for lectins and concentrations.
Immunocytochemistry

Cell culture samples were fixed with 4% paraformaldehyde (4% paraformaldehyde, 5
mM MgCI2, 10 mM EGTA, 4% sucrose in PBS) for 10 min, and the cell membranes were
permeabilized with 0.3% Triton-X 100 in PBS for 5 min. Cells were blocked using 5% BSA in
PBS for 1 hour then incubated with the primary antibody for approximately 18 hours at 4° C and
the secondary antibody for 2 hours at room temperature in the dark. Primary antibodies were
diluted in 1% BSA in 1x PBS; secondary antibodies were diluted in 1x PBS. All cells were
counterstained using a Hoechst 33342 nuclear dye (Thermo Fisher Scientific) and coverslips
were mounted onto glass slides using ProLong Gold Antifade Mountant medium (Thermo Fisher
Scientific). Cells were visualized using a Nikon Eclipse Ti-E fluorescence microscope at 20x
magnification, and all images were acquired using NIS Elements AR 4.51 image capturing and
analysis software. See Table 4.1 for antibodies and concentrations.
Immunohistochemistry

All frozen tissue samples were sectioned into 12 um thick slices using a Leica research
cryostat (Leica CM3050 S) and mounted on SuperFrost glass slides. OCT was dissolved by
submerging slides in 1x PBS for 5 min. For tissue samples stained for Ki67, TBR1, TBR2,
CTIP2, BRN2, and cleaved Caspase-3, sections were subjected to antigen retrieval in a sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, adjusted for pH 6.0) for 1 hour in a
pressure cooker prior to blocking. Sections were blocked for 20 min. using a solution containing
1x PBS, 0.1% Triton X detergent (PBST), and 5% donkey serum (DS). Primary antibody was

diluted in PBST with 5% DS and the sections were incubated with the primary antibody
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overnight at 4°C. After washing, sections were incubated with secondary antibody diluted in
PBST with 5% DS for 1 hour at room temperature. All sections were counter stained with
Hoechst 33342 nuclear dye and mounted using ProLong Gold Antifade Mountant medium
(Thermo Fisher Scientific). Sections were visualized using a Nikon Eclipse Ti-E fluorescence
microscope, and all images were acquired using NIS Elements AR 4.51 image capturing and
analysis software. See Table 4.1 for antibodies and concentrations.
Proliferation Assays

Cells actively cycling were visualized utilizing immunostaining of the Ki67 proliferation
marker using an anti-Ki67 antibody (Leica Biosystems, K167P-CE). Cells undergoing mitosis
were visualized by immunocytochemistry utilizing the primary antibody mouse anti-phospho-
histone H3 (Ser10) (6G3) IgG (Cell Signaling Technology 9706S). All cells were counterstained
with Hoechst 33342 nuclear dye (Thermo Fisher Scientific). Cells that passed through at least
one S-phase were visualized using EdU incorporation (Click-iT EdU Alexa Fluor 555 Imaging
Kit, Thermo Fisher Scientific). Proliferation medium of adherent NSPCs was supplemented with
10 uM EdU and cells incubated at 370 C for 4 hours. Afterwards, cells were fixed and
permeabilized as described above. After washing with PBS, cells were incubated with the EdU
Click-iT reaction cocktail for 30 min at room temperature in the dark and counterstained with
Hoechst 33342 nuclear dye (Thermo Fisher Scientific). Cells were analyzed using manual
counting software in ImageJ and positively labeled cells were counted as a percentage of all
Hoechst-stained cells in 5 randomly selected fields.

Cell cycle analysis by flow cytometry was performed by dissociating NSPCs and fixing
suspended cells using cold 70% ethanol for 30 min. at 4° C. Fixed cells were incubated with

ribonuclease (Thermo Fisher, EN0531) for 45 min at 37° C. Cells were then incubated in
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propidium iodide (final concentration 2.5 pg/mL) for 30 min. on ice. Afterwards, volume was
increased to 500 pL using PBS. All cells were analyzed on a BD LSR Il flow cytometer, and the
data was collected using the BD FACSDIVA software. Cell cycle data analysis was performed

using the built-in program within FlowJo v10.1.

Table 4.1 Antibodies and lectins used to label cell markers and glycans

Item Vendor Catalogue # Dilution
Mouse anti-MAP2 1gG Sigma M9942 ICC: 1:200
Rabbit anti-TUJ1 IgG Sigma T2200 ICC: 1:100
IHC: 1:200
Rabbit anti-GFAP IgG Sigma G9269 ICC: 1:200
IHC: 1:200
Mouse anti-O4 IgM R&D Systems MAB1326 ICC: 1:100
Rabbit anti-NeuN EMD Millipore ABN78 IHC: 1:100
Mouse anti-phospho-Histone | Cell Signaling 9706S ICC: 1:200
H3 (Ser10) (6G3) 1gG Technology
Rabbit anti-Ki67 Leica Biosystems | KI67P-CE ICC: 1:200
IHC: 1:500
Mouse anti-Brn2 (B-2) Santa Cruz Sc-393324 IHC: 1:1000
Biotechnology
Rat anti-Ctip2 (25B6) Abcam Ab18465 IHC: 1:1000
Rabbit anti-Tbrl Abcam ADb31940 IHC: 1:500
Rabbit anti-Thr2 Abcam Ab23345 IHC: 1:500
Rabbit anti-Caspase-3 Cell Signaling 9661S IHC: 1:1000
Technologies
Alexa Fluor 594 donkey anti- | Jackson 711-585-152 ICC: 1:200
rabbit 1gG ImmunoResearch IHC: 1:200
Alexa Fluor 488 donkey anti- | Jackson 715-545-151 ICC: 1:200
mouse IgG ImmunoResearch
L-PHA Vector Labs FL-1111 Flow: 20 pg/mi
IHC: 1:100
E-PHA Vector Labs FL-1121 Flow: 20 pg/mi
DSL Vector Labs FL-1181 Flow: 20 pg/mi
ConA Vector Labs FL-1001 Flow: 20 pug/ml
SNA Vector Labs FL-1301 Flow: 40 pg/mi
LEA Vector Labs FL-1171 Flow: 50 pug/ml
LCA Vector Labs FL-1041 Flow: 20 pg/mi
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4.7 SUPPLEMENTAL MATERIAL
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Figure 4.S1. Kifunensine dose response and in vitro neuron detection. E12 NSPCs were
treated for 4 days with varying dose of Kifunensine (uM): 0, 0.001, 0.01, 0.02, 0.05, 0.1, 0.2,
0.3,0.5,1, 2, 5, 10. At the conclusion of Kif treatment, NSPCs were labeled with L-PHA to
detect highly branched N-glycans and analyzed by flow cytometry. A dosage of 0.5 uM was
chosen to disrupt formation of highly branched N-glycans. (N=3). B) E12 NSPCs were treated
with 0.5 uM Kif for 1 or 4 days and highly branched N-glycans analyzed by flow cytometry with
L-PHA. Treatment for 4 days resulted in a greater decrease than treatment for 1 day. (N=1) C)
Differentiated E12 NSPCs were co-stained for neuronal markers MAP2 and TUJ1. Quantitation
in Figures 4.1, 4.9 and Supplemental Figure 4.2 was based on co-labeling with both markers.
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Figure 4.S2. Differentiation of Kif-treated NSPCs from embryonic ages E12, E16, and E18.
NSPCs isolated from E12, E16, and E18 embryonic cortices were treated with 0.5 uM Kif for 4
days then differentiated for 3 days and immunostained for markers of neurons or astrocytes. A)
There was no significant difference in the generation of MAP2/TuJ1-positive neurons between
untreated control (Untr) and Kif-treated NSPCs from any of the embryonic ages. (N=3) B) There
was no significant difference in the generation of GFAP-positive astrocytes between untreated
control (Untr) and Kif-treated NSPCs from any of the embryonic ages. (N=3)

