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Abstract

Investigation of Adult Hippocampal Neural Stem Cell Behavior in Response to Complex
Biomolecular Signaling Logic

by
Andrew William Bremer
Joint Doctor of Philosophy in Bioengineering
with the University of California, San Francisco
University of California, Berkeley

Professor David V. Schaffer Co-chair
Professor Zev J. Gartner, Co-chair

Adult hippocampal neural stem cells (NSCs) retain the capacity to self-renew and differentiate
down multiple cell lineages throughout adulthood. These and other cell fate decisions are regulated
by the complex microenvironment that comprises the NSC niche. Understanding how
biomolecular signals of the niche direct cell behavior is a necessary element in elucidating the
biology of NSCs, and it also holds important implications for tissue engineering and regenerative
medicine strategies. While previous work has revealed the influence of the presence or absence—
that is, the simple binary logic—of several isolated factors in driving NSC fate, less is known about
how more complex signaling typical of the niche is interpreted by cells to direct their behavior. In
this dissertation I discuss our recent work, including the development of a novel culture platform,
to expand the scope of our understanding of how biomolecular cues govern NSC fate beyond their
simple binary logic, and instead through a more complex signaling logic.

First, I will present our work exploring competing cues that drive mutually exclusive behaviors.
Our current understanding of the neural stem cell niche details a highly active signaling
microenvironment in which neural stem cells send and receive a multitude of biomolecular cues
simultaneously. For example, Eph/ephrin signaling via ephrin-B2/EphB4 instructs cells to
neuronally differentiate. In contrast, Notch signaling directs stem cell self-renewal and
maintenance. How might neural stem cells integrate these two mutually exclusive cues to decide
which fate to choose? To address this question, we developed a novel single-cell patterning
platform to recreate model niche microenvironments in which single neural stem cells are
presented with these two opposing signals. By observing downstream fate decisions, our data
reveal that neural stem cells display a preference for the self-renewal cue of Notch signaling over
the Eph/ephrin signal to neuronally differentiate when presented with both cues simultaneously.

Second, I will present our results that reveal how the strength of biomolecular signaling pathway
activation is a factor in the conditional logic that informs downstream cell behavior. Biomolecular
signals fluctuate in strength in the niche, so understanding how cells might differentially respond



to weak, mid-level, or strong pathway activation is crucial to fully elucidating a signal’s role in
driving fate decisions. We focus on the canonical Wnt pathway and find that it operates through a
strength-of-pathway-activation signaling logic to regulate NSC behavior. Using in vitro assays,
we reveal proliferation and neuronal differentiation saturate at inequivalent activation strengths of
the canonical Wnt/B-catenin pathway. While stronger pathway activation yields greater
proportions of cells selecting a neuronal fate, mid-level activation strength drives greater cell
proliferation over an extended time period. This proliferation largely occurs in neuronal-
committed cells, thus mid-level Wnt activation strength yields greater total numbers of immature
neurons than strong activation of the pathway. Further, single-cell tracking reveals this effect at
the single-cell level, with mid-level Wnt enabling the greatest proliferative expansion and highest
output of immature neurons from single NSCs.

Lastly, I will discuss evidence and propose further factors that may contribute to complex logic of
adult hippocampal neural stem cell fate decisions in response to biomolecular signaling. I explore
how varying cell density may differentially regulate stem cell behavior and discuss possible
mechanisms through which cell density is communicated to and sensed by cells. Next, I discuss
the possible influence that cell cycle phase during signaling has on determining cellular fate
decisions. As signaling mechanisms broadly fluctuate throughout different phases of the cell cycle,
this offers an attractive research direction.

In summary, we provide evidence to elucidate how several biomolecular signaling cues—Notch,
Ephrin/Eph, and Wnt in particular—instruct NSC fate decisions through a complex logic. Beyond
their simple presence, additional factors like the activation of other pathways and the strength to
which a pathway is turned on contribute to how a cell responds to these biomolecular cues. Our
results have implications for regenerative medicine, and further provides a deeper framework
through which to explore the influence of biomolecular signaling on stem cell behavior.



Dedicated to my parents, Shirley and William Bremer,
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Chapter 1: Introduction

1.1 Stem Cells and their characteristic fate decisions
1.1.1 Historical and Current Definitions

The term “stem cell” is first known to appear in the scientific lexicon in 1868!. In this first use, it
described a postulated unicellular common ancestor of all multicellular organisms to provide
support for Charles Darwin’s theory of evolution. Over the next several decades, the term itself
would evolve and be applied to the field of developmental biology. Here, “stem cell” was used to
describe the single fertilized egg from which an entire organism develops®. In the 1960s,
researchers studying hematopoiesis—the production of new blood cells—demonstrated the
existence of “stem cells” in bone marrow that could both proliferate to create an expanded clonal
population, as well as differentiate into the multiple cell types found in blood®.

These two qualifying properties give rise to the contemporary definition of “stem cell” that is
widely recognized and used today. While there is still some nuanced debate on appropriate
terminology’, the term “stem cell” is generally applied to any cell that displays the two
aforementioned hallmark properties: the ability to self-renew by undergoing cell division to create
more cells of an identical nature, and the ability to differentiate into cells of a more specialized
and mature identity (Figure 1.1).

Self-renewal

-~

Differentiation ) -

Figure 1.1 Stem cells and their characteristic behaviors. A stem cell (red) can self-renew through cell division to
create two daughter stem cells, or differentiate down multiple lineages to create more-specialized cell types.

1.1.2 Stem Cell Potency

Stem cells can be described by their potency, referring to the extent of their differentiation
potential. Totipotent stem cells have the greatest potency with the ability to differentiate into all
cell types of an organism, including the embryonic and extraembryonic tissue. A fertilized egg, or
zygote, is a prime example of a totipotent stem cell. Pluripotent stem cells have the ability to
differentiate into any cell of the developing embryo (organized into so-called germ layers) that
will comprise the eventual organism, but not the extraembryonic tissue. Embryonic stem cells,
described in Section 1.1.3, are examples of pluripotent stem cells. Multipotent stem cells are
found extensively throughout development and in adult organisms, and can differentiate down
multiple (and typically tissue-related) cell lineages. The cells found in bone marrow that are
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responsible for hematopoiesis—hematopoietic stem cells—are an example of multipotent stem
cells. Adult neural stem cells, the primary subject of this dissertation and discussed in further detail
in Section 1.2, are also an example of multipotent stem cells. While the totipotent, pluripotent, and
multipotent terms are extensively used, some fields apply additional terminology. Oligopotent
stem cells are similar to multipotent stem cells but can only produce cells of related identities:
lymphoid stem cells, for example, are only capable of producing the various lymphocyte cell types.
Finally, unipotent stem cells hold the most restricted potency, having the capacity to only produce
one fully mature cell type®.

1.1.3 Stem Cell Types

In addition to the spectrum of potency, there are several types of stem cells that are characterized
by their origin. Embryonic stem cells (ESCs) are derived from the inner cell mass of a
preimplantation embryo, and are pluripotent. The first successful isolation and propagation of
ESCs occurred in 1981 using mouse embryos’®, and this technique was quickly merged with
recently developed techniques in gene editing’ to correct!® or mutagenize!! targeted genes. This
research led to the landmark advancement that has opened new doors for scientists to study the
function and phenotypic impact of specific genes: the knockout mouse!'?>!3. Another landmark
advancement occurred in the late 1990s with the first isolation of human ESCs from human
blastocysts'#. While controversial'®, this discovery has enabled research into human development
and disease and offers promise for new therapeutic advances, including cell-based therapies!®.

The dogma of unidirectional permanent differentiation was challenged by pioneering work that
displayed the ability of genetic material (i.e. DNA in the nucleus) from a mature, purportedly fully
differentiated cell to retain the ability to generate a complete organism and all of its corresponding
cell types!’. This research paved the way for the eventual discovery of induced pluripotent stem
cells, or iPSCs!®!°, These cells are derived from fully differentiated somatic cells through the
delivery of a set group of transcription factors, are pluripotent, and display the stem cell markers
and properties of ESCs. Similarly, they have shown potential for new therapeutic strategies while
largely avoiding the ethical debate surrounding ESCs, and also present some immune system-
related advantages over ESCs when applied in cell-based therapies?’.

Lastly, adult stem cells are cells found in an organism after development and play important roles
in many functions throughout life, including maintaining normal tissue homeostasis and
responding to injury. Adult stem cells, including those blood cell-forming hematopoietic stem cells
of the bone marrow, have been found in many tissues throughout the body, including the intestine,
skin, the liver, adipose tissue, and the central nervous system (e.g. adult neural stem cells, Figure
1.2). As with ESCs and iPSCs, adult stem cells enable a multitude of research directions in tissue
engineering and regenerative medicine?!.

1.1.4 Motivations for Studying Stem Cells

On account of their regenerative capacity, stem cells provide promise for a plethora of cell-based
applications in medicine. To this point, they’ve already proven vastly impactful in addressing
human health challenges and improving quality of life: since the first successful transplant of
hematopoietic stem cells from a bone marrow donor in 1957, over one million transplants have



since been performed with increasing health outcomes over that time?2. Beyond hematopoietic
stem cells, clinical trials using a wide range of stem cell types—or cells derived from stem cells—
are underway for a broad range of diseases and injuries'®?*23, Further, as other fields with
therapeutic potential like gene therapy continue to mature, stem cells will continue to offer promise
for next-generation therapies to address a host of human ailments. In addition to cell-based clinical
applications, stem cells also offer an attractive model for in vitro drug discovery and disease
progression, and downstream drug targeting in vivo**.

Last but certainly not least, stem cells offer a unique avenue to gain insight into fundamental
questions of life and biology. These questions alone are sufficient to spark the most basic aspects
of human nature and curiosity, and the expedition to find their answers should need no warrant.
The diversity, the nuances, and the underlying mysteries of stem cell behavior call to action the
purest form of raw scientific exploration. As others have written, “the complexity and paradoxes

of biology are also its beauty, which never ceases to beckon us to go deeply in search of answers?>.”

1.2 Adult Neural Stem Cells and Adult Neurogenesis

Neural stem cells (NSCs) are classic stem cells in that they display the two aforementioned
hallmark properties that define all stem cells: the ability to self-renew and differentiate. NSCs have
the capacity to differentiate into the main cell types of the central nervous system, including
neurons, astrocytes, and oligodendrocytes?. Neural stem cells are present during, and necessary
for, normal development of the nervous system?’. Further, NSCs found in the adult brain—adult
neural stem cells—retain the capacity to generate new cells throughout life (Figure 1.2)?%%,
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Figure 1.2 Self-renewal and differentiation of adult hippocampal neural stem cells. Adult hippocampal neural
stem cells are classic stem cells in that they display the two hallmark properties of stem cells: self-renewal and
differentiation into more specialized cell types.!’

1.2.1 Historical context

A long-held dogma of the neuroscience field was the incapacity of the adult brain to regenerate
and create new neural cells after development®°. In the 1960s, the research of Dr. Joseph Altman
challenged that belief by providing evidence in several mammalian species, including rats®!-2,
cats®, and guinea pigs**, for the formation of new neurons in the post-natal and adult brain, a
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process termed adult neurogenesis. While his research was initially dismissed by the field for
several decades, evidence for cells with retained capacity to undergo self-renewal and
differentiation in the adult brain continued to grow over time*>3¢, The field of adult neurogenesis
exploded in 1998 with the landmark discovery of adult neurogenesis in humans®’, which rapidly
accelerated the growth of this field. While the presence and significance of adult neurogenesis in
humans has not gone unchallenged in recent years?8, further evidence and viable explanations for
previous negative results’® continue to establish the process as an important mechanism in
humans**43,

1.2.2 Locations, Biomarkers, and Behavior of Adult Neural Stem Cells

Adult neural stem cells reside in at least two locations of the adult brain: the subventricular zone
of the lateral ventricles (SVZ), and the subgranular zone (SGZ) of the dentate gyrus in the
hippocampus®’. While many questions still remain about their identity and function**—including
the potential for multiple sub-populations of adult NSCs in the SVZ and SGZ that display variable
behavior—much work has elucidated the characteristic biomarkers* of NSCs during the
progression of their various behaviors®®.

Adult NSCs of the SVZ, termed “Type B” cells, reside in close proximity to the ependymal cell
layer that separates the SVZ from the ventricular cavities*. These Type B cells are mostly
quiescent or slowly-dividing, and express the glial marker GFAP and the intermediate filament
protein nestin*®. Evidence suggests Type B cells also maintain a unique morphology, with an apical
cilium extending through the ependymal cell layer to reach the cerebrospinal fluid located within
the ventricle*’, and a basal process that makes contact with blood vessels within this niche*3+.
During neurogenesis, Type B cells give rise to more-rapidly dividing transient amplifying
progenitors (Type C cells), which in turn further differentiate into neuroblasts (Type A cells)®.
Type A cells migrate through the rostral migratory stream to the olfactory bulb, where they
terminally differentiate into the various interneuron subtypes of that region®’. Besides their
neurogenic capacity, evidence also exists for the multipotent differentiation of Type B NSCs,
including their differentiation into oligodendrocytes®! and astrocytes™.