Hoechst
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Figure 4.S3. L-PHA labeling is reduced in the cerebral cortices of MGAT5 knockout
animals. Coronal sections of E16 brain cerebral cortices were labeled with L-PHA, a lectin
binding to highly-branched N-glycans modified by MGATS5. Compared to WT, L-PHA signal
intensity is reduced in the MGATS5 heterozygous knockout brain and totally abolished in the
MGATS5 homozygous null brain.
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Figure 4.54. NeuN quantitation in the developing WT and MGATS5 null E16 cortex. A)
Quantification paradigm schematized on a WT E16 coronal section of dorsal forebrain stained
with Hoechst. Yellow lines indicate the separation of cortical plate (CP), intermediate zone (12),
and ventricular zone/sub-ventricular zone (VZ/SVZ) regions. The red boxes indicate slices from
medial, dorsal, and lateral regions of the cortex divided into CP, 1Z, and VZ/SVZ. The total
cortex values are a summation of CP, 1Z and VZ/SVZ while the values for 1Z and VZ/SVZ are
for only those regions. The values for CP are shown in Figure 4.3D) NeuN signal was quantified
as a percentage of the cells either within the total cortex (combined CP, 1Z, and VZ/SVZ) or
within the IZ or VZ/SVZ. There was a non-significant increase in the percentage of NeuN
expressing cells in null brains compared to WT in the medial, dorsal, and lateral regions. Very
few NeuN-positive cells were present in the 1Z or VZ/SVZ, and there was no difference between
WT and null brains in the percentage of NeuN expressing cells in these regions. (N>3). C) The
number of NeuN-positive cells per area (cells/ mm?) showed a non-significant increase in null
brains compared to WT brains. No differences were observed in the 1Z or VZ/SVZ. (N>3).
Comparisons between WT and null data utilized two-tailed Student’s t-tests.
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Figure 4.S5. Quantitation of deep layer neuron markers across the total cortex at
embryonic stages. A) E16 brain cortices were immunostained to detect deep layer neuron
markers CTIP2 and TBR1. Marker expression was quantified across the total cortex (combined
CP, 1Z, and VZ/SVZ) in either dorsal or lateral regions. B) No significant difference in the
amount of CTIP2 positive cells was observed across the total cortex between WT and null brains
in both dorsal and lateral regions. C) TBR1 positive cells were significantly reduced (p=0.0203)
in the MGATS null lateral cortex compared to WT. All comparisons two-tailed Student’s t-test
WT vs. null, N>3, (*p<0.05).
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Figure 4.S6. No difference in cell death in postnatal WT and MGATS5 null brain. P7 brain
cortices were immunostained to detect cleaved Caspase-3 to assess apoptotic cell death in the
cortex. The was no difference in the number of cells per mm? positive for cleaved Caspase-3
between WT and null brains. All data were analyzed by two-tailed Student’s t-test WT vs. null,
N=3.
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Figure 4.S7. GFAP labeling in the P7 brain did not significantly differ between WT and
MGATS5 null brains. A) Coronal sections from P7 WT and MGATS5 null brains were
immunostained to detect GFAP. GFAP labeling was primarily restricted at P7 to white matter
tracts and cortical areas along the pial surface at the midline. Dashed green boxes indicate areas
magnified in (B). B) Magnified images of the midline region show further detail of GFAP-
positive cells in WT and MGATS5 null brains. Dashed red boxes indicate areas further magnified
in the lower panel red-bordered boxes. C) GFAP expression was quantified as the percent
GFAP-positive area in the midline region, such as shown by the dotted red boxes indicated in B.
There was a non-significant decrease in GFAP-positive area in MGATS null cortex compared to
WT. (N=3)
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Figure 4.S8. Oligodendrocyte formation from cultured E12 NSPCs did not significantly
differ between WT and MGATS5 mutants. A) WT, MGATS5 het, and MGATS5 null E12 NSPCs
were differentiated for 7 days and immunostained for oligodendrocyte marker O2. Nuclei were
stained with Hoechst. B) Quantitation of cells expressing O4 indicates no change in the
formation of oligodendrocytes. (N=3)

156



4.8 REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

K. Ohtsubo, J. D. Marth, Glycosylation in cellular mechanisms of health and disease.
Cell 126, 855-867 (2006).

H. Scott, V. M. Panin, N-glycosylation in regulation of the nervous system. Adv
Neurobiol 9, 367-394 (2014).

H. Scott, V. M. Panin, The role of protein N-glycosylation in neural transmission.
Glycobiology 24, 407-417 (2014).

A. Kelly, A. O'Malley, M. Redha, G. W. O'Keeffe, D. S. Barry, The distribution of the
proteoglycan FORSE-1 in the developing mouse central nervous system. J Anat 234,
216-226 (2019).

R. S. Haltiwanger, J. B. Lowe, Role of glycosylation in development. Annu Rev Biochem
73, 491-537 (2004).

N. Flaris et al., Developmentally-regulated lectin-binding in the embryonic mouse
telencephalon. Brain Research 678, 99-109 (1995).

A. Ishii et al., Developmental changes in the expression of glycogenes and the content of
N-glycans in the mouse cerebral cortex. Glycobiology 17, 261-276 (2007).

R. Kleene, M. Schachner, Glycans and neural cell interactions. Nat Rev Neurosci 5, 195-
208 (2004).

H. Schachter, The clinical relevance of glycobiology. Journal of Clinical Investigation
108, 1579-1582 (2001).

A. Varki, J. B. Lowe, in Essentials of Glycobiology, nd et al., Eds. (Cold Spring Harbor
(NY), 2009).

P. Stanley, What Have We Learned from Glycosyltransferase Knockouts in Mice? J Mol
Biol 428, 3166-3182 (2016).

H. Yagi, T. Saito, M. Yanagisawa, R. K. Yu, K. Kato, Lewis X-carrying N-glycans
regulate the proliferation of mouse embryonic neural stem cells via the Notch signaling
pathway. J Biol Chem 287, 24356-24364 (2012).

P. Taupin et al., FGF-2-responsive neural stem cell proliferation requires CCg, a novel
autocrine/paracrine cofactor. Neuron 28, 385-397 (2000).

R. L. Schnaar, R. Gerardy-Schahn, H. Hildebrandt, Sialic acids in the brain: gangliosides
and polysialic acid in nervous system development, stability, disease, and regeneration.
Physiol Rev 94, 461-518 (2014).

K. Angata, M. Fukuda, Roles of polysialic acid in migration and differentiation of neural
stem cells. Methods Enzymol 479, 25-36 (2010).

A. Burgess et al., Polysialic acid regulates the clustering, migration, and neuronal
differentiation of progenitor cells in the adult hippocampus. Dev Neurobiol 68, 1580-
1590 (2008).

T. Sasaki, J. Hirabayashi, H. Manya, K. Kasai, T. Endo, Galectin-1 induces astrocyte
differentiation, which leads to production of brain-derived neurotrophic factor.
Glycobiology 14, 357-363 (2004).

Y. Imaizumi et al., Galectin-1 is expressed in early-type neural progenitor cells and
down-regulates neurogenesis in the adult hippocampus. Mol Brain 4, 7 (2011).

L. A. Pasquini et al., Galectin-3 drives oligodendrocyte differentiation to control myelin
integrity and function. Cell Death Differ 18, 1746-1756 (2011).

157



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

M. Terashima, M. Amano, T. Onodera, S. Nishimura, N. lwasaki, Quantitative glycomics
monitoring of induced pluripotent- and embryonic stem cells during neuronal
differentiation. Stem Cell Research 13, 454-464 (2014).

K. S. Lau et al., Complex N-glycan number and degree of branching cooperate to
regulate cell proliferation and differentiation. Cell 129, 123-134 (2007).

J. W. Dennis, I. R. Nabi, M. Demetriou, Metabolism, cell surface organization, and
disease. Cell 139, 1229-1241 (2009).

M. Demetriou, M. Granovsky, S. Quaggin, J. Dennis, Negative regulation of T-cell
activation and autoimmunity by Mgat5 N-glycosylation. Nature 409, 733-739 (2001).

J. W. Dennis, J. Pawling, P. Cheung, E. Partridge, M. Demetriou, UDP-N-
acetylglucosamine:alpha-6-D-mannoside betal,6 N-acetylglucosaminyltransferase V
(Mgat5) deficient mice. Biochim Biophys Acta 1573, 414-422 (2002).

E. loffe, P. Stanley, Mice lacking N-acetylglucosaminyltransferase | activity die at mid-
gestation, revealing an essential role for complex or hybrid N-linked carbohydrates. Proc
Natl Acad Sci U S A 91, 728-732 (1994).

M. Metzler et al., Complex asparagine-linked oligosaccharides are required for
morphogenic events during postimplantation development. Embo Journal 13, 2056-2065
(1994).

Z. Ye, J. D. Marth, N-glycan branching requirement in neuronal and postnatal viability.
Glycobiology 14, 547-558 (2004).

Y. Wang, H. Schachter, J. D. Marth, Mice with a homozygous deletion of the Mgat2 gene
encoding UDP-N-acetylglucosamine:alpha-6-D-mannoside betal,2-N-
acetylglucosaminyltransferase 11: a model for congenital disorder of glycosylation type
Ila. Biochim Biophys Acta 1573, 301-311 (2002).

A. R. Yale et al., Cell Surface N-Glycans Influence Electrophysiological Properties and
Fate Potential of Neural Stem Cells. Stem Cell Reports 11, 869-882 (2018).

A. Males, L. Raich, S. J. Williams, C. Rovira, G. J. Davies, Conformational Analysis of
the Mannosidase Inhibitor Kifunensine: A Quantum Mechanical and Structural
Approach. Chembiochem 18, 1496-1501 (2017).

F. H. Labeed et al., Biophysical characteristics reveal neural stem cell differentiation
potential. PLoS One 6, €25458 (2011).

M. Granovsky et al., Suppression of tumor growth and metastasis in Mgat5-deficient
mice. Nat Med 6, 306-312 (2000).

L. Feldcamp et al., Mgat5 modulates the effect of early life stress on adult behavior and
physical health in mice. Behav Brain Res 312, 253-264 (2016).

L. Soleimani, J. C. Roder, J. W. Dennis, T. Lipina, Beta N-acetylglucosaminyltransferase
V (Mgat5) deficiency reduces the depression-like phenotype in mice. Genes Brain Behav
7, 334-343 (2008).