Adult hippocampal NSCs found in the subgranular zone of the dentate gyrus, the main subject of
the remainder of this dissertation, share many phenotypic, morphological, and other similarities
with adult SVZ NSCs. Adult hippocampal NSCs (Type 1 cells) arise from a population of glial-
like GFAP" cells® referred to as radial glia-like cells (RGLs)>*. Similar to Type B cells in the SVZ,
Type 1 cells of the hippocampus are mostly quiescent or slowly-dividing, directly engage with the
vasculature of its surrounding niche, and extend a process through the granule cell layer to the
molecular layer>. During adult neurogenesis, Type 1 cells differentiate into Type 2 cells, or
intermediate progenitor cells (IPCs), which show increased mitogenic activity. Type 2 cells are
further sub-divided into Type 2a cells, which no longer display the morphology of Type 1 cells
but still maintain glial markers like GFAP, and Type 2b cells, which no longer express glial
markers and instead show markers of a neuronal fate commitment, including the transcription
factors NeuroD1 and Prox1 and the filament doublecortin (DCX). The loss of the marker nestin in
Type 2b cells is used to demarcate the transition to a more slowly-dividing Type 3 (neuroblast)
neuronal-committed cell. These cells exit the cell cycle, become post-mitotic, and migrate into the
granule cell layer>®. Even at this point, the differentiation cascade of newborn neurons is far from



over. During an early survival phase, most adult newborn neurons are eliminated through
apoptosis®’ shortly after cell cycle exit, a still-unclear process that appears to be regulated by
several factors®. Cells that survive this stage will extend their axon to the CA3 region of the
hippocampus, begin dendritic arborization into the molecular layer, and eventually fully mature
into glutamatergic granule cell neurons that receive synaptic input from the entorhinal cortexS.
The complete picture of newborn neuron maturation is far from clear, and only just beginning to
be visualized longitudinally in vivo (Figure 1.3)%.

Immature
neuron

Type 1 cell Type 2 cell Type 3 cell
Radial glia-like cell Intermediate Neuroblast /
progenitor cell g —

Stages of adult neurogenesis )

Figure 1.3 Stages of adult hippocampal neurogenesis. Adult hippocampal neural stem cells located in the
subgranular zone of the hippocampal dentate gyrus undergo highly ordered and regulated stages during the process
of neuronal differentiation to become fully mature neurons.

Expanding beyond adult neurogenesis, the full behavioral repertoire of Nestin® SGZ NSCs has
recently been explored in in vivo clonal analysis using an inducible reporter mouse. In this study,
researchers found individual Nestin® SGZ NSCs to be multipotent and capable of several distinct
fate decisions including: remaining in quiescence; undergoing a single self-renewing symmetric
cell division; undergoing asymmetric self-renewal that also produced neuronal and/or astrocytic
daughter cells; and non-self-renewing differentiation. This study further displayed high variability
in the total number of cells that a single SGZ NSC is capable of producing>*. While this study did
not find oligodendrocyte-lineage cells, others have shown the capacity for Nestin™ hippocampal
NSCs to differentiate into oligodendrocytes, and that the stress hormone corticosterone increases
this process at the expense of neurogenesis>®. These combined results of these two studies suggest
the possibility of multiple sub-types of Nestin® NSCs in the adult hippocampus.

1.2.3 Adult Hippocampal Neural Stem Cells in Learning, Memory, Aging, and Disease



The ability of NSCs in the brain to create new cells throughout adulthood—particularly in the
hippocampus—Iled to the exploration of how this process plays a role in normal brain function,
and how it is impacted in the contexts of disease, aging, and injury®®®!. While many studies rely
on non-human models of adult neurogenesis and disease, similarities between humans and other
species (mammals in particular, and especially rodents) gives promise to the usefulness of animal
models in exploring its role, albeit with some limitations®?. Adding further promise to the field,
advanced techniques and the availability of tissue samples have recently enabled studies on adult
human neurogenesis in normal, aged, and various diseased contexts to emerge*?-43-6,

The presence of NSCs and adult neurogenesis in the hippocampus has generated particular interest,
as the hippocampus has long been established as a key brain region crucial for learning and the
formation of new episodic memories®. Indeed, a number of studies have linked these processes
with adult neurogenesis®> -8, Further, adult neural stem cells have been explicitly investigated in—
and linked to—the context of age- and disease-related declines in learning and memory*?:43-66:69.70,
including Alzheimer’s, Parkinson’s, and Huntington’s disease.

In addition to those human ailments, adult neural stem cells and/or adult neurogenesis have been
explored in the context of numerous other neurological disorders and disease, and the underlying
mechanisms that contribute to their progression and pathology. This includes schizophrenia’l,
depression’?, post-traumatic stress disorder’>74, sleep disorders and sleep loss’, and epilepsy’®.

1.2.4 Motivations for Studying Adult Neural Stem Cells

The motivations for understanding adult neural stem cells and their behavior are vast. The contents
of the previous subsection make one reason abundantly clear: increasing evidence suggests that
NSCs offer deep insight into how and why human disease and aging impacts brain function. NSCs,
therefore, could provide an attractive in vivo target to address the detrimental impacts found in
those contexts, and could be applied in cell-based therapies or in vitro drug screening models. All
of these avenues display their potential as cellular tools to yield new knowledge and therapeutics
to address these human health challenges.

Finally, as previously alluded to, research for research’s sake is a fundamental principle of human
nature and intellectual curiosity. Our ability to expand our knowledge of the physical and
biological world is alone sufficient to justify novel research directions. Further, history has proven
that the outcome of research cannot be predicted—from the discovery of new organisms’’ and
processes’® that enable the advancement of next-generation scientific techniques, to visualizing
what could not be previously be seen!®®. With this framework, not only do adult neural stem cells
and adult neurogenesis offer a means to advance our understanding of human health and disease,
they provide a window into one of the greatest scientific mysteries of our time: the human brain.

1.3 Biomolecular signaling factors that control adult neural stem cell behavior

1.3.1 Biomolecules and their role in controlling cell behavior



Organic chemistry provides the fundamental building blocks of life. Four major classes of organic
compounds, termed biomolecules, form the foundation of the structure and function of all living
things, from the cellular to the subcellular level. These biomolecules include carbohydrates, lipids,
proteins, and nucleic acids. With only few common threads among all biomolecules—for example,
the presence of carbon and hydrogen covalent bonds in their chemical structure—the large
diversity of these compounds enables life as we know it®”°.

Cells utilize biomolecules as chemical messengers to send and receive signals. Biomolecular
signals, or cues, are produced and sent from signal-sending cells, then interact with signal receptors
on the receiving cell. These cues are interpreted through often complex downstream mechanisms
that ultimately drive cell behavior in the signal-receiving cells. These behaviors consist of the full
repertoire of cellular function, including migration, programmed cell death, signal propagation,
and the two hallmark properties of stem cells: self-renewal by means of entering the cell cycle and
undergoing cell division, and differentiation into more specialized cell types®”.

Adult neural stem cells send and receive a multitude of biomolecular signals that ultimately
determine their behavior. The in vivo microenvironment surrounding NSCs that harbors this
signaling milieu capable of controlling NSC behavior—including self-renewal and
differentiation—is termed the stem cell niche?®>. In this section, I provide a broad overview of
biomolecular signaling cues that exist in the adult neural stem cell niche and the roles they play in
controlling NSC fate.

1.3.2 Biomolecular Signals that Control Adult Neural Stem Cell Behavior
1.3.2.1 Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are a large group of cell surface receptors that bind to their
respective signaling biomolecules and propagate this extracellular signal through intracellular
phosphorylation events. Here, | highlight the ephrin-Eph family of proteins, with brief commentary
on RTK-binding growth factors including fibroblast growth factor (FGF), epidermal growth factor
(EGF), and vascular endothelial growth factor (VEGF).

Eph/ephrins

Membrane-bound Eph receptor proteins belong to the complex superfamily of receptor tyrosine
kinases (RTKs). Their ligands, termed ephrins (for Eph receptor interacting) also comprise a
diverse group of proteins. Ephs and ephrins are both membrane-bound, demanding cell-cell
contact for signal transduction to occur. The signaling direction and outcome in these interactions
is extraordinarily diverse and context-specific, and depends on which specific Eph receptor (of the
EphA and EphB subfamilies) is interacting with which specific ephrin ligand (of the ephrin-A and
ephrin-B subfamilies). In general, however, as with other RTKSs, ephrin-Eph interactions drive
intracellular phosphorylation of tyrosine residues, which propagates the signal. Downstream
impacts of this phosphorylation event can include restructuring of the cytoskeleton through Rho
GTPases, leading to cellular repulsion, attraction, or migration, as well as transcriptional changes
that can influence cell proliferation and fate determination®.



Given the complexity and the magnitude of different ephrin-Eph interactions, it is unsurprising
that they have been found to display large variances in their impact on adult neural stem cells and
the process of neurogenesis. Eprhin-A2 and ephrin-A3, for example, constitute a negative
regulatory role by inhibiting neural stem cell proliferation and neurogenesis through activation of
EphA7%!. On the contrary, EphB1 interacts with ephrin-B3 to increase NSC proliferation®2. Even
further, ephrin-B2-expressing astrocytes in the hippocampus have been shown to interact with
EphB4-expressing SGZ NSCs to drive neuronal differentiation®. While the influential breadth of
ephrin-Eph signals on adult neural stem cell behavior is already abundantly clear4, there are
undoubtedly many crucial, fundamental insights yet to be uncovered.

FGF, EGF, VEGF, and other RTK-binding growth factors

In addition to ephrin-Eph signaling, diverse roles for the expansive group of RTK-binding growth
factors have been shown to be important in driving neural stem cell behavior. This includes FGF,
EGF, VEGF, and others®. In general, binding of these ligands to their cognate receptor on the
membranes of signal-receiving cells elicits intracellular signal transduction. Receptor dimerization
or oligomerization—either before or after ligand-binding—typically plays a key role in initiating
downstream kinase activation and subsequent phosphorylation of pathway players. The end result
of these diverse, interconnected pathways includes cellular responses like cytoskeletal
rearrangement and gene transcription®®,

Mediating divergent intracellular signaling pathways, these growth factors can display several
roles in directing neural stem cell behavior. FGF-2, for example, has been shown to drive self-
renewal and proliferation of NSCs®’, is required for long-term maintenance of adult neurogenesis
in vivo®, and is used to maintain stemness in in vitro NSC cultures®. Similarly, EGF has been
shown to maintain stem cell cultures in vitro®, but its effect appears to be species-specific with
different effects between the two neurogenic niches of the adult brain®®%, VEGF has been shown
to drive a hippocampal NSC cell-autonomous proliferative effect in vivo, mediating stem cell
renewal while not biasing a neurogenic fate?!. In contrast, insulin-like growth factor 1 (IGF-1)
appears to drive a proliferative effect, but also induces adult hippocampal NSCs to differentiate
into neurons’? and, interestingly, oligodendrocytes®®. In short, the effects of RTK-binding growth
factors are diverse and highly context-specific.

1.3.2.2 The Canonical Wnt/B-catenin Signaling Pathway

The canonical Wnt/B-catenin signaling pathway is one of the most extensively studied signaling
mechanisms, and for good reason. It plays a necessary role in development, is required for proper
tissue homeostasis in adults, and dysregulation of key pathway components is a major driver of a
multitude of human diseases®*. Further, genomic evidence suggests it to be a primordial metazoan
pathway®®, and some proteins necessary for signal transduction even have homologues in some
plants®®. While the secreted family of Wnt proteins can elicit so-called “non-canonical” pathways
to regulate Rho family GTPases and Ca2" signaling®’, the focus of this section and Chapter 3 of
this dissertation will focus on the canonical Wnt/B-catenin pathway, herein sometimes referred to
simply as “Wnt” or “Wnt pathway”.

The large family of Wnt proteins—19 in the human genome discovered to date—are lipid-
modified proteins with limited capacity for diffusion after secretion by cells. As such, Wnts exert



their signaling effects through immediate cell-cell contact or over small cell-cell distances. During
canonical Wnt signaling, Wnt proteins bind to their co-receptors LRP5/6 and Frizzled (FZD),
which activates phosphorylation events on the intracellular domain of LRP5/6. This, in turn, drives
membrane sequestration of the protein Dishevelled (Dvl) as well as key components of the so-
called B-catenin “destruction complex”, including the proteins Axin, GSK3, and Ckl. In the
absence of signaling, this destruction complex phosphorylates constitutively active B-catenin,
which leads to its degradation. However, when members of the destruction complex are
sequestered to the membrane by active Wnt signaling, B-catenin proteins are released from this
inhibition, accumulate in the cytoplasm, and eventually translocate to the nucleus where they bind
to Tcf/Lef transcription factors and activate Wnt target genes. Wnt target genes include those for
B-catenin inhibitory proteins, implying negative feedback regulation of the signaling pathway, as
well as numerous cell- and tissue-specific targets®*°%,

Given its important role in morphogenesis and tissue homeostasis, the role of Wnt in driving neural
stem cell behavior has been readily explored. And, perhaps unsurprisingly, it has been found to be
a “master regulator” of adult neurogenesis. However, there are still many outstanding questions as
to how this pathway precisely dictates cell behavior, especially as its effects are context specific.