M. H. Dominguez, A. E. Ayoub, P. Rakic, POU-III transcription factors (Brnl, Brn2, and
Oct6) influence neurogenesis, molecular identity, and migratory destination of upper-
layer cells of the cerebral cortex. Cereb Cortex 23, 2632-2643 (2013).

X. Qian et al., Timing of CNS cell generation: a programmed sequence of neuron and
glial cell production from isolated murine cortical stem cells. Neuron 28, 69-80 (2000).
W. He, C. Ingraham, L. Rising, S. Goderie, S. Temple, Multipotent stem cells from the
mouse basal forebrain contribute GABAergic neurons and oligodendrocytes to the
cerebral cortex during embryogenesis. Journal of Neuroscience 21, 8854-8862 (2001).

158



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

Y. Kizuka, N. Taniguchi, Neural functions of bisecting GIcNAc. Glycoconj J 35, 345-351
(2018).

H. Schachter, Congenital disorders involving defective N-glycosylation of proteins.
Cellular and Molecular Life Sciences 58, 1085-1104 (2001).

H. Belinson et al., Prenatal beta-catenin/Brn2/Tbr2 transcriptional cascade regulates adult
social and stereotypic behaviors. Mol Psychiatry 21, 1417-1433 (2016).

D. Medina-Cano et al., High N-glycan multiplicity is critical for neuronal adhesion and
sensitizes the developing cerebellum to N-glycosylation defect. Elife 7, (2018).

E. A. Partridge et al., Regulation of cytokine receptors by Golgi N-glycan processing and
endocytosis. Science 306, 120-124 (2004).

K. S. Lau, J. W. Dennis, N-Glycans in cancer progression. Glycobiology 18, 750-760
(2008).

H. Guo, I. Lee, M. Kamar, S. Akiyama, M. Pierce, Aberrant N-glycosylation of beta(1)
integrin causes reduced alpha(5)beta(1) integrin clustering and stimulates cell migration.
Cancer Research 62, 6837-6845 (2002).

H. Guo, I. Lee, M. Kamar, M. Pierce, N-acetylglucosaminyltransferase V expression
levels regulate cadherin-associated homotypic cell-cell adhesion and intracellular
signaling pathways. Journal of Biological Chemistry 278, 52412-52424 (2003).

R. Guo et al., Glycogenes mediate the invasive properties and chemosensitivity of human
hepatocarcinoma cells. Int J Biochem Cell Biol 45, 347-358 (2013).

S. S. Pinho et al., E-cadherin and adherens-junctions stability in gastric carcinoma:
functional implications of glycosyltransferases involving N-glycan branching
biosynthesis, N-acetylglucosaminyltransferases 111 and V. Biochim Biophys Acta 1830,
2690-2700 (2013).

Y. Zhao et al., N-acetylglucosaminyltransferase I11 antagonizes the effect of N-
acetylglucosaminyltransferase V on alpha 3 beta 1 integrin-mediated cell migration.
Journal of Biological Chemistry 281, 32122-32130 (2006).

Y. Y. Zhao et al., Functional roles of N-glycans in cell signaling and cell adhesion in
cancer. Cancer Sci 99, 1304-1310 (2008).

159



CHAPTER 5

N-glycosylation branching regulates NSPC adhesion

Authors: Andrew R. Yale'23, Lakshay Verma?3, Craig Reeves?®, Chloe Thangavelu®?, Loise
Cho?3, Paul D. Gershon®, Lisa A. Flanagan®?3#

!Department of Anatomy & Neurobiology, University of California, Irvine
2Department of Neurology, University of California, Irvine

3Sue & Bill Gross Stem Cell Research Center, University of California, Irvine
“Department of Biomedical Engineering, University of California, Irvine
Department of Molecular Biology and Biochemistry, University of California, Irvine

®College of Natural Sciences and Mathematics — Biology, California State University, Fullerton

160



5.1 INTRODUCTION

Neural stem and progenitor cells (NSPCs) have the ability to differentiate into neurons,
astrocytes, or oligodendrocytes as they mature. Central nervous system (CNS) tissue does not
regenerate efficiently; thus, transplantation of NSPCs has the potential to be used as a clinical
therapeutic for the restoration of damaged tissue in patients suffering from neurodegenerative
diseases and traumatic injuries to the CNS. However, current methods to characterize and
predict the behavior of NSPCs are insufficient and give variable results. In order to have a more
efficient and consistent cell transplantation-based therapeutic for humans, it is essential to gain a
better understanding of mechanisms that control NSPC behavior and cellular responses to their
surroundings.

Our lab determined that membrane capacitance, or the cell membrane’s ability to store
charge, is a unique physiological signature that distinguishes fate-biased progenitors in a
heterogenous population of NSPCs (1-8). Experiments to decipher the molecular components
underlying membrane capacitance determined a significant relationship between fate-specific
membrane capacitance and glycosylation patterns (1). Specifically, experiments showed that
altering N-glycosylation complexity by adding sugars to proteins on the cell surface changed
both membrane capacitance and fate bias of NSPCs (1). The complexity of N-glycosylation is
dependent on the number of N-acetylglucosamine (GlcNAc) ‘branches’ that are added to the N-
glycan core. Almost all N-glycans undergo a process known as N-glycan branching. N-glycan
branches generate structures to which sialic acid or galactose residues can be added to to form
the vast diversity of N-glycans expressed on the cell surface. Since N-glycan branching
complexity can significantly alter the function of many cell membrane proteins, it can control

and coordinate the function of proteins that detect environmental cues and therefore dictate a
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cell’s response to its surroundings. Identifying which cell responses are most susceptible to
changes in glycosylation patterns on the surface will be key to understanding how N-
glycosylation can direct NSPC behavior.

The molecular mechanisms by which N-glycosylation can impact NSPC fate are not
currently known. Changes to N-glycan branching impact ligand-receptor sensitivity to a number
of growth factors such as EGF, PDGF, bFGF, and IGF (9, 10). Additionally, N-glycan branching
regulates the metastatic potential of cancer cells by regulating cellular adhesion and migration
through modifying functional activity of cadherins and integrins, which are cell-cell and cell-
extracellular matrix (ECM) binding proteins (11-18). The objective of these studies was to
investigate how N-glycosylation patterns may specifically regulate NSPC cell surface proteins

and cell function.

5.2 RESULTS
5.2.1 Unbiased screen of cell surface proteome

N-glycan branching impacts NSPC fate potential (see Chapter 3), but the molecular
mechanisms and signaling cascades that mediate this process are not well understood. Since
glycosylation controls multiple different types of proteins on the cell surface, we performed an
unbiased screen of all cell surface proteins by mass spectrometry (MS). We isolated the plasma
membranes of GIcCNAc-treated and control mouse NSPCs by ultracentrifugation-based
fractionation. By comparing the relative protein abundance between GIcNAc-treated and control
NSPCs using MS, we found that a large number of proteins that regulate cell adhesion were less
abundant on GIcNAc-treated NSPCs than controls. GICNAc-treated cells expressed lower cell

surface levels of the cell-cell adhesion proteins neural cell adhesion molecule (NCAM), N-
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cadherin, and accessory proteins that link cadherins to the actin cytoskeleton: a-catenin and 6-
catenin/p120. Our screen also identified proteins critical for cell-extracellular matrix (ECM)
adhesion since GIcNAc-treated cells had lower cell surface expression of integrin subunits oV
and 1. Based on the proteins identified in our screen, we assessed whether N-glycan branching

functionally impacted cell adhesion.

5.2.2 N-glycan branching impacts cell-cell adhesion

We first tested whether NSPC cell-cell adhesion is affected by the N-glycan branching
pathway. We treated E12 NSPCs with the sugar supplement N-acetylglucosamine (GIcNACc) to
enhance N-glycan branching on the cell surface (1) (Chapter 3) and found GIcNAc-treated NSPC
neurospheres to be significantly smaller compared to untreated NSPC neurospheres (Fig.
5.1AB). Interestingly, the number of spheres in the GIcNAc-treated sample was more than
double that of the untreated sample (Fig. 5.1C). Neurosphere formation is initiated by either one
or a cluster of NSPCs that bind to each other and proliferate to form their own micro-niche. This
data seems to suggest that the initial clustering of GIcNAc-treated NSPCs was diminished,
resulting in smaller neurospheres compared to the untreated control, but more in number. It is
also possible that this could be due to proliferative differences or cell death, but we previously

did not find that GIcCNAc treatment affected both properties (1).
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Figure 5.1. GIcNAc treatment reduces neurosphere size. A) Phase contrast images show
neurospheres formed by untreated and GIcNAc-treated NSPCs. Scale bar represents 1000 pum. B)
Neurosphere diameter of GICNAc treated E12 NSPCs significantly differed from controls by 2
and 3 days of growth in suspension. C) Neurosphere diameters at day 3 depicted as a dot plot.
The total number of neurospheres in the GIcNAc-treated NSPC group was more than 2-fold
greater than the number of neurospheres in the untreated group. (n=3; *p<0.05, ****p<0.0001)