Components of the Wnt signaling pathway are readily expressed within the NSC niche and in
NSCs themselves. Wnt3 has been found to direct a neuronal fate specification, and leads to
increased cell division within these neuronal-committed cells®. In spinal cord neural precursors,
Wnt3 was also found to transiently increase proliferation before inducing increased neuronal
differentiation, while Wnt3a showed a prolonged proliferative effect but no increased neurogenic
effect!?’. Direct infusion of Wnt7a to the adult hippocampus leads to an increase in the number of
newborn neurons'®!, but has also been shown to be essential for NSC self-renewal and
proliferation!'?2, In a different study, autonomous Wnt signaling was found to be essential for the
self-renewal and maintenance of a neural stem cell population, with loss of Wnt signaling driving
a neurogenic response'®. This finding was replicated in another study that found the orphan
nuclear receptor TLX to mediate adult NSC self-renewal and proliferation by activating the Wnt
pathway through Wnt7a and B-catenin!®4. Lastly, delivery of a constitutively active B-catenin to
adult NSCs in the hippocampus replicated the finding that B-catenin drives self-renewal and
proliferation of NSCs, but it was also found to drive increased neurogenic fate specification,
suggesting that Wnt signaling is able to mediate each distinct NSC behavior'®®. This finding
replicated previous studies that showed activation of B-catenin via inhibition of the destruction
complex member GSK-3f using lithium induced both a self-renewal and pro-neurogenic fate
decision!06:197,

Altogether, these results depict an intricate and context-specific landscape through which Wnt
signaling drives self-renewal, neurogenic differentiation, or sometimes both. These results yield
many questions on the exact nature of Wnt’s role in driving neural stem cell behavior: most of all,
what are the molecular and contextual factors that yield these opposing neural stem cell behavior
in response to Wnt?

1.3.2.3 Notch Signaling Pathway



The importance of the Notch gene has been known for over a century!®. This highly conserved

signaling pathway consists of several signal transduction events, and is driven by cell-cell contact
between cells that express respective signaling and receptor proteins. The single-pass
transmembrane proteins Delta and Jagged serve as signal-sending ligands for Notch, a single-pass
transmembrane receptor protein on the surface of signal-receiving cells. Interaction between Notch
with Delta or Jagged engages the proteolytic function of gamma secretase, a membrane-bound
enzyme, in the Notch-expressing cell. Gamma secretase cleaves the Notch intracellular domain
(NICD), which frees it from the membrane to translocate to the nucleus where it engages and
activates downstream transcription factors, including RBPj, that drive expression of Notch target
genes! 09110,

Components of the Notch signaling pathway are present and active in the adult brain, including in
the neural stem cells of the SVZ and SGZ'!'. To date, there is in vivo and in vitro evidence that
Notch signaling—driven by Notch receptors on NSCs that engage with Jagged and Delta ligands
on neighboring niche cells—is required for neural stem cell maintenance and promotes their
proliferation. In an in vivo mouse model, Notchl overexpression in NSCs was shown to increase
hippocampal NSC proliferation, while ablation of key components of the Notch pathway drove
cell cycle exit and led to differentiation into transit-amplifying cells!!?. In inducible knock-out
mice that lack the downstream Notch effector RBPj in adult neural stem cells, Notch signaling was
shown to be necessary for the maintenance of a stem cell pool. Under knock-out conditions, mice
displayed a transient 3-week increase in neurogenesis (postulated to be due to the loss of the
inhibition of Notch signaling), but this came at the expense of long-term stem cell maintenance,
as the stem cell pool was depleted without Notch signaling!!®. Interestingly, the attenuation of
Notch signaling in post-injury striatal astrocytes has also been shown to lead to new neurons, also
suggesting that Notch signaling prevents the acquisition of a neuronal fate!'!*. Other studies have
also shown activated Notch signaling lead to increased neural stem cell proliferation!!>:!!6, Taken
together with other evidence!'7"!!°) Notch signaling promotes neural stem cell proliferation and
maintenance, while preventing pro-neuronal fate specification.

1.3.2.4 Sonic hedgehog

Sonic hedgehog (Shh) is the most-studied ligand of the hedgehog signaling pathway. Shh has
necessary functions as a morphogen during development!'?°, with continued signaling impacts
during adulthood and in the context of disease!'?!. In the context of hedgehog signaling pathway
activation, Shh is transcribed, translating, and undergoes post-translational modification in a
signal-sending cell before eventual secretion. After secretion, Shh binds to the membrane-bound
receptor Patched on the signal-receiving cell (in autocrine signaling, the same cell that secreted it;
in paracrine signaling, a different cell). In the absence of Shh, Patched inhibits the G-protein-
coupled receptor Smoothened. However, Shh binding to Patched prevents this inhibition, and
Smoothened in turn is then free to activate (through a still-incompletely understood pathway) the
Gli family of transcription factors, ultimately leading to activation or repression of hedgehog target
genes! 22120,

Shh has been found to be a key regulator of adult neural stem cell behavior, and in particular a

regulator of adult NSC self-renewal and proliferation. The Shh receptor Patched is highly
expressed in the adult hippocampus as well as specifically expressed in the SGZ Nestin® neural
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stem cells that reside there. /n vivo and in vitro, Shh elicits a strong proliferative response from
adult NSCs, but does not bias their differentiation'?*. Furthermore, Shh is a known downstream
target of the transcription factor Sox2. The conditional deletion of Sox2 in the nervous system of
adult mice led to the loss of Shh-expressing NSCs in addition to adult neurogenesis, while a
pharmacological agent of Shh signaling subsequently rescued neurogenesis!?*. Interestingly, adult
NSCs are also depleted in mice with a conditional knockout of Smoothened!?, and in mice with
genetic disruption of one copy of the gene that encodes Patched, a defect that drives deregulation
of the Notch pathway!?®. Together, these studies suggest that Shh is required for the maintenance
and self-renewal of adult neural stem cells, and interacts with additional NSC niche signals to
regulate additional stages of neurogenesis.

1.3.2.5 Transforming growth factor-p, bone morphogenic protein, and the TGF-p family

Members of the transforming growth factor-p (TGF-f) family include TGF-B and bone
morphogenic proteins (BMPs), all of whom interact with the serine/threonine kinase receptors.
These ligands bind to heteromeric receptor complexes, a molecular interaction that causes a
conformational change in the receptor complex that initiates downstream phosphorylation events
on serine/threonine residues. This leads to the eventual phosphorylation and activation of SMAD
proteins, which translocate to the nucleus and serve as transcription factors to mediate a cell’s
response to the TGF-B signal'?’.

In general, signaling effects of the TGF-f family have been shown to negatively impact adult
neurogenesis through several mechanisms. First, chronic overproduction of TGF-B1 led to
inhibited proliferation of NSCs with an associated decline in newborn immature and mature
neurons'?8, an effect that has been seen by others!?. BMPs have also been shown to inhibit NSC
proliferation and maintenance, and decrease neurogenic fate specification in favor of an astrocyte
identity!3%13!, Further, the BMP antagonist Noggin increases NSC proliferative and neuronal fate
decisions'*%!32] and has been functionally linked to learning and memory formation!. Inhibition
of BMP has further been functionally linked to exercise-induced increases of adult hippocampal
neurogenesis. Lastly, it has been shown that age-related BMP signaling increases correspond to
reduced NSC proliferation, and that perturbation of BMP signaling rescued this effect®. Together,
these results display TGF-P has a typically negatively impact on adult neurogenesis through the
inhibition of NSC proliferation, maintenance, and neurogenic fate specification.

1.3.2.6 Neurotransmitters

Neurotransmitters are the signaling molecules that drive neuron-to-neuron chemical
communication and electrical transduction in the nervous system. Several types exist, typically
divided into two main classes: small-molecule substances (including acetylcholine, dopamine,
serotonin, glutamate, y-aminobutyric acid (GABA), nitric oxide, among others) and neuroactive
peptides (including somatostatin, vasopressin, melatonin, neurotensin, neuropeptide Y, among
others). These biomolecules are synthesized in neurons, released by the cell into a synapse (the
specialized region where two neurons communicate), and elicit a cellular response in the signal-
receiving cell through interaction with receptors on the cell membrane. Types of neurotransmitter
receptors are just as diverse as the signaling molecules, and are divided into two classes: ionotropic
receptors, which are ion channels directly modulated by neurotransmitters, and metabotropic
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receptors, which indirectly activate ion channels through downstream second messengers that are
activated upon neurotransmitter binding. In general, binding of neurotransmitters to their receptors
changes the flux of ions across a cell’s membrane through these ion channels, which alters the
electrical potential of the cell, making it more or less likely to propagate the electrical signal
through an action potential. This effect can be either excitatory or inhibitory®.

Despite their fundamental nature to the nervous system, relatively little is known about how the
broad range of neurotransmitters impact adult neural stem cell behavior compared to other
signaling mechanisms. However, there is growing evidence that, beyond their role in potentiating
chemical and electrical signals, neurotransmitters are key biomolecular modulators in determining
adult neural stem cell behavior. The hippocampus is home to several key neuron subtypes,
including interneurons, mossy cells, and the mature granule cells of the dentate gyrus that adult
NSCs are known to differentiate into; several neurotransmitters released by these cells have been
shown to impact adult NSC behaviord>:!34,

For example, interneuron-derived GABA promotes SGZ NSC quiescence!*>!3¢ or neuronal
differentiation!34, depending on the signal receptor to which it binds and its downstream inhibitory
or excitatory effect!?’. Excitatory glutamate receptors have been shown to be important for NSC
proliferation and survival'*® or quiescence!*®, depending on the subtype of receptor activated.
Glutamate, more broadly, has been shown to be required for adult-born neuron survival and
maturation'*’, Further, dopamine has been shown to be important for cell proliferation in the
SGZ'. Altogether, these results display a growing body of evidence that neurotransmitters play
key roles in directing adult NSC behavior, exciting results that indicate additional possible
therapeutic interventions for neurological disorders®>!41-143,

1.3.2.7 The Extracellular Matrix and Integrins

The extracellular matrix (ECM) is an interconnected framework of molecules that provide
structural support for cells and regulate their behavior through biophysical and mechanical cues,
as well as sequestration of secreted signaling factors. ECM proteins include laminins, collagen,
fibronectin, tenascin, and vitronectin, among others. Integrins on the surface of cell membranes
recognize and bind to ECM proteins, fostering stable cell adhesion and initiating important
signaling cascades. Integrins are intracellularly connected to cytoskeletal F-actin through a
multiprotein complex that includes talin, vinculin, and focal adhesion kinase (FAK). This
connection enables cell motility by allowing a cell to create propulsive forces, and also regulates
an array of signal transduction events which facilitate various cellular behaviors.

ECM proteins and integrin functions have been shown to influence adult NSC behavior. Tenascin-
R, for example, engages with Bl-integrin to inhibit NSC proliferation and can induce multipotent
differentiation, with lineage commitment determined by which region of the protein is engaged'#4,
aresult that has been seen by others!*. Different stiffnesses of ECM, sensed through RhoGTPases,
mediates variable differentiation with “soft” ECM (as measured by elastic modulus) biasing
neuronal differentiation and “stiff” ECM reducing neurogenic fate in favor of astrocytic
differentiation!*®. In addition to fate specification, ECM proteins like laminin are important for
neurite formation'*” and migration!*®. Together, these results suggest that ECM proteins that
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comprise the biophysical of the adult NSC niche—and the integrins they engage—are important
players in regulating NSC behavior and may provide useful tools for directing their fate?6-148:149,

1.3.2.8 Glucocorticoids and Steroid Hormone Receptors

Steroid hormones are chemically distinct biomolecules—specifically, lipids—that are produced
within glands of multicellular organisms, transported through the circulatory system, and exert
signaling effects by engaging with steroid hormone receptors on or in target cells. Glucocorticoids,
one of two classes of the adrenal gland-produced corticosteroids, function by interacting with, and
activating, the nuclear hormone receptor glucocorticoid receptor (GR). In the absence of the steroid
hormone, GR is cytoplasmic and inactive. In the presence of its glucocorticoid ligand, GR
undergoes a conformation change that leads to its activation and translocation to the nucleus. Once
nuclear-localized, GR binds to glucocorticoid response element (GRE) DNA sequences, thereby
regulating transcriptional activation or repression of target genes that drive a cell’s response to
signaling!*°.

A growing body of research suggests that glucocorticoids, which are stress-response hormones,
impart stress-induced negative impacts on adult hippocampal neurogenesis. Not only is
proliferation of putative neural stem cells in the dentate gyrus reduced under stress!>!, stress and
the associated glucocorticoids negatively impacts NSCs survival'>? and inhibits NSC neuronal
differentiation'>3. Further, stress has been shown to increase differentiation of Nestin® NSCs into
oligodendrocytes in vivo with a corresponding decrease in neuronal fate specification; and, the
glucocorticoid corticosterone (cort) was sufficient to replicate those cell fate observations. In
concert with this result, cort was also shown to drive a pro-oligodendrocytic transcriptional
program in in vitro hippocampal NSCs>°. These results offer promise in shedding light on the role
of adult neurogenesis in a multitude of neurological disorders that are stress- and stress hormone-
related®?.

1.4 The case for investigating adult NSC behavior in response to complex biomolecular
signaling logic

After the discovery of adult neural stem cells, much research (including the work in the previous
section) has explored how and why they behave in particular ways. Much of this work has focused
on a singular parameter space by isolating specific biomolecular targets, and shedding light on the
behavior of NSCs in that specific context. Undoubtedly, this work has dramatically advanced the
field and has offered crucial insight into how the presence or absence—that is, the simple binary
conditional logic—of a single isolated factor influences NSC behavior. However, there are clear
limitations to this framework.