Although we did not observe a change in proliferation or cell death in the GIcNAc-treated
NSPCs, the neurosphere assay is not specific to cell adhesion. We therefore utilized a second
adhesion assay to isolate the interaction of cells adhering to one another. We developed a
monolayer adhesion assay where single cells could be seeded onto an existing monolayer of
cells. The number of cells attached after a period of time could then be quantified. Through this
process, we can control the number of live cells being seeded. Additionally, seeding would only
occur for a short period of time prior to being fixed, not allowing cells enough time to
proliferate. Thus, this monolayer adhesion enables the direct assessment of cell-cell adhesion

without confounding variables such as proliferation or cell death. In this study, fluorescently
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labeled dissociated NSPCs were seeded onto a glycosylation-matched monolayer of cells —
control NSPCs on a control, untreated monolayer; GIcNAc-treated NSPCs on a GIcNAc-treated
monolayer. Unbound cells were washed away and the number of fluorescently labeled cells
remaining on the monolayer was quantified. Within the GIcNAc-treated sample, NSPCs showed

reduced binding to the monolayer compared to the controls (Fig. 5.2).
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Figure 5.2. GIcNAc-treated NSPCs have diminished cell-cell adhesion. A) Cartoon diagram
depicting the monolayer adhesion assay. NSPCs were grown as a monolayer (blue) on glass
coverslips. Dissociated cells, either control or GIcNAc-treated (orange outline), were labeled
with CellTracker green fixable fluorescent dye (green) and seeded onto the confluent monolayer.
Cells not attached were washed away, and the remaining cells adhered to the monolayer were
quantified. B) Example fluorescence images depict fewer GIcNAc-treated NSPCs (green) bound
to the monolayer (Hoechst) compared to the control untreated cells. C) Quantitation of the
number of cells attached to the monolayer. GIcNAc-treated NSPCs had reduced adherent cells.
(n=3; *p<0.05).

One of the proteins that showed low expression in GIcNAc-treated cells in the proteomic
screen was N-cadherin. N-cadherins are critical for the structural maintenance of all organs (19)
and are indispensable for early nervous system development as they stabilize the structure,

shape, and closure of the neural tube (20). Their normal expression throughout embryonic

development allow NSPCs in vivo to retain apical-basal polarity (21), and compromised
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expression results in precocious neurogenesis and randomization of the cortical lamina during
development (22-25). However, N-cadherin expression has not been linked to NSPC fate choice
along the neuron-astrocyte axis. Immunostaining for N-cadherin in untreated and GIcNAc-
treated NSPC monolayers suggest reduction of N-cadherin links at the cell-cell junction within
GIcNAc-treated NSPCs when compared to untreated control cells (Fig. 5.3). Taken together,
these data suggest that cell-cell adhesion is significantly reduced when N-glycan branching is
enhanced. This effect is partially mediated by either the diminished expression or binding of N-

cadherin receptors across two cells.

GIcNAc

Figure 5.3. N-cadherin expression is disrupted in GIcNAc-treated cells. Fluorescence images
showing the change in expression of N-cadherin with GIcNAc treatment of E12 mouse NSPCs
grown as a monolayer. N-cadherin “tracks” appear disrupted in the GIcNAc-treated sample, and
N-cadherin labeling was less evident at cell-cell borders.

5.2.3 N-glycan branching alters NSPC adhesion and migration on different ECM
substrates
In addition to proteins that regulate cell-cell adhesion, the cell surface expression of cell-

ECM interacting proteins such as integrins was also reduced on GIcNAC-treated NSPCs.
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Integrins are a family of ECM-binding proteins that form heterodimers with o and B subunits; the
type of ECM bound is determined by the particular a and B subunits in the heterodimer.

Integrins allow for adhesion to and migration along a variety of different substrates. Integrin
expression and their interaction with the extracellular environment plays a substantial role in
neural development in vivo and in vitro (26) including NSPC fate decisions in vitro (27, 28). Our
MS analysis indicated that oV and B1 integrins were down-regulated on mouse NSPCs after
GlcNAc treatment, and analysis of GlcNAc treated human cells showed that aV, 02, a5, a6, a7,
B1, B8 were all reduced on treated cells.

We tested whether these changes to integrin expression impact cell-ECM binding and
adhesion. We first performed a static adhesion assay. Dissociated control and GIcNAc-treated
E12 NSPCs were seeded onto fibronectin-coated glass coverslips. After 30, 90, and 180 minutes,
cells were gently washed and the remaining cells were quantified. GIcNAc-treated NSPCs had
significantly fewer cells remaining on the fibronectin substrate after 90 and 180 minutes when
compared to untreated NSPCs (Fig. 5.4A). This assay is challenging due to the varied rate and
force of washing in static conditions. To better control for the forces that are meant to dislodge
loosely attached cells, we developed a microfluidic assay where we can control the flow rate that
is pushing against the attached cells. Control and GIcNAc-treated NSPCs were thus seeded into a
fibronectin-coated microfluidic channel and subjected to an increasing flow rate. Similar to our
static well assay, GICNAc-treated NSPCs were less resilient to an increasing flow rate and
significantly more cells were dislodged compared to the untreated NSPCs (Fig. 5.4B). Taken

together, these data indicate that N-glycan branching reduces cell-ECM adhesion to fibronectin.
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Figure 5.4. N-glycan branching reduces NSPC adhesion to fibronectin. Control and GIcNAc-
treated NSPCs were dissociated and seeded onto fibronectin-coated glass. After 3 hours, non-
adherent cells were washed. GIcNAc-treated NSPCs bound less tightly to fibronectin than the
untreated cells at the 90 min (two-tailed Student’s t-test, p=0.0006) and 180 min timepoints
(p<0.0001). B) Cells seeded into a microchannel coated with fibronectin were subjected to
increasing amounts of flow to induce shear stress. GICNAc-treated NSPCs were able to be
dislodged significantly more often than untreated NSPCs at increasing flow rates (linear
regression, p=0.0373). (N=3, *p<0.05, ***p<0.001, ****p<0.0001)

Integrins are also invariably linked to cell migration and their function is important for
patterning in a number of different organs (29). N-linked glycosylation has been reported to alter
the functional activity of integrins. For instance, integrins with increased N-glycan branching,
generated by the enzyme MGATS5 (see Chapter 4), promote cellular migration and metastatic
behavior in cancer-derived cells in vitro (30). Whether a similar behavior is seen in NSPCs has
yet to be elucidated. We tested whether migration on different substrates is impacted by N-
glycan branching by seeding whole neurospheres on either laminin or fibronectin-coated glass
coverslips and allowing the cells to spread for 24 hours (Fig. 5.5A). The distance traveled by the
radially migrating cells was indistinguishable between the control and GIcNAc-treated NSPCs
on laminin. However, GIcNAc-treated NSPCs on fibronectin migrated further than the untreated

NSPCs (Fig. 5.5B). These data suggest that one role of glycosylation may be to selectively alter

the interaction of specific integrin heterodimers with particular components of the ECM.
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Figure 5.5. GIcNAc-treatment increases NSPC migration on fibronectin. A) Cartoon
schematic indicating neurosphere spreading after being seeded onto ECM-coated glass. After 24
hours, individual NSPCs migrated away from the site of neurosphere attachment. The distance
(um) was measured from the edge of the original sphere to the edge of the expanded region
(rmigration). Distance was normalized to radius of the sphere (rspnere) t0 generate a ratio (normalized
migration ratio) to account for variability in sphere size. B) NSPCs seeded onto fibronectin but
not laminin, exhibited enhanced migration after treatment with GIcNAc. (n=3; ***p<0.001,
****p<0.0001)

Integrins and their associated ECM binding partners impact NSPC fate potential in vitro.
We found previously that GIcNAc-treated NSPCs on laminin form more astrocytes and fewer
neurons upon differentiation (1). Since aV and B1 integrins were altered after GIcNAc treatment
and heterodimers of these integrins bind fibronectin, we tested whether increasing N-glycan
branching with GIcNAc treatment altered NSPC differentiation on fibronectin. Compared to
controls, GIcNAc-treated NSPCs on fibronectin formed more neurons while astrocyte
differentiation was unchanged (Fig. 5.6). These data could show that highly-branched N-glycans

induce differential responses to distinct ECM molecules, such that an increase in highly branched
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N-glycans on integrins leads to more astrocytes in an environment rich in laminin but more

neurons in the presence of fibronectin.
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Figure 5.6. GIcNAc-treatment affects NSPC differentiation on fibronectin. A) E12 NSPCs
were treated with GIcNAc and differentiated on fibronectin for 72 hours. Neurons were labeled
with TUJ1 (green). Astrocytes were stained for GFAP (green). All cells were counterstained with
Hoechst nuclear dye (blue). There appeared to be more TUJ1-positive neurons in the GIcNAc
sample. Astrocyte numbers were not observed to be different; however, morphology appeared
changed. Astrocytes derived from control NSPCs appeared to have a flatter morphology
compared to those derived from GIcNAc-treated NSPCs, which exhibited extended processes
and a more stellate shape. B) Significantly more MAP2/TUJ1-positive neurons were formed
from GIcNACc treated NSPCs. The percentage of GFAP-positive cells was not different for
control and GIcNAc treated NSPCs. (n=3, ****p<0.0001)