Our understanding of the adult neural stem cell niche provides a much more complex picture than
studying single cues through the framework of a simple binary conditional logic. In vivo, neural
stem cells do not simply experience singular biomolecular cues in isolation that dictate one
behavior or another; rather, NSCs are bombarded with a complex milieu of cues that include
multiple biomolecular signals that, in isolation, drive mutually exclusive fate decisions®®>. In
short, NSCs make decisions through a “complex logic”. How does the neural stem cell integrate
these multiple, often conflicting cues and decide which path to take? Should it self-renew?
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Differentiate? Remain quiescent? Further, it is understood that various cues fluctuate in time,
space, and intensity!>*. Beyond the simple presence or absence of a cue, how do these relative
conditional factors influence the neural stem cell’s ultimate decision? (Figure 1.4)

A B.
== Delta (Notch signal) [ Ephrin-Bligand
@== Notch =t FphB receptor
Self-renewal & Neuronal
maintenance differentiation
e ~
Eph/Ephrin
Notch signal- signal-
sending cell NSC NSC sending cell
C.
?
Self-renew or differentiate?
Eph/Ephrin
Notch signal- signal-
sending cell NSC sending cell
D. Low Wnt Mid-level Wnt High Wnt
W Wnt
U Wnt recepter
(e.g. LRP6/Fzd)
4 v vy 4 v
4 d4 V>
v Y " llve T >4

Figure 1.4 Adult neural stem cells experience complex biomolecular signaling logic. A. Notch signaling in
isolation drives neural stem cell self-renewal and maintenance. B. Eph/ephrin signaling in isolation, in particular
Ephrin B2/EphB4, drives neuronal differentiation in NSCs. C. Example of complex biomolecular signaling logic in
which an NSC receives two mutually exclusive “competing” cues. D. Complex biomolecular signaling logic includes
the relative strength of activation, for example the strength of Wnt signaling activation by varying concentrations of
Wnt ligands.

The last several decades of research have offered much insight into the behavior of neural stem
cells. To continue advancing the fields of neural stem cell biology and adult neurogenesis, our
understanding of NSC fate decisions must continue to move toward an expanded framework of
complex logic. Insight into how the full breadth of biomolecular signaling factors coordinate and
integrate with one another to ultimately influence NSC behavior will continue to advance the field
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and deepen our understanding of the in vivo relevance and function of neural stem cells. Further,
while new tools have begun to emerge to explore questions of complex logic!>>!15¢, continued
development and application of novel techniques will certainly help advance this understanding.
In particular, while the field of systems biology has contributed greatly to these efforts over the
past decade-plus!>®1>°, platforms that further enable direct observation of final whole-cell fate
outcome would enhance our overall view of how complex logic regulates stem cell behavior.

1.5 Scope of dissertation

This dissertation was motivated by the need to advance a deeper understanding of the signaling
mechanisms that drive adult hippocampal neural stem cell fate behavior, and to elucidate the
complex logic through which those decisions are made in response to complex biomolecular
signaling. This insight not only advances our appreciation for the depth in which normal
mammalian physiology functions, but also holds therapeutic potential for a host of neurological
disorders, diseases, and age-related declines in cognitive function. In Chapter 2, we develop a
single-cell patterning platform that enables long-term observation of our cells in vitro in precisely-
defined cellular communities, which enables us to explore NSC fate behavior in response to
conflicting cues. Specifically, we aim to address the question: if an NSC is presented with Notch
signaling, which promotes maintenance and self-renewal, and Eph-ephrin signaling through
ephrin-B2, which promotes neuronal differentiation, what fate does a cell choose? In Chapter 3,
we expound on the canonical Wnt/B-catenin signaling pathway’s role in driving NSC behavior,
and link the pathway’s influence on proliferation during differentiation to a strength-of-pathway-
activation signaling logic. Finally, in Chapter 4 we discuss early evidence of other factors in
complex signaling logic that may play a role in driving NSC behavior, including cell density and
cell cycle state.
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Chapter 2: Interrogating adult neural stem cell fate decisions
in response to the complex logic of simultaneous, competing
biomolecular cues.

This chapter is adapted from a manuscript published as

Chen, S., Bremer, A.W.*, Scheideler, O.J.*, Na, Y.S., Todhunter, M.E., Hsiao, S., Bomdica, P.R.,
Maharbiz, M.M., Gartner, Z.J., Schaffer, D.V. Interrogating cellular fate decisions with high-

throughput arrays of multiplexed cellular communities. Nature Communications 7:10309 doi:
10.1038/ncomms10309 (2016).

2.1 Introduction

Networks of interacting cells regulate the biology and pathology of all mammalian tissues,
including positive-negative selection in adaptive immune responses!, tumor-stromal-vascular
interactions during cancer progression?, and stem cell-niche interactions during development and
adulthood?®. Within these intercellular signaling networks, the relative number and spatial
organization of diverse cell types contributes to the behavior of the system as a whole*. The
capacity to reconstitute in vitro these networks of interacting cells, or cell communities, would
offer new insights into the logic and dynamics of collective cell-decision making.

The stem cell niche is an example of a cell community containing a diversity of interacting cells
that orchestrate tissue development, maintenance, and repair’. Within this milieu, spatially-
restricted extracellular signals guide stem cell self-renewal and differentiation>. These include
juxtracrine signals that require cell-cell contact, lipoprotein ligands with limited diffusion,
molecules that bind proteoglycans or matrix, and soluble close-range signals®’. For example, adult
neural stem cells (NSCs)3-1 in the brain generate new neurons to modulate learning and memory,
a process tightly regulated by a repertoire of neighboring cells (astrocytes, neurons, endothelial
cells, etc.) that present a spectrum of signals (Eph-ephrin'!, Notch-Delta!2, Wnt'?, Shh'4, etc.).
Elucidating the quantitative dynamics by which such disparate, local cues instruct sometimes
mutually exclusive cell fate decisions would advance stem cell biology and regenerative medicine.

A number of methods have been developed to study networks of interacting cells. Trans-well and
monolayer co-culture systems have yielded insights into intercellular signaling!®:!°, but in general
they cannot control the stoichiometries or contact times of close-range cell-cell interactions, do
not extend beyond two cell types, and do not permit the longitudinal study of precisely defined
groups of cells. Microfluidic and micropatterned platforms offer improved throughput and the
capacity for single-cell analysis but are typically inefficient because they rely on Poisson statistics
to generate arrays of interacting cells, are incapable of robust manipulation of more than two cell
types at the single-cell level, and restrict cell motility and proliferation!®!7,

To study communication within cellular communities with improved efficiency and resolution, we
engineered a high-throughput, patterned co-culture platform and investigated the effects of close-
range signaling interactions on single NSC fate decisions. Our system integrates four key design
criteria: 1) positional control over single cells to study their heterogeneous behaviors (single-cell
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resolution); 2) the capacity to simultaneously pattern multiple cell types to examine the logic of
cell-cell communication within a niche (multiplexing); 3) longitudinal cell observation to reveal
the dynamics of processes such as differentiation (long-term lineage tracing); and 4) robust,
scalable, reproducible system performance for statistical analysis (large sample size).

With this DNA-based patterning platform, we demonstrate the unprecedented capability of
reconstituting cellular communities comprised of up to four heterotypic cell types at high-
throughput and with single-cell resolution. Moreover, we highlight the significantly improved
efficiencies of this patterning technique over random Poisson loading as well as exhibit the
strength of our system in manipulating cellular interactions by varying the initial position of
patterned cell pairs, which translates to control over cell-cell contact. We then establish the promise
of this platform by modeling and investigating complex cell signaling networks. Specifically, by
patterning communities of NSCs with a niche cell that expresses the Notch ligand and another that
expresses the Eph ligand, this platform enables us to dissect how NSCs resolve the simultaneous
presentation of competing juxtacrine signals that promote different cell fates.

2.2 Results
2.2.1 DNA-Based Patterning Platform Overview

We fulfill the four design requirements mentioned above using a two-step patterning procedure.
First, arrays of cell-adhesive “microislands” are generated on a non-adhesive background surface.
Second, we prepare a programmably-adhesive substrate by printing short oligonucleotides within
each microisland, which can capture multiple cell types that present complementary DNA strands
temporarily tethered to their cell membranes. The result is a geometrically-organized, precisely-
defined community of interacting cells for biological investigation (Figure 2.1).

2.2.2 Fabrication of Cell-Adhesive Microislands

In greater detail, to prepare cell-adhesive microislands, we harnessed ultraviolet-ozone (UVO)
patterning to  etch  cell-adhesive  microisland  features into a  non-adhesive
polyhydroxyethylmethacrylate (polyHEMA) film coating an aldehyde-functionalized glass slide
(Figure 2.1a). Unlike other non-fouling biomaterials, polyHEMA could be deposited as a thick
film and was stable for at least 7 days (Figure 2.1b, Supplementary Figure 2.1). The resulting array
of visible microislands (Figure 2.1d) obviated the need for alignment markers in subsequent
printing steps, simplified image registration on consecutive days, and offered a means for lineage
tracing. Importantly, these microislands restricted close-range cellular signals to confined
communities, yet their size could be tuned to provide space for cell migration and division as
needed.

2.2.3 DNA-Programmed Assembly for Heterotypic Cell Patterning

To generate a programmably-adhesive surface, we rely on DNA-programmed assembly,!%1%20 3
technique wherein DNA oligonucleotides are chemically incorporated into cell membranes to
allow “velcro”-like attachment to substrates functionalized with the complementary sequences.
We use direct microscale writing of DNA strands within the adhesive microislands for single-cell
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capture (Figure 2.1c). We printed up to four orthogonal DNA sequences as cell-sized spots within
each microisland (Fig. 1d), but additional sequences would enable the capture of even more cell
types. After stabilization of DNA to the surface by reductive amination (Figure 2.1¢ box), each
cell type is modified with unique lipid-conjugated complementary oligonucleotides, addressing
the cell type to a specific DNA spot in the array. Cells are then serially flowed over the surface
within the confines of a polydimethylsiloxane (PDMS) flow cell. Intervening washes remove
unbound cells to reveal cellular communities with precisely-defined composition and relative
spacing (Figure 2.1e).
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Figure 2.1 Two-step patterning process and single-cell tethering workflow. (a) Microisland patterns were
produced by UVO (185 nm) patterning into thin polyHEMA coatings (<0.5 pm). An aldehyde-functionalized organic
silane was then vapor deposited to prepare for DNA printing. (b) Profilometry measurements show representative
microisland features of 200 nm. (c) Spot arraying of NHz-terminated oligonucleotides within each microisland was
performed using the Nano eNabler system. After arraying of single-cell sized spots, the entire slide underwent
reductive amination using NaBHa. (d) Representative image of four-component printed DNA patterns (scale bar: 100
um). (e) Multiple cell populations are labeled with distinct DNA molecules presenting sequences complementary to
the microisland DNA strands, washed, and passed through a PDMS flow cell affixed to the patterned slides either
sequentially at a density of ~800,000 cells cm™ or in mixed solutions at a density of ~400,000 cells cm™. Untethered
cells are washed away, and the process is repeated for each cell type.

This method for building arrays of cellular communities provides tunable control over the number,
identity, and initial placement of individual cells, along with the ability to define the size and shape
of a community’s spatial constraints (Figure 2.2). For example, altering the number of DNA spots
printed within a microisland determines the number of cells within each community. Moreover,
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printing either identical or orthogonal DNA sequences — which are highly multiplexable due to the
large number of orthogonal, 20-mer oligonucleotides — dictates the capture of cells from the same
or different populations (Figure 2.2a). To demonstrate control over cell number and composition,
we printed between one to four DNA sequences within each adhesive microisland. In parallel, we
labeled four separate populations of MCF10A human mammary epithelial cells (each colored with
a different cell tracker dye) with four complementary DNA strands, which addressed each
population to the corresponding DNA spot within the microisland arrays (Figure 2.2a, 2.2b).
Capture efficiencies were high, though occasional DNA spots neglected to capture a cell or
captured more than one of the same cell-type. To enable quantitative comparison to standard
Poisson loading used in microfluidic and micropatterned platforms, a single population — or a
mixture of two, three, or all four cell populations — was seeded onto microislands lacking printed
DNA at a low cell/surface area ratio (Supplementary Figure 2.2). In every case, loading efficiency
was higher using DNA-programmed assembly, with improvements over Poisson loading
exceeding an order of magnitude for seeding with two or more cell types (Figure 2.2c, 2.2d). For
communities of four cell types, we achieved a nearly 25% yield compared to zero microislands
seeded with the desired four cells for Poisson loading — at least a 195-fold improvement (Figure
2.2d).

2.2.4 Tunable Control of Cell-Cell Contact During Differentiation

In addition to controlling cell identities and numbers, altering the photomask used to etch
polyHEMA during UVO patterning offers control over the size and shape of a community’s spatial
constraints (Figure 2.2¢). Moreover, the initial position of each cell within the community can be
controlled by precise placement of each DNA spot within the microislands, allowing geometric
arrangement of cells with programmed cell-to-cell distances (Figure 2.2f). Control over these
variables is important as spatial constraints determine the frequency and duration of cell-cell
interactions — key determinants of cell fate decisions in the stem cell niche?!. To examine how
patterning distances regulate cell-cell contact probability and duration (Figure 2.3a), we arrayed
pairs of adult NSCs and primary astrocytes at intercellular distances ranging from 50 — 125 um
and conducted live imaging over 48 hours. Both the percentage of cell pairs that came into contact,
as well as the total cell-cell contact time, increased the closer the NSC-astrocyte pairs were initially
patterned (Figure 2.3b, 2.3c¢). In contrast, cells cultured without confinement in microislands — as
would occur in standard co-cultures — experienced reduced interactions and often migrated away
from one another (Supplementary Figures 2.3-2.5). These results demonstrate the advantage of
this system to directly control cell-cell distances and confinement geometry, which lies in stark
contrast to previously-reported high-throughput co-culture systems that cannot control these
parameters simultaneously 61721,

We next applied the platform to investigate NSC fate decisions in response to model niche cells.
First, we compared NSC behavior when co-cultured with cortical astrocytes over 6 days under two
conditions: in bulk co-culture or with single astrocytes in microisland arrays (Figure 2.3d,
Supplementary Figure 2.6). Patterns of differentiation and proliferation were quantified by
recording initial and final cell counts for each microisland (Figure 2.3d-2.3f). Overall, NSCs
exhibited greater neuronal differentiation (i.e. expression of beta-tubulin III, or Tujl) after 6-day
culture in microislands when compared to bulk co-cultures (p < 0.05, Student’s t-test) (Figure
2.3e). This observation applied to bulk co-cultures having low cell density equivalent to the overall
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cell density across the entire patterned substrate surface area (500 cells cm™) and high cell density
equivalent to cell density within each microisland (5000 cells cm™). Additionally, NSCs that
underwent neuronal fate commitment proliferated to a greater extent than NSCs that developed
into glial fibrillary acidic protein (GFAP)-positive astrocytes (p = 8¢, Student’s t-test) (Figure
2.3f), an interesting phenomenon also observed in vivo??
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Figure 2.2 Customizable capabilities of two-step surface-patterning platform for modulating cellular
interactions. (a) Both cell number and identity can be precisely controlled. (b) As an example of the latter, four
MCF10A cell populations, each colored with a different dye, were labeled with distinct DNA strands and arrayed onto
microislands printed with four of the complementary DNA oligonucleotides. Seven out of the 9 displayed microislands
possessed the correct cellular community, with yellow arrows indicating microislands containing incorrect cellular
components. (¢) Using this DNA-based cell tethering, the efficiency of exact MCF10A cell patterning (red circles)
was considerably higher than the same four cell populations plated at a low cell/surface ratio for random Poisson
seeding (green triangles) of single-, double-, triple-, and quadruple-cell communities. (d) Efficiency, or fold
improvement, of our DNA patterned compared to Poisson loaded arrays. (e) Variations to the microisland features for
further modulation of cell-cell communication can be achieved by changing the size and shape of the photomask used
during UV etching. (f) DNA printing enables precise control over the initial cell positions of NSC-astrocyte (bottom
cell-top cell) pairs. All error bars are s.e.m. and n=4. All scale bars: 100 pm.
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2.2.5 NSCs “listen” to DII1 when Presented with DIlI1 and EfnB2

In vivo, stem cells are exposed to conflicting signals that induce mutually-exclusive fate decisions.
For example, Notch and Eph receptors play critical roles in mediating different cell fate decisions
in the NSC niche. Notch signaling promotes the maintenance or self-renewal of early NSCs!2 22,
and we recently discovered that the cell surface ligand ephrin-B2 (EfnB2) presented from
neighboring astrocytes induces neuronal differentiation of NSCs!!. As both signals are presented
to NSCs in the adult niche, they likely compete to regulate stem cell fate specification — a dynamic
process that our system is ideally suited to investigate at the single-cell level. Therefore, we
engineered primary cortical astrocytes as model niche cells to express either EfnB2 or Delta-like
1 (DII1) translationally coupled to a nuclear-localized fluorescent protein (Supplementary Figures
2.7, 2.8).

We measured the distribution of cell fate decisions arising from NSCs patterned with EfnB2-
astrocytes, DIl1-astrocytes, or both engineered cell types. Supplementary Table 1 provides a
detailed overview of the density of events that we obtained for our different community
compositions (n=44 for 1 NSC + 1 EfnB2, n=106 for 1 NSC + 1 DII1, n=57 for 1 NSC + 1 EfnB2
+ 1 DII1). When NSCs were cultured alone with EfnB2-astrocytes, Tujl expression in NSCs
increased, indicating a bias towards neuronal differentiation (p < 0.001, Student’s t-test) (Figure
2.3g), and NSC proliferation rates decreased (Supplementary Figure 2.9), as anticipated based on
our prior work'!. In contrast, DIl1-astrocytes biased NSCs towards low Tujl expression (Figure
2.3h), consistent with its role in maintaining stem cell identity (Supplementary Figure 2.10). In the
presence of both EfnB2- and DIl1-expressing astrocytes, NSCs adopted the DIll-responding
phenotype of low Tujl expression (p < 0.05, Student’s t-test) (Figure 2.31). Analogously, the
distributions of percent Tujl" cells island! and the total number of Tujl* cells produced were
similar when NSCs were cultured with an astrocyte expressing DIl1-alone or a DIl1 astrocyte plus
an EfnB2 astrocyte (Supplementary Figure 2.11b). These results suggest that, in dynamic niche
microenvironments, competing juxtacrine signals from DII1 and EfnB2 may be interpreted by
NSCs as a DIl signal.

2.3 Discussion

Here, we report an in vitro platform that tackles the shortcomings of current co-culture techniques
and enables the investigation of more complex biological questions that address the role of cell-
cell communication during NSC fate decisions. Using a combination of UV and DNA-based
patterning, we establish a high-throughput system for generating multiplexed arrays of cellular
communities having up to four cell types. These communities can be assembled with single-cell
resolution and efficiencies at least 195-fold higher than practically achievable with Poisson
loading. We demonstrate robust control over community composition with regards to cell number,
identity, and positioning and apply the method to study NSC behavior and cell fate decisions in
response to single and multiple signals presented from the surface of model niche cells. Our results
reveal a potential signaling hierarchy between EfnB2 and DII1 ligands during NSC differentiation.

In addition to exploring the effects of competing juxtacrine ligands, we anticipate that future

applications of this technology include increasing the complexity of cellular communities by
incorporating niche cell types that contribute other juxtacrine and/or paracrine signals, introducing
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patterned protein cues, expanding the platform to generate three-dimensional niches, and
quantitative real-time analysis of signaling. Together, these various approaches will yield a more
complete understanding of how the logic and dynamics of intercellular signaling networks regulate
the collective behaviors of cellular communities.
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Figure 2.3 Arrays of cellular communities yield insights into cell dynamics and NSC differentiation,
proliferation, and signal arbitration of opposing juxtacrine signals at the single-cell level. (a) Migration and cell-
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cell contact for each microisland can be tracked with timelapse microscopy. Representative 48-hr timelapse images
illustrating the dynamics of two NSC-astrocyte pairs initially patterned at different separations. NSC highlighted in
red, and astrocyte highlighted in blue. (b) Percent of cellular communities that showed contact increased as the initial
distance separating NSC and astrocyte decreased. (c) Total contact times also increased as initial cell-cell distance
decreased. (d) Cell communities could be repeatedly imaged over long timescales with subsequent visualization of
differentiation markers. Representative, stitched montages of NSCs (upper) and cortical astrocytes (lower, green)
immediately after patterning (left), then upon immunostaining after 6 days for the neuronal marker Tuj1 and astrocyte
marker GFAP (right). Higher magnification of a representative adhesive microisland shows that all progeny of this
particular single NSC founder differentiated into Tujl* neurons. (¢) NSC differentiation can be tracked for each
community. When patterned with single naive astrocytes, NSCs exhibited enhanced Tuj1 differentiation and similar
GFAP differentiation when compared to low-density and high-density bulk co-cultures. (f) Microisland confinement
enabled analysis of proliferation rates. Proliferation rates (r) for Tujl-biased lineages (lineages in which no GFAP
cells were present) were higher than proliferation rates for GFAP-biased lineages (p=8¢). (g) NSCs patterned with a
single hEfnB2-overexpressing astrocyte exhibited enhanced Tujl* differentiation. (h) NSCs patterned with a single
hDIl1-overexpressing astrocyte displayed low Tujl expression. (i) When a single NSC was in the presence of both a
Dlll-astrocyte and an EfnB2 astrocyte, the DIl1 phenotype (i.e. reduced Tujl) dominated. The left graph represents
immunostained proportions of NSCs in each condition, and the right graph depicts immunostaining changes compared
to NSCs patterned 1:1 with a naive cortical astrocyte. All error bars are 95% confidence intervals; all p values obtained
from t-test. ***p <0.001, **p <0.01, *p < 0.05. All scale bars: 100 um.

2.4 Methods
2.4.1 Substrate Preparation

Slides were initially coated with polyHEMA to generate a non-adhesive, background surface
within which adhesive features could be patterned. First, polyHEMA (Sigma) was dissolved in a
sonicator for 1 hour at 10 mg mL™! in 100% ethanol. 150 uL of polyHEMA solution was then drop
casted onto Nexterion AL (Schott) slides and allowed to dry under a clean polystyrene dish lid to
block dust and slow the drying process. Slow drying over 1 hour at room temperature was helpful
in reducing ridges on the surface, resulting in a glossy and flat polyHEMA film. To create cell-
adhesive microislands within the polyHEMA film, UVO patterning was performed using a custom
quartz mask (Photosciences Inc) and a UV-Ozone cleaner (Jelight). The quartz mask contains four
19 x 15 grids of clear square features (either 141 x 141 um or 200 x 200 pm) arranged with a 500
um pitch — all of which are aligned within the spatial dimensions of a Millipore 4-well EZ slide.
Similar to water purification techniques that employ UV light to reduce organic contaminants, this
deep UV patterning technique is thought to act through 185 nm light interacting with water and
dissolved oxygen to create highly reactive hydroxyl radicals within the liquid layer, which then
attack the organic polymer?’. The very short half-life of these radicals ensures that only the clear
square features are etched into the polyHEMA film. To achieve this patterning, the quartz mask
was first cleaned using acetone and then irradiated in the UVO cleaner for 5 minutes at a distance
of 5 cm to remove organic residues. A 160 uL. drop of DI water was deposited across the chrome
side of the mask, and the polyHEMA-coated side of the slide was lowered onto the wetted chrome
surface slowly to avoid bubble formation. Water was necessary to provide an insulating layer from
the ozone generated within the UVO machine. Excess water was pressed out gently and blotted
off using a lint-free TexWipe. The mask-slide assembly was then inverted onto two small stands
within the machine to prevent slipping of the slide relative to the mask. This results in the
polyHEMA-coated slide facing upward with the chrome mask separating the slide from the UV
source, controlling for the selective passing of the UV light. The slide was then illuminated for 5
minutes. Exposure times of less than 5 minutes resulted in an incomplete etch (Supplementary Fig.
1b). After illumination, the slide was detached gently from the mask by flooding the surrounding
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area with DI water and using tweezers to slowly pull the slide up from the mask. The slide was
then rinsed with DI water, dried under nitrogen gas, and immediately placed under vacuum. With
the exception of the three- and four-component experiments, all experiments employed the smaller
141 pm square size.

Because the illumination may have scavenged the organic aldehyde groups originally present on
the Schott Nexterion AL slide, we reconstituted the slide with trimethoxysilane aldehyde (UCT,
PSX-1050) by chemical vapor deposition in a plastic vacuum chamber under house vacuum for 1
hour. Within this chamber, 100 pL of the silane was heated in a metal heat block at 110°C. After
deposition, the slide was vacuum-sealed with a FoodSaver sealer and stored at room temperature
until the DNA printing step.

DNA spots of controlled sizes were printed within the adhesive microislands using a Nano eNabler
system (Bioforce Nano, Ames lowa). First, 5’-NH,-modified oligonucleotides were diluted to 1.5
mM in a 4X inking buffer (20% trehalose, 0.4 mg mL! N-octylglucoside pH 9.5, 900 mM NaCl,
90 uM Na Citrate). Surface patterning tools (SPTs; BioForce Nano) of different sizes (30S and
10S versions) were cleaned by a UVO cleaner and loaded with 0.4 pL of the DNA inking solution.
30S SPTs were used to print the 12-13 pm astrocyte-tethering spots. Spots for tethering NSCs were
smaller (7-8 um) and were printed using the 10S SPTs. These distinct, orthogonal DNA solutions
were printed within close proximity of each other (10~20 um gap). The SPTs and slides were
loaded into the machine, and the humidity was allowed to equilibrate to 55-60% before printing.
After DNA printing was complete, the slide was dried in a 120°C oven for 1 minute and vacuum
sealed.

The printed DNA strands formed Schiff C=N bonds with the surface aldehyde. To convert the
hydrolysable Schiff bases to single C-N bonds, reductive amination was performed by treatment
with sodium borohydride (Sigma, 0.25% in PBS, supplemented with 0.25% LiCl) for 1 hour at
room temperature. Li* ions were added to increase efficiency of BH4™ as a reducing agent. This
step also reduced unreacted aldehyde groups on the surface to non-reactive primary alcohols.
Slides were stored under vacuum at room temperature until the cell-tethering step.