5.2.4 Changes to N-glycan branching alters Yap nuclear localization
An important signaling pathway downstream of cell adhesion is the Hippo signaling
pathway, which has been linked to the control of organ size during development (31, 32). The

major downstream effectors of the Hippo pathway are the two co-nuclear factors Yap and Taz.
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Yap/Taz can be found either within the nucleus or the cytoplasm. When activated, Yap/Taz are
redistributed into the nucleus and they regulate growth and proliferation. Yap activity has been
linked to mechanotransduction through sensing stretch or tensile forces at the cell membrane (33,
34) and could be transmitted through actin remodeling in the cytoskeleton (35-37). Both
cadherins and integrins are linked to the cytoskeleton and can affect actin filament remodeling
(32, 38-40). Despite the relationship of Yap/Taz and cellular adhesion being clear, the links
between N-glycosylation, cellular adhesion, and Hippo signaling remain undescribed. We
stained control and GIcNAc-treated E12 NSPCs for the Yap protein to assess subcellular
localization. We found Yap was strongly redistributed to the nucleus of NSPCs compared to the
untreated NSPCs. Since GIcNAc-treated NSPCs exhibit reduced cell adhesion (Fig. 5.1, Fig. 5.2,
Fig. 5.3), the proteins mediating the differences in adhesion may transduce mechanosensory

signals and affect NSPC fate potential through the Hippo signaling pathway.
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Figure 5.7. Yap is predominantly localized to the nucleus in GIcNAc-treated NSPCs. Yap
immunostaining of E12 NSPCs. Quantitation of the proportion of Yap within the nucleus
indicate that GICNAc-treatment redistributes Yap out of the cytoplasm (n=1).
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5.3 DISCUSSION

We identify the N-glycosylation branching pathway as a regulatory system for NSPC
adhesion. Our preliminary mass spectrometry analysis indicated a reduction in both cell-cell and
cell-ECM proteins expressed within the GIcNAc-treated NSPCs compared to untreated cells.
Consequently, we found direct cell-cell adhesion was reduced in GIcNAc-treated NSPCs when
analyzed by both a neurosphere formation assay and a monolayer adhesion assay. Enhanced N-
glycan branching also correlated with a decrease in N-cadherin labeling in a monolayer of
NSPCs. Concomitantly, GIcNAc treatment reduces NSPC adhesion to fibronectin substrates, but
also enhances their migration on the ECM substrate. Interestingly, when testing differentiation of
GIcNAc-treated NSPCs on fibronectin, we observed the opposite effect to that observed on
laminin (1). GIcNAc treatment enhanced neuron formation, but had no change in astrocyte
formation on fibronectin. Lastly, GICNAc treatment enhanced Yap nuclear localization,
potentially identifying a novel mechanism by which cell surface glycosylation impacts cell
adhesion receptors, leading to a change in Yap/Taz signaling that impacts NSPC fate potential.
Taken together, these data suggest the different glycosylation patterns that exist on neurogenic or
astrogenic progenitors may regulate cell surface proteins that guide or restrict their fate potential.

The expression of a variety of cell adhesion proteins at the cell surface is less abundant
on GIcNAc-treated sample compared to control. The data we present suggest decreased cellular
adhesion to a number of substrates including other cells and the extracellular matrix. A
proteomics study between wild type (WT) and Srd5a3 mutant cerebellar cells found differences
in IgSF-CAM expression (41). Srd5a3 encodes the enzyme that synthesizes dolichol, the lipid
carrier for all N-glycans prior to their transfer to a peptide within the ER. Since IgSF-CAMSs are

a family of cell adhesion molecules that include neural cell adhesion molecule (NCAM), a highly
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expressed protein in the nervous system that carries the glycan polysialic acid (PSA), it is
possible that cell adhesion in neural progenitor cells throughout the CNS is most impacted by
changes in N-glycosylation.

NSPC cell-cell adhesion is reduced when N-glycosylation branching is enhanced,
potentially by a reduction in N-cadherin expression and binding at the cell surface. In the cancer
field, strong ties between cadherins and glycosylation have been outlined. Aberrant glycosylation
of E-cadherin results in malignant proliferation and metastatic invasiveness of tumorigenic cells
(13, 17, 42-44). Similarly, N-glycosylation exerts a similar control over N-cadherin. Reduced N-
glycan branching increased N-cadherin-mediated contacts, stabilized adhesion junctions, and
reduced cellular migration (15, 45). N-cadherin is highly expressed by NSPCs in the VZ/SVZ or
neurogenic niche during early embryonic development (46, 47), is meant to stabilize the
architecture of the nervous system (46, 48), and is highly expressed in the apical domain of an
NSPC to maintain apical to basal polarity (49-51). Downregulation of N-cadherin in the neuron-
forming daughter cell during asymmetric division, that is the formation of an NSPC and a
neuron, is necessary for apical detachment, cell cycle exit, and migration toward the cortical
plate (52, 53). Thus N-cadherin promotes NSPC self-renewal and maintenance of the neurogenic
niche, and its downregulation induces neurogenesis (52-54).

How glycosylation might regulate N-cadherin function in NSPCs is not known. Highly-
branched N-glycans are increasingly expressed during late cortical development within the
mouse (1), coinciding with the switch from neurogenesis to gliagenesis. Furthermore, MGAT5
deficiency causes decreased neuron formation within the developing cortex (see Chapter 4).
Thus, it is possible that loss of MGAT5S in NSPCs during development could cause persistent N-

cadherin expression and functional adhesion even during neurogenesis, thus preventing neuronal
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progenitors from forming neurons normally in vivo. Conversely, enhancing N-glycan branching
by GIcNAc supplementation could reduce N-cadherin-mediated cell adhesion and cause
precocious differentiation of cells in vitro, thus forming more astrocytes than neurons due to loss
of neuronal progenitor maintenance (1). Taken together, our data links N-glycosylation
branching to the control of cell-cell adhesion in NSPCs, and potentially provides a mechanism
through which N-glycan branching could impact NSPC differentiation through the modulation of
N-cadherin.

Our preliminary mass spectrometry study identified multiple integrin subunits that were
downregulated due to enhanced N-glycan branching, including laminin and fibronectin-binding
integrins. The binding and interaction to different ECM proteins expressed throughout neural
development change over time (55, 56) and is dependent on the integrins being expressed on the
cell surface. B1 subunit-containing integrins are the most ubiquitously expressed throughout the
developing central nervous system, and specific integrin heterodimers such as a6f1, a3p1, and
avP1 are important for NSPC maintenance and cortical layer formation in vivo (57-60). While
these integrin heterodimers confer strong affinity toward laminin, suppression of B1 in vitro does
not impact fibronectin binding suggesting expression of other integrin heterodimers, including
avP5 or avP8, may regulate binding and interaction to other matrix molecules (60, 61). Adhesion
to fibronectin is weakened when N-glycan branching is enhanced (Fig. 5.4), but migration along
the substrate is increased (Fig. 5.5). Cell spreading and attachment to fibronectin is reduced in
mammary epithelial tumor cells with an MGATS5 genetic knockout (16, 62). MGAT5
overexpression, which is similar to GIcNAc supplementation, in cancer cells does not affect
fibronectin-binding integrin subunit (a5 and 1) expression, but rather reduces integrin clustering

along the cell surface, resulting in less adhesion but more migration on fibronectin (16).
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Interestingly, the same study showed that MGAT5-mediated N-glycan remodeling was specific
to the B1 integrin subunit and not the a5 subunit suggesting a protein dependent effect of N-
glycan branching (16). This may explain why the effect on cellular migration appears to be most
prominent on fibronectin instead of laminin.

The integrins expressed on the cell surface could dictate or modulate how a cell interacts
with the ECM. Human NSPCs exhibited enhanced growth and differentiation when grown on
laminin as opposed to fibronectin (28). These cells expressed high levels of laminin-binding
integrin subunits (28). The differentiation potential of GIcNAc-treated NSPCs on fibronectin was
opposite to what we had previously observed when the cells were differentiated on laminin (1).
This was unexpected since integrins that bind to both fibronectin and laminin were decreased
within the GIcNAc-treated NSPC sample. It is possible that different subunits of integrins are
differentially affected by a change in N-glycosylation. Alternatively, there could be a difference
in integrin and growth factor receptor crosstalk (63-66) that is somehow altered by changes in N-
glycosylation. Overexpression of 34 integrin subunit induces NSPC differentiation, an effect that
is dependent on FGFR2 signaling (67). N-glycosylation could also impact the receptors of other
signaling systems (eg. EGFR, PDGFR, FGFR, IGFR, etc.), and there is some evidence that N-
glycosylation alters crosstalk between integrin a5 and EGFR signaling (68, 69). A similar
mechanism could be occurring here with the GIcNAc-treated NSPCs, although more experiments
are necessary to understand the underlying signaling cascades.