2.4.2 Lipid-DNA Conjugates

5'-OH oligonucleotides (sequences in Supplementary Table 2) were synthesized on controlled pore
glass (CPG, Glen Research) on an Applied Biosystems Expedite 8909 DNA synthesizer, as
developed elsewhere. A synthetic phosphoramidite (MMT-Amino Modifier C6, Glen Research)
was then resuspended in anhydrous acetonitrile (Fisher Scientific) according to vendor instructions
and added to the oligonucleotides using the synthesizer. Free amine groups were generated by
removing the MMT group with Deblocking Mix (Glen Research), followed by an acetonitrile
wash. The CPG with oligonucleotide-amine groups was then transferred from synthesis columns
to Eppendorf tubes. A C16 fatty acid (Hexadecanoic acid, Sigma-Aldrich) was conjugated to
oligonucleotides by adding ImL of a dicholoromethane (DCM, Fisher Scientific) solution
containing 200 mM fatty acid, 400 mM N,N-diisopropylethylamine (DIPEA, Sigma-Aldrich), and
200 mM diisopropylchlorophosphoramidite (DIPC, Sigma-Aldrich). Eppendorf tubes were
wrapped in parafilm, secured with a cap locker, and placed on a shaker overnight. The next
morning, CPG beads were rinsed with a series of DCM and N,N-dimethylformamide (DMF,
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Sigma-Aldrich) washes and dried in a speedvac. Next, the lipid-conjugated DNA was cleaved from
the CPG solid support by adding a small amount of a 1:1 mixture of ammonium hydroxide/40%
methylamine (AMA, both from Sigma-Aldrich), sealing and cap-locking the tubes, and incubating
at 70°C for 15-30 minutes. After cooling to RT, AMA was evaporated overnight using a speedvac.
The resulting cleaved DNA/CPG was resuspended in 700uL of triethylamine acetic acid (TEAA,
Fisher Scientific) and passed through a 0.2 um Ultrafree centrifugal filter (Millipore) to remove
the CPG solid support from the cleaved DNA solution. This DNA solution was next transferred to
a polypropylene vial and carried through reversed-phase high-performance liquid chromatography
(HPLC) to purify the desired lipid-modified DNA product. HPLC was performed with an Agilent
1200 Series HPLC system equipped with a diode array detector monitoring at 260 and 300 nm. A
C8 column (Hypersil Gold, Thermo Scientific) was used with a gradient between 8 and 95%
acetonitrile over 30 minutes with the pure fractions collected manually at the ~12 minute mark.
Fractions were lyophilized, followed by three cycles of resuspension in distilled water and further
lyophilization to remove residual TEAA salts. Fatty Acid-DNA concentrations were determined
using a Thermo-Fisher NanoDrop 2000 series and measuring absorbance at 260 nm. Lipid-DNA
stock solutions were resuspended at 250uM and stored at -20°C, with aliquots suspended in 1X
PBS to make a 5uM working solution. CoAnchor strands were generated in similar fashion with
exception to the lipid conjugation occurring on the 3' end.

2.4.3 Characterization of DNA-Strand Incorporation onto Cells

We quantified absolute numbers of DNA strands incorporated per cell using two types of DNA:
NHS-conjugated® 20-bp oligonucleotides (purchased from Adheren, Inc.) and lipid-modified!
100-bp oligonucleotides.

First, the NHS-DNA was prepared by adding 1.2 pL of activator to 175 pL of DNA solution, and
the mixture was allowed to react at room temperature for 20 minutes. During this reaction, we
detached NSCs and astrocytes, counted cells, and added 2 x 10° NSCs or 1 x 10 astrocytes into
each of three tubes. We resuspended each cell pellet with 100 uL. of PBS (as a negative control),
176 uL. NHS-DNA, or 60 uL of lipid DNA (5.5 mM). The NHS-DNA was reacted with cells for
20 minutes, and the lipid DNA was incubated with cells for 15 minutes. After the reactions, the
cells were diluted with 1% BSA in PBS and washed three more times. We then hybridized Alexa
488 complementary strands to the DNA-labeled cells by resuspending in 50 pL of complementary
Alexa 488-conjuated DNA at 1 ng puL! and incubating on ice in the dark for 30 minutes. Cells
were washed 3x with 1% BSA in PBS and resuspended in a I mL volume before assessment on a
Beckman Coulter FC 500 flow cytometer. Beads from an Alexa 488 Quantum MESF bead kit
(Bang’s Laboratories) were used to calibrate the total number of fluorophores conjugated to the
cell surface.

Because our measurements showed that lipid DNA was superior in the extent of DNA
incorporation onto both NSCs and astrocytes (Supplementary Table 3), we used lipid DNA for all

subsequent experiments.

2.4.4 Cell Culture
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Adult rat neural stem cells (NSCs) isolated from the hippocampi of 6-week-old female Fischer 344
rats (160-170 g)*¢ were used for stem cell signaling experiments. To promote NSC adhesion, tissue
culture polystyrene plates were coated with poly-L-ornithine (Sigma) overnight at room
temperature and 5 pg mL! of laminin (Invitrogen) overnight at 37°C. Cells were cultured in
monolayers in DMEM/F-12 high-glucose medium (Life Technologies) containing N-2 supplement
(Life Technologies) and 20 ng mL! recombinant human FGF-2 (Peprotech), which supports self-
renewal and proliferation. Medium was changed every other day, and cells were passaged using
Accutase upon reaching ~80% confluency.

Rat primary cortical astrocytes from the cortices of embryonic day 19 Sprague-Dawley rats were
purchased from Invitrogen (Cat. No. N7745-100). The cells were expanded on tissue culture plates
in DMEM containing 4.5 g L! glucose and 15% fetal bovine serum (Invitrogen) and initially
exhibited a doubling time of approximately 9 days. The cells were then adjusted to maintenance
on poly-L-ornithine/laminin coated tissue culture plates in DMEM/F-12 high-glucose containing
N-2 supplement, 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco). Medium was
changed every 2-3 days, and cells were passaged with 0.25% trypsin/EDTA as required upon
reaching 100% confluency.

Human mammary epithelial (MCF10A) cells were cultured in DMEM/F12 (Invitrogen),
supplemented with 5% horse serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), 0.5 ug
mL-! hydrocortisone (Sigma), 100 ng mL"! cholera toxin (Sigma), 10 ug mL™! insulin (Sigma), and
20 ng L! recombinant human EGF (Peprotech). Similarly, medium was changed every other day,
and cells were passaged with 0.25% trypsin/EDTA upon reaching 80% confluency.

2.4.5 hDII1 and mEfnB2 Cell Lines

To create astrocyte cell lines overexpressing key signaling ligands, we infected astrocytes with
lentiviral vectors carrying a multicistronic cassette containing either hDeltal!'? or hEphrinB2!!, an
NLS tagged fluorophore (mCherry or Venus), and Puromycin resistance (Supplemental Fig. 7).
Between each coding sequence is a viral 2A peptide that self-cleaves after translation, resulting in
a 1:1 stoichiometry of expression.

Plasmid DNA is transfected into HEK 293T cells in the log phase of growth, along with third-
generation lentiviral helper plasmids (RSV Rev, MDL gag/pol, and VSVG) using
polyethylenimine (PEI) at 4:1 ratio (4 pg PEI:1 pg DNA). Media is collected at 44 hours and 68
hours after transfection, pooled, filtered with a 0.45 pm syringe filter, and centrifuged in a SW28
swinging bucket rotor in a Beckman Dickinson ultracentrifuge (2 hours, 24k rpm, 4°C). A 20%
sucrose layer at the bottom of each tube provides effective separation of the viral pellet from the
293T media so that the final viral suspension is free of 293T contaminants. After centrifugation,
the media and sucrose layer is aspirated, and the pellet is resuspended in sterile PBS, aliquoted,
and frozen at -80°C. Infectious titers are determined by infecting astrocytes with serial dilutions
of the virus, assessing infection rates by flow cytometry, and back-calculating the viral
concentration using the Poisson distribution. The addition of polybrene (4 ug mL!) was essential
for enabling lentiviral infection for cortical astrocytes.

To generate cell lines, cortical astrocytes were infected at MOI of 3 with 4 ug mL™! polybrene. The
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day after infection, the media was supplemented with 10 ug mL"! puromycin for 7 days through
feedings and passages. For further isolation of high expressing cells, we sorted the population by
FACS using a MoFlo Cell Sorter, gating for positively fluorescent cells for both mCherry and
Venus. After sorting, cells were replaced, expanded, and aliquots were frozen at passages 15-18.
Before each experiment, astrocytes were thawed from the same stock.

Due to the 2A peptide linker, the NLS-XFP fluorescence could be used as a readout of ligand
expression for each cell, which we confirmed by two-color immunoflow (Supplementary Fig. 8).
To prepare cells for this analysis, astrocytes expressing NLS-mCherry hEfnB2 and NLS-mCherry
hDII1 were detached from the plate using a brief Accutase treatment (instead of Trypsin to avoid
excessive cleavage of membrane proteins). FBS-containing media was used to quench the
enzymes, and 1 x 10° cells were fixed using 2% PFA and 1% BSA for 15 minutes. Cells were
pelleted at 300 g for 5 minutes and washed 2x with PBS. Cells were blocked for 15 minutes in
blocking buffer (5% donkey serum, 1% BSA, 0.1% triton-x-100 in PBS) and then stained with 100
pL of 1:50 rabbit polyclonal IgG for hDeltal (sc-9102, Santa Cruz) or 1:100 rabbit polyclonal IgG
for EfnB2 (HPA008999, Sigma) for 1 hour on a rocking shaker at room temperature. Cells were
washed 3x with blocking buffer and then incubated in 100 pL of 1:250 Alexa 488 donkey anti-
rabbit secondary antibody (Jackson Immunochemical) in the dark for 1 hour on a rocking shaker
at room temperature. Cells were washed 2x in PBS and resuspended to < 500 cells pL-!' for
assessment on the Guava easyCyte 6HT. Before collecting data, fluorescence compensation was
performed using 488 labeled Quantum MESF beads (Bang’s Laboratories) and unstained NLS-
mCherry astrocytes.

2.4.6 Cell-Tethering Experiments

Slides were sterilized under a germicidal UV lamp in the laminar flow hood for 15 minutes. PDMS
flow cells were plasma oxidized for 1 minute (to make the surface hydrophilic) and then sealed on
top of the polyHEMA patterns for each well of a four-well chamber. A nontoxic grease marker
was used to line off the inlet and outlet of each flow cell to ensure that flow travels through, and
not around, the flow cells. 20 pL of 2% BSA (in PBS) was added to each flow cell for 1 hour to
block nonspecific cell attachment.

NSCs and astrocytes were then detached and prepared at 4 x 10%and 2 x 10° cells, respectively, in
PBS. Cells were labeled with 5 uM lipid DNA for 10 minutes at room temperature and, in some
cases, 5 uM of a second, Co-Anchor lipid DNA strand was successively introduced to anchor the
first strand into the cell membrane (also followed by a 10-minunte incubation step). Following
incubation, cells were washed 4x with PBS with 3 minute spins at 300 g to pellet the cells in
between washes. Cells were resuspended in 2% BSA (in PBS) to a final concentration of 4 x 107
NSCs mL! or 2 x 107 astrocytes mL! and stored on ice until ready for patterning. For some
experiments, cell populations were combined before injecting the cell suspension (20 pL) into the
flow cell. For all of the cell settling and washing steps, the slide was kept at 4°C to improve strand
hybridization and slow down cellular metabolism during the lengthy experimental steps.

The cells were allowed to settle to the surface for 10 minutes and were then cycled through the

well by adding 3 pL of cell suspension at the inlet, pipetting cells up at the outlet, and then adding
the cell suspension back to the inlet. By cycling 15-20x, we enhanced the probability of

36



hybridization between matched pairs of surface-bound and cell-conjugated strands. Excess cells
were washed away slowly, then vigorously, with progressively larger volumes of PBS. Gaskets
from 4-well Millipore EZ slides were then fastened onto the slide without removing flow cells.
DMEM/F-12 with 10 pg mL! laminin was flowed through the flow cells, and the slide was
incubated at 37°C and 5% CO; for 10-30 minutes before high-throughput imaging on the
ImageXpress Micro (IXM) high-throughput automated imager. Each well was imaged in its
entirety using a 10X objective with transmitted light illumination and/or fluorescent illumination.
After imaging, mixed differentiation media (50% conditioned media from NSCs in the log-phase
of growth, 1% FBS, 1 uM retinoic acid (Enzo Life Sciences), 1% pen/strep in DMEM/F-12 media)
was added through the flow cells and used to fill the rest of the wells. Cells could then be carried
through culture and, due to the transient nature of the DNA tethering (DNA linkages generally
break down within hours), free to migrate and interact within their confined community over time.

2.4.7 Fluorescent Labeling of MCF10As for Efficiency Experiments

Up to four distinct MCF10A cell populations were labeled with CellTracker fluorescent dyes (Life
Technologies) prior to cell tethering and patterning. CellTracker Green CMFDA, CellTracker
Deep Red, CellTracker Violet BMQC, and CellTracker Red CMPTX were prepared to a 10 mM
concentration in DMSO. 4 x 10 MCF10As were resuspended in each CellTracker dye (0.1 uM
for Green, 5 uM for Deep Red, 10 uM Violet, 5 uM Red) in 1X PBS for 10 minutes and
subsequently washed 2x with PBS. Subsequent cell tethering steps were conducted as normal.

2.4.8 Poisson-Loading of MCF10A Populations into Microislands

Up to four populations of MCF10As were labeled with distinct CellTracker fluorescent dyes for
10 minutes (as described in detail in the above section). Cells were then washed 2x with 1X PBS
and prepared as a mixed population. Cells from each population were prepared at a concentration
of 5 x 10° cells mL! — a concentration that was previously determined by investigating a range of
cell concentrations (1.25 x 10°cells mL™! to 5 x 10° cells mL!) and analyzing which concentration
supplied an optimal singe cell per microisland coverage. 20 puL of the mixed cell population was
then injected into the PDMS flow cell and allowed to settle. Slides were imaged with the IXM and
quantified for efficiencies. Microislands that contained exactly one cell type from each population
was considered to be efficient.

2.4.9 Data Analysis

Acquired images for each well (a 7 x 14 grid) were tiled to form a whole-well montage in
MetaXpress. These montages were rotated with bilinear interpolation in Imagel, scaled with
consistent scalings for each set of experiments, and then converted to 8-bit. Centroid coordinates
for the upper left adhesive microisland were manually determined and recorded in a spreadsheet.
These values were then inputted into a custom Matlab script, which cropped the images around
each microisland and stored these images in an aligned array. A custom Matlab GUI, which
displays the images from the array in succession, was used to record cell counts for day 0 images
and immunostained images (Supplementary Fig. 12). Mean and integrated intensity values for
nuclear NLS-Venus fluorescence were determined by automated segmentation using Otsu and
Minimum Error thresholding, followed by end-user error correction for low-intensity cases.
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Cell counts were compiled in a Matlab data structure, which was then filtered to remove sites that
were uncountable (due to poor image quality, overlapping cells that make quantification
impossible, or imperfections in polyHEMA) and sites in which all NSCs died by day 6. The
proliferation rate for each site was calculated according to the following equation:

Cf = Ci * Zrt

where C;is the initial NSC count at day 0, Cr is the final count of NSC-derived progeny, and ¢ is
the time elapsed in days. We note that this definition of proliferation includes the effects of
apoptosis on cell counts. These data were then ported into R for statistical analyses and plotting
using the ggplot2 package. Error bars for proportion data were generated using the Multinomial CI
package on raw cell counts. A complete description of calculation metrics can be found in
Supplementary Note 1.

2.4.10 Immunostaining

On day 5-6 of differentiation, flow cells were removed, and the cells were fixed with 4% PFA for
10 minutes at room temperature. The cells were washed 3x with PBS and then blocked in blocking
buffer (PBS with 5% donkey serum and 0.3% Triton-X-100) for 1 hour. The cells were stained
overnight at 4°C on a rocking shaker with 1:1000 mouse monoclonal IgG for beta-tubulin III
(Tujl) (T8578, Sigma) and 1:1000 rabbit polyclonal IgG for glial fibrillary acidic protein (GFAP)
(ab7260, Abcam), diluted in blocking buffer. The next day, the antibody solution was removed,
cells were washed 3x with PBS and then incubated in the dark for 1-2 hours at room temperature
on a rocking shaker with secondary antibodies, 1:250 Alexa Fluor 488 donkey anti-mouse 1gG
(H+L) and 1:250 Cy3 donkey anti-rabbit (H+L) (all Jackson Immunochemical) in blocking buffer.
After secondary incubation, cells were washed 3x with PBS (with 1:1000 DAPI in the second
wash) and kept in PBS until imaging.

2.4.11 Timelapse Experiments

NSCs and astrocytes were tethered onto DNA spots in polyHEMA -patterned and non-polyHEMA -
patterned substrates, as described above. After cell tethering and washes, mixed differentiation
media supplemented with 10 pg mL"! laminin was flowed through the flow cells, and excess media
was added to the wells. The slide was then imaged with transmitted light on the IXM using a 10X
objective at 30-minute intervals for 44 hours. During imaging, an environmental control chamber
maintained the slide at 37°C with a continuous supply of 5% CO,. Movies from 50-60 sites were
collected for each of 2-3 wells in each type of substrate.

Timelapse movies were analyzed manually. For each pair of patterned cells, we recorded moments
of contact and disengagement, division and death events, and the final and maximum distances
between cell nuclei and membranes. The total contact time and number of contact events are

calculated from these data.

2.4.12 Flow Cell Production
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Simple PDMS flow cells were produced using a 200 pum-thick mold created by stacking two white
tough-tags and a piece of clear tape. Using a razorblade, the sticker stack is cut to 31 mm x 6 mm
and affixed to the bottom of a 10 cm petri dish. Sylgard 184 (Ellsworth Adhesive) prepolymer is
mixed with its curing agent at a 10:1 ratio, and 12 g of the mixture is poured onto the mold. PDMS
1s cured at 80°C for 1 hour, and flow cells are cut to 1 x 0.8 cm.
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2.6 Appendices

2.6.1 Supplementary Figures
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Supplementary Figure 2.1. PolyHEMA patterning characterization. (a) Optimizing substrate chemistry strongly
enhanced polyHEMA stability in aqueous solutions. Schott Nexterion AL slides performed well relative to other
options with little to no degradation over 7 days. PolyHEMA coated on plain glass slides began to detach after one
day, while SuperFrost+ slides displayed slight improvement with little observable detachment until day 5. (b) Phase
contrast microscopy showed that 5 minutes of deep UV illumination was sufficient to etch through our standard
thickness of polyHEMA coatings (150 uL of 10 mg mL"! polyHEMA). (c) PolyHEMA was effective at blocking cell
adhesion down to 50 pL slide™. (d) The thickness of polyHEMA coating was modulated by depositing different
volumes of polyHEMA solution (10 mg mL™"). Profilometer measurements were performed at 9 different locations
sampled over the entirety of two coated slides for each deposition. All scale bars: 200 pm.
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Supplementary Figure 2.2: Overview of experimental Poisson loading of MCF10As into microislands. (a)
Schematic for conducting Poisson-loading experiment with 4 distinct, fluorescently-labeled MCF10A populations. (b)
Representative one-component (top) and four-component (bottom) images of microislands that contain cells seeded
using random Poisson loading. White, dashed boxes indicate microislands that possess the correct cellular
components. All scale bars: 100 pm.
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Supplementary Figure 2.3: Confinement to a small adhesive microisland sustains intercellular contact for
extended times. (a) 141 x 141 um adhesive microislands enabled extensive membrane contact between patterned
NSCs (white arrow) and patterned astrocytes (black arrow). (b) On standard aldehyde slides lacking adhesive
microislands, patterned NSCs and astrocytes migrated up to hundreds of microns away from each other over the course
of 2 days. (c) Histograms of total contact times between patterned single NSCs and astrocytes showed that, without
polyHEMA confinement, almost 35% of pairs made no contact at all. (d) The total amount of time that a NSC made
contact with a single astrocyte was substantially increased with polyHEMA microisland confinement, and the addition
of a second astrocyte further increased contact time (*: p<0.05, ANOVA with Tukey HSD, error bars: s.e.m). (¢) The
final inter-nuclear distance (left) and membrane distance (right) between patterned pairs were significantly less
compared to pairs that were not confined (****: p<le-4, t-test, error bars: s.e.m). The dotted line indicates the
maximum corner-to-corner distance within the adhesive microislands. All scale bars: 100 pm.
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Supplementary Figure 2.4. Additional timelapse montages to show analysis framework. (a) DNA-tethered NSC
and astrocyte pairs in polyHEMA patterns make several apparent cycles of contact (O) and disengagement (0). The
green arrow shows the maximum distance between nuclei, and the yellow arrow shows the maximum cell membrane
distance over the course of the experiment. The blue arrow shows the final distance between nuclei at 44 hours and,
in this case, the final cell distance was 0 since the membranes were in contact at 44 hours. Hours are denoted on the
left. (b) PolyHEMA-bounded pairs experienced significantly more contact cycles over 44 hours compared to pairs
without polyHEMA (where representative images for no polyHEMA are shown in Supplementary Figure 5) (p<le-
13, error bars: s.e.m.). (¢) The histogram of contact cycles shows a wider spread for polyHEMA-bounded pairs. (d)
The maximum nuclear and membrane distances (green and yellow) between pairs were also significantly lower for
polyHEMA-bounded pairs (p<le-5, error bars: s.e.m.). All scale bars: 100 um.
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Supplementary Figure 2.5: Additional timelapse montages of cells patterned without polyHEMA boundaries.
Notated using the same strategy as described in Supplementary Figure 4. The magenta arrow shows the final cell
membrane distance.
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Supplementary Figure 2.6. Additional plots for NSCs patterned with naive astrocytes. NSCs patterned with 1, 2,
and 3 astrocytes exhibited higher differentiation rates than NSCs patterned in bulk, at either high (5000 cells cm?) or
low density (500 cells cm™). (a) Proliferation rates. (b) Distribution of % Tujl" island' shows that increasing the
number of initial NSC progenitors cause wider bellies in the distributions, reflecting the lower likelihood that all
progeny adopt the same fate. (c) Boxplot of the number of Tujl" cells generated from each initial NSC. (d) Violin
plots of the distributions of % GFAP* island™'. (¢) Boxplot of the number of GFAP" cells (initial NSC) . All error
bars are 95% confidence intervals.
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Supplementary Figure 2.7. Plasmid maps for expression vectors.
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Supplementary Figure 2.8. Two-color immunoflow results show linear relationship between NLS-mCherry and
DII1 or EfnB2. (a) Naive astrocytes stained with DIl antibody. (b) DIl1 lentivirus-infected astrocytes show linear
relationship between mCherry fluorescence (Red2) and DIl 488 antibody (Green). (c¢) and (d) show the same for
naive astrocytes and EfnB2-overexpressing astrocytes, each stained for EfnB2.
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Supplementary Figure 2.9. Additional plots for NSCs patterned with EfnB2-expressing astrocytes. NSCs
patterned with single hEfnB2-overexpressing cells exhibited enhanced Tuj1" differentiation. (a) In the presence of an
EfnB2-astrocyte, the mean proliferation rate decreases, which is statistical in the case of 2 initial NSCs (**, p=0.0012,
t-test) and 3 initial NSCs (*, p=0.06, t-test). (b) NSCs exhibited enhanced Tuj1" differentiation as evident in the wide
distributions within the upper portion of the violin plots. (c) Boxplot of the number of Tujl" cells generated (initial
NSC) L. No differences in the mean number of Tuj1* cells were observed with the addition of one EfnB2 expressing
astrocyte (for NSC = 1, 2, and 3). EfnB2 thus functions by increasing the fraction of NSCs islands™ that give rise to a
high proportion of Tujl" cells rather than increasing the number of Tujl* cells NSC! within a microisland. (d)
Distribution of % GFAP" island™. (¢) Boxplot of the number of GFAP" cells (initial NSC)! reveal that very few
GFAP" cells are produced overall. All error bars are 95% confidence intervals.
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Supplementary Figure 2.10. Additional plots for NSCs patterned with DIl1-expressing astrocytes. NSCs
patterned with single hDIl1-overexpressing astrocyte exhibited reduced Tujl. (a) Proliferation rates show no
differences in the mean with the addition of D1l1-overexpressing astrocytes. (b) Narrow distributions for %Tuj1 island
! reflect low Tujl differentiation rates. Asterisk indicates significant difference between samples. (c¢) Boxplot of the
number of Tujl* cells generated (initial NSC)'. Asterisk indicates significant difference between samples. (d)
Distribution of % GFAP island™'. Asterisk indicates significant difference between samples. (¢) Boxplot of the number
of GFAP" cells (initial NSC)!. Asterisk indicates significant difference between samples. All error bars are 95%
confidence intervals; all p values obtained from ANOVA with Tukey HSD. *p<0.05.
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Supplementary Figure 2.11. Additional plots for NSCs patterned with EfnB2-expressing and DIl1-expressing
astrocytes. (a) Proliferation rates show similar medians in patterns with only DII1 and patterns with both signals.
However, mean proliferation rates are not significantly different (p=0.6, ANOVA). (b) Violin plot showing similar
distributions of %Tujl pattern' between patterns with only one DIll1-astrocyte and patterns with both types of
astrocytes. By contrast, the %Tujl island' measurements with only one EfnB2 astrocyte were significantly elevated
to higher levels (p<0.0.5, ANOVA with post-hoc Tukey Honest Significant Difference test). (c) Boxplot of the number
of Tuj1" cells with respect to initial NSC shows that islands with a DI11-astrocyte and microislands with both a DIl1-
astrocyte and a EfnB2-astrocyte produce significantly fewer Tujl* cells compared to microislands with only EfnB2
(p=0.022 and p=0.024 compared to the left and right columns, ANOVA with Tukey HSD). (d) Distribution of %
GFAP island! does not reveal significant differences across samples (p=0.16, ANOVA). (¢) Boxplot of the number
of GFAP" cells (initial NSC)!, with no significant differences across sample means (p=0.44, ANOVA). All error bars
are 95% confidence intervals.
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Supplementary Figure 2.12. Matlab GUI to facilitate the manual tabulation of cell counts. The software interface
— described in greater detail in the Methods section — loads a series of images into red, green, and blue channels with
optional extra channels for images of NLS-conjugated fluorescent proteins. Manually tabulated counts are entered
into a table, which is stored in a data structure upon hitting ‘save’. The editable table makes it easy to review and edit
counts. To avoid bias, immunostaining counts are performed blinded to day 0 information on numbers and types of
cells per island.
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2.6.2 Supplementary Tables

# community composition n
1 INSC + 1CortA 61
2 INSC + 2CortA 59
3 2NSC + 1CortA 110
4 2NSC + 2CortA 67
5 2NSC + 3CortA 16
6 3NSC + 1CortA 22
7 3NSC + 2CortA 32
8 INSC + OEfnA 33
9 INSC + 1EfnA 44
10 2NSC + OEfnA 32
11 2NSC + 1EfnA 46
12 3NSC + OEfnA 20
13 3NSC + 1EfnA 24
14 INSC + 0DeltaA 19
15 INSC + 1DeltaA 106
16 INSC + 2DeltaA 21
17 2NSC + 0DeltaA 20
18 2NSC + 1DeltaA 65
19 2NSC + 2DeltaA 23
20 INSC + OEfnA + 1 DeltaA 45
21 INSC + 1EfnA + 0 DeltaA 29
22 INSC + 1EfnA + 1 DeltaA 57

Supplementary Table 2.1: Number of samples for each type of community composition.