We found the transcription factor Yap is redistributed to the nucleus in GIcCNAc-treated
NSPCs (Fig. 5.6). The Hippo signaling pathway and cellular adhesion are well described
regulators of organ size during development (70-72). Hippo downstream effectors, Yap and Taz

are crucial components of mechanotransduction systems (33, 73) and their activation is linked to
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cell adhesion and the state of the actin cytoskeleton (37). The role of Yap signaling is now being
looked at more closely in the neural lineage. Yap activation is linked to the stretch-activated ion
channel Piezol, which regulates NSPC differentiation (33). During retinal development, Yap
signaling promotes proliferation of progenitor cells while inhibition induces differentiation (74).
Yap was previously detailed to be selectively expressed by neocortical NSPCs and astrocytes in
vivo and in vitro (75-77). Isolated Yap-deficient E14.5 NSPCs grown in culture displayed no
change to neuron formation but a significant decrease to astrocyte production in vitro (75)
Furthermore, conditional knockout of Yap in nestin-positive cells resulted in decreased BLBP-
and Aldolase C-positive astrocytes throughout the cortex but not the hippocampus (75). In
another study, viral infusion and local expression of a constitutively active Yap in the VZ/SVZ
of embryonic cortices reduced Sox2 expression and formed ectopic clusters at E18.5; this effect
was not seen when activated Yap was expressed earlier at E13.5 suggesting molecular
mechanisms that enable Yap sensitivity are not turned on until late stage cortical development
(78). GIcNAc-treatment induced redistribution of Yap into the nucleus (Fig. 5.6) and increased
formation of GFAP-expressing cells in vitro (1). We have potentially identified a novel
mechanism that links N-glycosylation branching, cell adhesion receptors, and Yap/Taz signaling

in the regulation of NSPC fate potential.

5.4 FUTURE DIRECTIONS

This study utilized various assays to assess the functional impacts of enhanced N-glycan
branching on both cell-cell and cell-ECM adhesion. We find that the ability for cells to adhere to
one another and to the ECM, specifically fibronectin, was significantly diminished in the

GlcNAc-treated samples. The adhesion proteins impacted by the changing glycosylation patterns
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remain to be determined. Our proteomic analysis identified decreased expression of cell adhesion
proteins on the membranes of GIcNAc treated NSPCs. Future work will utilize antibodies to
confirm the expression of the different proteins by flow cytometry. Lastly, we identified a
significant redistribution of the YAP transcription factor into the nucleus when cells were treated
with GIcNAc. While YAP signaling is known to be intertwined with cellular adhesion (both cell-
cell and cell-ECM), it is unknown how N-glycan branching could affect this process. We will
utilize models of reduced N-glycan branching (kifunensine treatment, MGAT5-NULL NSPCs)
to determine whether loss of N-glycan branching has an impact on NSPC subcellular localization
of YAP. Future studies involving the disruption of cellular adhesion and downstream effectors of
either cadherin or integrin-mediated signaling will help us understand how N-glycan branching

could modulate NSPC differentiation through the Y AP signaling pathway.

5.5 MATERIALS AND METHODS

NSPC cell culture:

CD-1 mice (Charles River) were purchased, selected randomly, and bred as approved by
the University of California, Irvine Institutional Animal Care and Use Committee. Dorsal
forebrain cortical tissue was dissected from the cerebral cortices of embryonic day 12.5 (E12)
and 16.5 (E16) mice and placed in dissection buffer: PBS, 0.6% glucose, 50 U/mL Pen/Strep.
Cortical tissue from multiple embryos within the same litter was pooled, and a subsequent
culture from a single litter was considered a biological repeat. The tissue was dissociated using
0.05% Trypsin-EDTA at 37° C for 10 min. Afterward, trypsin was inhibited using soybean
trypsin inhibitor (Life Technologies) and dissociated cells were re-suspended in proliferation

medium containing DMEM, 1x B27, 1x N2, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 mM
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N-acetylcysteine, 20 ng/mL EGF, 10 ng/mL bFGF, and 2 pg/mL heparin. Cells were seeded at
150,000 cells/mL into non-tissue culture treated plastic plates and grown as non-adherent
spheres. Cell cultures were passaged approximately every 3 days using enzyme-free NeuroCult
Chemical Dissociation Kit (Mouse) (StemCell Technologies). All NSPC cultures were passaged
at least once prior to experimental use. NSPCs were plated as adherent cultures for
differentiation. HCI-washed German glass coverslips (Assistant/Carolina Biological Supply,
Burlington, NC) were pretreated with poly-D-lysine (40 pg/mL in milliQ H20) for 5 minutes then
coated with laminin (20 pg/mL in EMEM) at 37° C for 24 hours prior to cell adhesion. Whole
neurospheres were seeded onto the laminin-coated coverslips in proliferation medium. After 24
hours, proliferation medium was removed and replaced with differentiation medium (same
components as proliferation medium but excluding EGF, bFGF, and heparin) to induce
differentiation. NSPCs were differentiated into neurons and astrocytes in these conditions for 3
days.

GIcNACc treatment of NSPCs:

A stock solution of 800 mM N-acetylglucosamine (GIcNAc) was prepared in
proliferation medium. For dose response experiments, the stock solution was added to E12
NSPC cultures in proliferation medium to create final concentrations ranging from 20 to 80 mM
GIcNACc and the same concentration of GIcCNAc was maintained in the differentiation medium.
The medium was re-supplemented with fresh GICNAc every 24 hours for 3 days since GICNACc
breaks down over time in agueous solutions. For some experiments NSPCs were treated with 80
mM GIcNAc for 3 days in proliferation medium then dissociated for analysis. Experiments
designed to test the effects of GICNAC at different stages of cell growth and differentiation used

GIcNAc supplementation in either the proliferation medium only (and not the differentiation
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medium), the differentiation medium only (and not the proliferation medium), or treated
throughout proliferation and differentiation so included in both media. When GIcNAc was added
to differentiation medium, the GIcNAc stock was also prepared in differentiation medium and
GIcNACc was re-supplemented daily in the culture media. Control cells were grown in medium
lacking supplementation with GIcNAc. GIcNAc was withdrawn during differentiation
conditions.

Mass spectrometry of NSPC proteins

Approximately 2x10” NSPCs were washed with PBS containing 0.6% glucose twice.
Cells were suspended in an ice-chilled hypotonic solution (1x PBS diluted 1:10) containing
AEBSF and leupeptin protease inhibitors and lysed by freeze-thaw cycling between a dry
ice/ethanol bath and 37° C water bath. The sample was centrifuged at 100 x g for 15 min at 4°C
to remove nuclei, large organelles, and unlysed cells. The supernatant was collected and further
centrifuged at 100,000 x g for 1 hour at 4° C using a Beckman Ultracentrifuge (rotor SW41). The
supernatant containing cytoplasmic proteins was discarded, and the pellet containing the cell
membrane fraction was isolated and sent to Dr. Paul Gershon’s lab at the University of
California, Irvine for peptide degradation and mass spectrometry analysis.

Nano-liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) was carried
out at the UCI Proteomics MS Facility to determine the membrane proteomes of E12, GIcNAc-
treated E12, and E16 NSPCs. Samples of cells to be compared (E12 vs. E12 GIcNAC-treated,
E12 vs. E16) underwent stable isotopic labeling of trypsin-digested preparations prior to mix-
back and nanoLC-MS/MS, using area-under-the peak quantitation of precursor spectral segments

exhibiting the appropriate mass split to indicate isotopically labeled peptide pairs from the 2
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samples (79). Protein identification and quantification used Mascot Distiller software and in-
house code written by Dr. Gershon.
Fate analysis

For fate analysis, at least 3 independent sets of NSPCs derived from 3 different litters
were analyzed using manual counting software built into ImageJ. The percentage of cells that
differentiated into double-positive MAP2/TUJ1 neurons with neurite lengths of at least 3 times
the length of the soma was calculated from 5 randomly selected fields per experiment with more
than 1000 cells counted per experimental group in each of the 3 independent experiments, so
over 3000 cells per group. The percentages of GFAP-positive astrocytes were calculated from
randomly selected fields of cells adjacent to the sphere attachment site but not from the dense
cells within the sphere since cell density and cell death affect astrocyte GFAP reactivity. Cells
expressing GFAP in a filamentous cytoskeletal pattern were counted as astrocytes and 3000 or
more cells per experimental group were analyzed.

Immunocytochemistry

Cell culture samples were fixed with 4% paraformaldehyde (4% paraformaldehyde, 5
mM MgCI2, 10 mM EGTA, 4% sucrose in PBS) for 10 min, and the cell membranes were
permeabilized with 0.3% Triton-X 100 in PBS for 5 min. Cells were blocked using 5% BSA in
PBS for 1 hour then incubated with the primary antibody for approximately 18 hours at 4° C and
the secondary antibody for 2 hours at room temperature in the dark. Primary antibodies were
diluted in 1% BSA in 1x PBS; secondary antibodies were diluted in 1x PBS. All cells were
counterstained using a Hoechst 33342 nuclear dye (Thermo Fisher Scientific) and coverslips
were mounted onto glass slides using ProLong Gold Antifade Mountant medium (Thermo Fisher

Scientific). Cells were visualized using a Nikon Eclipse Ti-E fluorescence microscope at 20x
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magnification, and all images were acquired using NIS Elements AR 4.51 image capturing and
analysis software. See table below for antibodies and concentrations.

Table 5.1 Antibodies and dilutions

Item Vendor Catalogue # Dilution

Mouse anti-NCADH 1gG BioLegend 844702 ICC: 1:100
Rabbit anti-TUJ1 IgG Sigma T2200 ICC: 1:100
Mouse anti-MAP2 1gG Sigma M9942 ICC: 1:200
Rabbit anti-GFAP IgG Sigma (G9269 ICC: 1:200
Mouse anti-YAP IgG Santa Cruz Biotech | Sc-101199 ICC: 1:200

NSPC migration assay

E12 NSPCs control or GIcNAc-treated were grown in suspension for 3 days.
Neurospheres were then seeded onto laminin (20 ug/ul) or fibronectin coated glass coverslips (40
ug/ul). The glass used were 12 mm German glass with a photo etched grid (Bellco, SKU: 1916-
91012). Phase contrast images were taken of random spheres after 15 minutes to ensure
attachment. Using the photo etched grid to align, the same spheres were imaged after 24 hours. A
circle was drawn around the original placement and shape of neurosphere attachment, rsphere. An
approximate circle was drawn around the maximal edge of the cells migrating outward, rmigration.
A migration ratio was factored by (migration-rsphere)/Isphere.

Monolayer adhesion assay

A monolayer of E12 NSPCs were grown on laminin-coated glass coverslips until
confluency of 90% or more was accomplished. These monolayers were either control or
GIcNAc-treated (80 mM). Suspended E12 NSPCs, either control or 3-day 80mM GIcNAc-
treated, were dissociated and stained using CellTracker Green (ThermoFisher Scientific; C925).
Cells were then seeded onto the monolayer at a concentration of 50,000 cells/ml. After 1 or 2

hours, cells were gently washed and fixed using 4% PFA. All cells were counterstained using a
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Hoechst 33342 nuclear dye (Thermo Fisher Scientific) and coverslips were mounted onto glass
slides using ProLong Gold Antifade Mountant medium (Thermo Fisher Scientific). Cells were
visualized using a Nikon Eclipse Ti-E fluorescence microscope at 20x magnification, and all
images were acquired using NIS Elements AR 4.51 image capturing and analysis software.

Static ECM adhesion assay

Dissociated E12 NSPCs, either control or 80 mM GIcNAc-treated, were seeded onto
fibronectin-coated glass coverslips at a concentration of 25,000 cells/ml. After 30, 90, or 180
minutes, cells were gently washed, and the number of cells remaining were quantified.

Flow-based ECM adhesion assay

For this assay, we used a modified microfluidic channel, the LCEA device (2), that
contained no printed electrodes. The microfluidic channel was coated with fibronectin (10 ug/ul)
overnight by flowing in a fibronectin-containing wash solution by syringe pump. Afterwards, the
channel was washed with 1x PBS, and dissociated E12 NSPCs were seeded into the channel.
Cells were allowed to attach for 1 hour. Afterwards, an increasing flow rate starting at 5 ul/min
and stepping up by increments of 5 ul/min was applied to the attached cells. A video feed
attached to a microscope enabled visualization within the microfluidic channel. Each flow rate
step was applied for 10 minutes. The remaining number of cells attached to the channel were

quantified.
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CHAPTER 6

Conclusions and Future Directions

6.1 SUMMARY

Neural stem/progenitor cells (NSPCs) have shown great promise as a potential cure for
neurodegenerative diseases and trauma, especially since the innate regenerative capacity of the
central nervous system (CNS) is insufficient for damaged tissue restoration and functional
recovery. However, we currently lack needed cellular characterization to predict cell behavior,
leading to inconsistent results in transplantation therapies. Therefore, it is essential to gain a
better understanding of the mechanisms that control NSPC development and their response to the
environment to develop new brain repair strategies. In the work presented here, we used the
application of a novel biophysical signature, membrane capacitance, to identify NSPCs biased
toward either neuronal or glial fates, linked membrane capacitance to the N-glycan branching
pathway, showed that branching directly impacts fate, found that the MGATS5 branching
enzymes regulates NSPC differentiation in vitro and in vivo, and identified molecular
mechanisms linking branching to regulation of NSPC function.

Development of the brain is highly regulated temporally and spatially (1), and NSPCs are
responsible for sequentially generating all neurons, astrocytes, and oligodendrocytes in the brain.
Identifying cell fate potential and differentiation bias, for example whether an NSPC will
become a neuron or astrocyte, is a highly researched topic. Unfortunately, traditional cell surface
markers used to detect NSPC fate bias, such as PSA-NCAM, have considerable overlap across

cells biased to different fates and are thus insufficient for identifying differentiation bias. New
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methods to characterize the differences between neuron or astrocyte-biased NSPCs will guide the
field into generating new concepts for NSPC fate potential.

Prior to the work presented here, our lab pioneered the use of label-free, biophysical
markers to discern fate bias in populations of human and rodent NSPCs (2-11). In particular, the
electrophysiological property membrane capacitance, or the ability of the plasma membrane to
store charge, is sufficient to discern neuron-biased and astrocyte-biased NSPCs (2, 3, 5, 7-11).
Cells can be sorted on the basis of membrane capacitance using dielectrophoresis (DEP), which
is the application of a non-uniform electric field that induces cell movement(2, 3, 5, 9, 11). As
part of my thesis work, we developed new cell sorting devices that couple DEP and microfluidics
to rapidly and continuously separate neuron-biased and astrocyte-biased NSPCs (2, 9) (Chapters
2 and 3). Future research can combine label-free and marker-based sorting to tailor stem cell-
based therapies for neurological disease treatment.

The molecular basis of membrane capacitance has not been well understood. We
hypothesized that N-glycosylation may contribute since the process forms large, charged sugars
on the cell surface. We found that inhibition of N-glycosylation shifted the behavior of NSPCs
within DEP (5). To fully understand the contribution of glycosylation to membrane capacitance,
we first wanted to identify differences in glycosylation patterns that may underly differences to
astrocyte-biased and neuron-biased cells. Since NSPCs in cortical development generate neurons
first and later astrocytes (1), we isolated NSPCs from either E12 (neurogenic stage) or E16
(astrogenic stage) cortices. We found the N-linked glycosylation branching pathway to be of
particular interest since a large number of enzymes involved were differentially expressed (2)
(Chapter 3). Enhancing N-glycan branching by supplementing cells with N-acetylglucosamine

(GIcNAC), a core modification of all N-glycans, was sufficient to shift membrane capacitance (2)
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(Chapter 3). Additionally, changes to N-glycan branching accounts for nearly the entire
difference in membrane capacitance between neuron or astrocyte-biased NSPCs (2) (Chapter 3).
Lastly, we found that enhancing N-glycan branching significantly shifts the fate potential of
NSPCs (2) (Chapter 3). This study revealed a novel link between fate-specific membrane
capacitance, N-linked glycosylation, and NSPC fate potential.

Most studies detail N-glycosylation as a regulatory element for neuron axon targeting and
synaptic maturation (12, 13). Its role in neurogenesis or NSPC fate potential was poorly
described. Since we found that N-glycan branching was a significant regulator to NSPC fate
potential in vitro (2) (Chapter 3), we sought to identify the relevant enzymes that process N-
glycan branches and explore the impact N-glycan branching has on cortical development
(Chapter 4). Since the enzyme MGATS is the primary enzyme for the highly-branched N-glycan
synthesis, we utilized a transgenic mouse model deficient of MGATS5 to study the function of its
activity in NSPCs. In vitro, NSPCs lacking MGAT5 produced more neurons and fewer
astrocytes, showing that N-glycan branching can regulate NSPC fate (Chapter 4). During cortical
development, loss of MGATS5 accelerated neuronal differentiation and depleted the NSPC pool
(Chapter 4). Specifically, BRN2 progenitors in the VZ/SVZ were reduced (Chapter 4); these
cells are responsible for generating upper layer neurons. These observations in the embryo were
reflected postnatally as well as we found a significant reduction to both upper and deep layer
neurons within the postnatal cortical plate along with significant cortical thinning in layers 5/6
(Chapter 4). Defects in glycosylation have been linked to various neurological diseases (14).
Further studies into N-glycosylation and brain development may reveal new insights into
characterizing NSPC fate potential and potentially new modalities to treat various CNS-related

injuries and disorders.
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N-glycosylation regulates the function of many cell surface proteins, impacting signaling
pathways in cells (15). N-glycosylation can therefore affect how a cell perceives and translates
the myriad extracellular cues it experiences. We performed an unbiased proteomic screen to
determine which cell surface proteins were most changed by N-glycan branching and identified a
variety of cell adhesion molecules that were downregulated when N-glycan branching increased
(Chapter 5). We found that enhancing N-glycan branching significantly reduced NSPC both cell-
cell and cell-ECM adhesion (Chapter 5). Furthermore, N-glycan branching significantly altered
Yap localization in NSPCs (Chapter 5). Yap signaling is intricately tied to cell adhesion (16) and
has been recently linked to the production of astrocytes both in vitro and in vivo (17, 18).
However, the relationship between N-glycan branching, cellular adhesion, and Yap signaling in
NSPCs has not been previously described. The studies in Chapter 5 potentially reveal a novel
mechanism where N-glycosylation branching controls NSPC fate potential through cell

adhesion-mediated Yap signaling.

6.2 DIRECTIONS FOR FURTHER RESEARCH

The work described in this thesis encompasses several fields, such as biomedical
engineering, neural development and neural stem cell biology. Our studies present novel findings
that can aid in the development of engineering tools to study cell biology. Additionally, our
findings improve understanding of the critical role glycosylation plays in neural development, an
under-researched area. As such, this work serves as a platform to expand upon these concepts,
presenting new opportunities to expand our knowledge of stem cell biology and CNS

development.
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Do other glycans contribute to membrane capacitance and fate potential in NSPCs?

In Chapter 3, we focused on the N-glycosylation branching pathway since we discovered
multiple enzymes of this pathway were differential expressed by neuron or astrocyte-biased
NSPCs. However, a large portion of the cell surface glycocalyx contains highly-charged glycans
such as glycosaminoglycans (GAGS), e.g. heparan sulfate (HS) and chondroitin sulfate (CS). The
large charge differential of these sugars could hypothetically impact membrane capacitance.
Previous studies show HS regulates neurogenesis by modulating FGF signaling. Understanding
the contribution of GAGs to membrane capacitance and their relationship to NSPC fate potential
will help us further elucidate the biological components that underly membrane capacitance.
What is the mechanism that drives neuronal depletion in the MGAT5-deficient model?

In Chapter 4, we described a model in which MGATS5 deficiency increases neuronal
differentiation and decreases the progenitor pool, resulting in lower neuron numbers in the
MGATS null cortex. Further research into the mechanism by which MGATS impacts neural
development would be bolstered by a conditional knockout mouse model. In vitro, we found
EdU labeling increased in the MGAT5-deficient NSPCs but failed to find additional evidence of
altered proliferation in the MGATS null. Studies involving either cell-specific or acute
knockdown of MGATS5 both in vitro and in vivo would help deepen our understanding of how
MGATS5 and N-glycan branching impacts neural development.

Does N-glycan branching regulate astrogenesis during cortical development?

As Chapter 4 also describes, MGAT5-deficiency resulted in the generation of more
neurons and fewer GFAP-positive astrocytes in vitro. We found a non-significant decrease in
GFAP-expressing cells in the white matter tracts and the midline near the pial surface in MGAT5

null brains. However, most gray matter astrocytes express little GFAP and are thus unaccounted
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for in our study. Future studies identifying astrocytes with more universal markers, such as
ALDH1L1, could shed light on whether N-glycan branching affects both neuron and astrocyte
formation during development.

Is the relationship between Yap localization and N-glycan branching correlative or
causative?

In Chapter 5, we present evidence that Yap nuclear localization increases in GICNAc-
treated NSPCs. The mechanism underlying this shift is not fully understood. We hypothesize that
decreased cellular adhesion contributes to the redistribution of Yap. Since Yap signaling is also a
readout of mechanotransduction, future research into adhesive or other mechanosensory proteins
on the cell membrane and their regulation via N-glycosylation would shed new light on how N-

glycan branching controls NSPC fate potential.

6.3 BROADER IMPLICATIONS

The findings throughout this work could have broader implications for research regarding
the identification of new markers that could potentially label fate-biased NSPCs. For instance, N-
glycan modification by poly-sialic acid (PSA), which is predominately found on neural cell
adhesion molecule (NCAM), was originally used to isolate NSPCs from both embryonic and
fetal brain tissue (19). This particular sugar’s role in differentiation bias is not well described,
although our data indicates it may not be sufficient to resolve the differences between neuron and
astrocyte-biased NSPCs (2) (Chapter 3). The glycan LewisX (LeX), or stage-specific embryonic
antigen 1 (SSEA-1), is expressed by neural progenitors (20-22), and differences in LeX glycan

substructure could identify distinct subpopulations of neural progenitors (22). More research is
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needed to determine the phenotypic differences in subpopulations identified by unique LeX
structures.

Our data identify the N-glycan branching pathway as a significant regulator of NSPC
fate, and future studies will lead to a deeper understanding of the role glycosylation plays in stem
cell differentiation. Immature astrocytes treated with the lectin DSL, which also binds to highly-
branched N-glycans, formed mature GFAP-expressing and morphologically stellate astrocytes
(23). A similar effect was seen when these cells were treated with Galectin-1 (24), a protein that
binds to the galactose residues found on branched N-glycans. Furthermore, Galectin-1 is thought
to suppress neurogenesis of neural progenitors found within the adult hippocampus (25). While
the role for N-glycan branching in NSPC fate potential is not well described, we provide new
evidence that N-glycan branching is a significant regulator of differentiation bias. In particular,
increased N-glycan branching pushes NSPCs to generate more astrocytes (2) (Chapter 3).
Conversely, we show that reduced N-glycan branching confers enhanced neurogenic potential
(Chapter 4). These changes in NSPC fate potential specifically correlate with the binding affinity
of the lectin L-PHA to branched N-glycans. Furthermore, E-PHA, a lectin that binds to N-
glycans modified with a bisected GIcNAc residue known to halt N-glycan branching (see
Chapter 4, Fig. 4.2), has been utilized to isolate NSPCs from both embryonic and adult rodent
brains (26). A glycomics study revealed a selective upregulation of bisected N-glycans when
pluripotent stem cells undergo neuronal differentiation (27). We present data showing the
differential expression of MGAT3 and MGATS in neuron-biased and astrocyte-biased NSPCs,
respectively (2) (Chapter 3). Highly-branched N-glycans may serve as markers for NSPC fate

potential bias prior to differentiation.

194



Cell surface glycans linked to NSPC fate bias could enable the discovery of new proteins
involved in specifying fate. The identification of LeX on the surface of NSPCs led to the finding
that NSPCs express tenascin-C, phosphacan, L1-CAM, various integrins, Thy-1, LAMP-1, and
CD24 at the plasma membrane (22, 28). In addition, a proteomic study involving LeX-mediated
protein enrichment from NSPCs enabled the finding that LRP1 is necessary for NSPC
differentiation into the oligodendrocyte lineage (28). Other studies utilized an azide-modified
sialic acid that could be taken in by NSPCs and incorporated into sialic acid-containing glycans.
The azide modification enabled a biotin and streptavidin-mediated protein enrichment process.
Following mass spectrometry, IGSF8 was identified as a sialo-glycoprotein predominately
expressed by TBR2-positive neuron progenitors in the sub-ventricular zone (29). We present
evidence that increased N-glycan branching resulted in decreased abundance of cell adhesion
proteins on the cell surface of NSPCs (Chapter 5). More specific methods to isolate N-glycan
modified proteins from NSPCs would allow higher fidelity screening to identify more proteins
that could impact NSPC fate potential.

Lastly, we provide evidence that MGATS5 and the production of highly-branched N-
glycans play a significant role in cortical development (Chapter 4). We show that MGAT5-
deficiency enhances the production NeuN-expressing mature neurons but simultaneously
depletes all cells throughout the developing dorsal cortex, including upper and deep layer
neurons (Chapter 4). The MGAT5-deficient mouse model exhibits several neurological
phenotypes, including sensory and motor deficits, decrease in startle response, decrease in
depression-like behavior, and a decrease in nurturing (30, 31). How MGATS5 stimulation of
neurogenesis during neural development (Chapter 4) affects cortical connectivity and brain

circuitry is largely unknown. MGATS is expressed in the VZ/SVZ (32) of the early developing
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cortex (E9.5-E10.5), and throughout the intermediate zone at later stages (E11.5-E17.5) (32)
where active cell migration and axon growth and targeting is occurring. Overexpression of
MGATS5 in PC12 cells enhances NGF signaling through TrkA, most likely through opposition of
endocytic recycling of the protein receptor, resulting in increased neurite outgrowth (33).
Analysis of dendritic spine density in pyramidal neurons of the frontal cortex in the MGAT5
knockout mouse revealed remarkable sex differences. Male MGATS5-null mice exhibited
increased spine density, whereas female MGAT5-null mice showed decreased spine density
when compared to wild type littermate controls (30). Lastly, the function of the serotonin
transporter (34), GABA transporter (35), and adrenergic receptors (36) are impacted by N-
glycosylation. Neurons that utilize these proteins for neurotransmission are involved in the
circuitry modulating stress related and/or depressive-like behavior (36, 37). More work will be
necessary to understand the developmental impacts of N-glycan branching on neurodevelopment

and brain circuitry.

6.4 CLOSING STATEMENTS

The work presented throughout is due to extensive collaborative efforts across the fields
of engineering and biology, and highlights two major novel findings. N-glycosylation and the
complex remodeling of its branches are a significant molecular component that underlies the
biophysical property, membrane capacitance. Secondly, N-glycan branching plays a significant
role in NSPC fate potential and neurogenesis during cortical development. These findings will
help identify new methods to characterize NSPCs, and aid in the discovery of new mechanisms
that control differentiation with the prospect of utilizing NSPCs as a therapeutic for

neurodegenerative disease and trauma.
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