Sequence
Name DNA Sequences (5’ - 3°)
A GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT ACTG ACTG ACTG ACTG ACTG
A GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT CAGT CAGT CAGT CAGT CAGT
B GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TCATACGACTCACTCTAGGG
B’ GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT CCCTAGAGTGAGTCGTATGA
F GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT AGA AGA AGA ACG AAG AAG AA
P GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTC TTC TTC GTT CTT CTT CT
G GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT AGC CAG AGA GAG AGA GAG AG
G’ GTA ACGATCCAGCTGTCACT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT
ITTTTTTTTTT TTTTTTTTTT TTTTTTTTTT CTC TCT CTC TCT CTC TGG CT
CoAnchor AGT GAC AGC TGG ATC GTT AC

Supplementary Table 2.2: Complementary pairs of cell-labelling and surface-printed DNA sequences in
addition to the CoAnchor sequence for stabilizing cell-labelling oligonucleotides.

50



FL1

NSC - NHS A /\L B
NSC - lipid ~ -

NSC - control -

CortA - NHS - =
CortA - lipid

CortA - control JL L
BL MESF blank beads r

BL MESF beads

?

0 200 400 600 800 1000

5 percentile 95 percentile
1
Type Peak (strands cell™) (strands cell'!) (strands cell'!)
NSC - NHS 4,606 3,125 10,727
NSC - lipid 107,809 3,701 139,626
NSC — control 2,437 1,808 3,556
CortA — NHS 18,355 7,498 84,914
CortA - lipid 90,136 7,498 135,521
CortA - control 5,732 3,666 13,619

Supplementary Table 2.3: Assessment of DNA incorporation into cells. After cell labeling by lipid DNA or NHS-
DNA, cells were incubated with Alexa 488-conjugated complementary oligonucleotides and assessed by flow
cytometry. Lipid DNA outperformed NHS-DNA for both NSCs (108k vs. 5k strands cell™!) and astrocytes (90k vs.
18k strands cell™).

2.6.3 Supplementary Notes

Supplementary Note 2.1.

Our ability to measure many metrics from each patterned community yields data that can be displayed in a
variety of ways. Here, we provide extensive descriptions of the supplementary plots from each experiment
(below) with some guidelines for interpretation.

Proliferation rate: The proliferation rate is calculated as described in the Methods section. In these plots,
a boxplot of the proliferation rate measurement is overlaid with jittered points, each representing a
measurement from one island.

% Tuj1" island™: For each island, the %Tuj1* island™ value is calculated by dividing the number of Tuj1*
cells over total number of NSC-progeny at day 6. For each type of community composition, a violin plot
of the %Tuj1" island™ distribution is overlaid with jittered points, each representing a measurement from
one island. For most plots there may be a large number of 0% Tujl" measurements, making it impossible
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to infer an idea of the distribution from looking at the jittered points alone. Thus, the interpolated lines of
the violin plot provide a better sense of the true distribution of values along the 0-100% y-axis.

# Tuj1" cells (d0 NSC)™: For each microisland, the # Tuj1* cell at day 6 is divided by the total number of
NSCs at day 0. This provides a measure of the average number of Tuj1" cells produced from each NSC. In
communities with only one initial NSC, this is a measure of the absolute number of Tuj1™ cells produced.
These data are represented as a boxplot with the line designating the median, with upper and lower "hinges"
corresponding to the first and third quartiles (the 25th and 75th percentiles).

% GFAP" island™': Similar to % Tuj1" island™". In general, since GFAP marker expression is less frequent
than Tuj1 expression, we have less statistical power when analyzing GFAP data. Note that the GFAP" NSC
progeny can readily be distinguished from the cortical astrocytes (which are much larger and flatter) and,
in many cases, by cortical astrocyte expression of a NLS fluorescent protein.

# GFAP" cells NSC™': Similar to # Tuj1" (d0 NSC)™!

For each of these plots, interesting and significant results are described in the figure legend. Plots without
significant differences are presented without comment. For ANOVA, we subset the data based on the
number of initial NSCs to assess the impact of additional astrocytes.

2.6.4 Supplementary Methods of Image Processing

It should be noted that longitudinal imaging of this patterning platform on the IXM—and possibly
other imaging platforms—may require post-hoc image processing due to positional shifts and
rotation of the imaged regions of interest. This is particularly the case for experiments that involve
imaging at numerous timepoints (and therefore removing/inserting the patterned chamber slide
onto a stage). Positional shifts and rotation will prevent proper stacking, montaging, cropping, and
concatenation of individual regions of interest. To account for these changes, simple geometric
corrections and transformation can be made to images, as outlined below with included Imagel
scripts. This process is appropriate for experiments with a reasonably low number to timepoints
(e.g. n<15).

The general pipeline for image corrections for simplification of downstream image analysis are as
follows:

1. Angle correction of complete-well montaged image for individual timepoints.

2. Chronologically stack individual time points

3. Align stack of images using a landmark translation for each timepoint

4. Crop single microislands, followed by optional concatenation.

2.6.4.1 Angle correction of individual timepoints.

First, regions of interest (ROIs) are drawn over microislands using the top left-most microisland
as reference, using the following ImagelJ script:

//input the number of rows and columns of microislands in the well grid

r=30

c=20

//Input x and y, which represent the coordinate of the top left-most microisland

xl =x

yl=y

//generate ROIs. Note, numbers for y and x transformations are empirically derived from the //grid
of microislands used to patter the polyHEMA
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for (i=0; i<=(r-1); i++) {
y =yl +461.4725%i;
for (j=0; j<=(c-1); j+1) {
x =x1 +461.436%;;
//setTool("rectangle");
makeRectangle(x, y, 300, 300);
roiManager("Add");

}

These ROIs make clear the rotational shift in the image, as displayed in Figure XA. Next, manually
move the ROI of the right top-most microisland to properly overlay the ROI over the microisland.
Make note of the value of this manual y displacement, and the value of the total x displacement
between the first and last ROIs of this top row (Figure XB). Use these values to solve for theta
using the inverse tangent (arctan) function. Apply theta as an angular transformation to the image
(in ImageJ, Image>Transform>Rotate), and, after resetting x1 and y1 in the script above, verify
that the ROIs now properly align over the microislands (Figure XC). Save this image for
downstream stacking and repeat for all timepoints.

tan(6) = Opposite / Adjacent=y/x ~____.--
B. arctan(y/x)=6  _----mmTTTTT E‘
Yy

1/13 (1. z=0.0 [layer]); 10800x15120 pixels; 8-bit; 2GB

20 0 HEan uBaon

e e 0 L[ SO

Supplementary Figure 2.13 Depiction of rotational tilt and tilt correction in image processing.
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2.6.4.2 Stack angle-corrected individual timepoints

Open all relevant angle-corrected images of an experiment. Create a stack of the timepoints in
chronological order using Image>Stacks>Images to Stack. While microisland grids of each image
will be perpendicular to the x-y axes after angle correction, there is likely x and y displacement
across images to prevent simple ROI microisland cropping. As such, save this stacked image for
manual alignment of the time series in the following step.

2.6.4.3 Alignment of images across time using manual landmark registration.

To correct for x-y displacement across time, open the stacked image in File > New > TrakEM?2
(blank), using default settings and slice thickness as 1. Then, right-click > Link > Unlink > “Yes”
(in Execute? Window that pops up) to unlink stacked image to transform them separately. In the
image, identify a microisland in your field of view that you can easily identify in every image.
After ensuring this microisland is visible in all images of the stack without having to adjust the
window, right-click > Align > Align layers manually with landmarks. This enables your cursor to
generate a landmark on each image. Click a specific corner of the chosen microisland. You’ll
notice this generates a yellow “+1” landmark. Scroll to the next image in the stack, and click the
same exact spot on the same microisland to generate a “+1” in the same location on the next image.
Repeat for every image in the stack. Be sure to create only one landmark for each image. After
creating one landmark on each image, scroll back to the first image in the stack and Right click >
Apply transform. In the pop-up window, select Model: “Translation”, and be sure the “Propagate
to last layer” box is checked. Click OK. The images should now be aligned such that scrolling
through the images shows the microislands remain stationary across the stack. Right click > Export
> Make flat image. In the pop-up window, don’t change any setting except the “End:” layer to the
last layer. The “Start:” default should be at 1: z=0.0 [layer]. Click OK. This step may take a few
moments, but it will open a new stacked image of the newly aligned images in the normal ImageJ
window (outside of TrakEM?2). Save this new, aligned image in the same location as the stacked
image. I will typically name it exactly the same as the stacked image, but add “aligned” to the end.
For example, the stacked “S169 welll TLstack” will become “SI69 welll TLstackaligned”.
After saving the exported aligned image, close TrakEM2 (do not need to save the changes) and
proceed to cropping and saving individual microisland stacks.

2.6.4.4 Crop, save, and concatenate individual microisland stacks.

If not already open, open the aligned stack from the previous section and the Imagel script for
creating ROIs above. Similar to the previous section, use the ROI Add Macro to create ROIs over
each microisland. Double check that the ROIs are indeed aligned over microislands across the well
over the time series by scrolling through the stack at various locations in the image. Then, apply
the Imagel script below to crop and save individual microislands. Importantly, change the
appropriate text in the script that is specific for the slide, well, and wavelength of the stacked,
aligned image, and the file location where you want to save the image.

for (i = 0; i<roiManager("count"); ++1) {

roiManager("Select", 1);
run("Duplicate...", "title=Crop duplicate");
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//Specify below the file path of where to save the cropped microisland image, and the specifics
//of the microisland crop to be saved.

saveAs("Tiff","filepath/SIX XXXhr WellX microisland"+(i+1)+".tif");

close();

selectWindow("Composite");

}

As the script runs, you should be able to watch as it selects each ROI, duplicates that region in a
new window, saves it, closes it, and moves to the next microisland ROI. This script typically takes
a few minutes for one well (typically 600 microislands). Undoubtedly there may be quicker ways
to code this process, but I have generally found it preferable to visually check that the
transformations and subsequently ROI cropping are correct. Lastly, depending on the needs of the
experiment, it may be desirable to concatenate (Stacks>Tools>Concatenate) the stack of an
individual microisland for downstream analysis. The end product of this protocol is shown in
Figure XX below, where left-to-right concatenation shows one microisland over time.

Day 0 1 2 3 4 5 6 7

Supplementary Figure 2.14. Example concatenation of one microisland over time after image processing.
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Chapter 3: Activation strength of the canonical Wnt/B-
catenin signaling pathway regulates the extent of adult neural
stem cell proliferation during neuronal differentiation.

3.1 Introduction

Neural stem cells (NSCs) reside within at least two niches in the adult mammalian brain, including
the subgranular zone of the hippocampal dentate gyrus'. Throughout adulthood, these cells retain
the two hallmark properties of stem cells: the ability to self-renew and the capacity to differentiate
down multiple lineages into more-specialized cell types. NSCs of the adult hippocampus
differentiate into mature glutamatergic neurons of the granular layer, as well as cells of a glial
identity?.

Adult neurogenesis is the highly-ordered process through which adult NSCs differentiate into
newborn neurons. During this process, radial glia-like cells (RGLs), the putative stem cell of the
hippocampus, progress from a mostly quiescent state through a transit amplifying stage in which
neuronal-committed progenitors lose stem cell markers and gain neuronal markers like Tujl°.
These transit amplifying progenitors may or may not undergo cell division before giving rise to
post-mitotic immature neurons, which themselves undergo a weeks-long maturation phase before
integrating into the existing hippocampal neural network*. In vivo clonal analysis suggests highly
heterogeneous fate decisions arising from single RGLs, including wide heterogeneity in the final
total number of cells that can arise from a single clone®.

Fate decisions of NSCs are tightly regulated by various biomolecular and other cues that are
presented within the stem cell niche, including those of the canonical Wnt/B-catenin signaling
pathway (“Wnt”)>. The Wnt pathway is highly conserved and plays a critical role in development
and tissue homeostasis throughout adulthood®. In the absence of Wnt ligands, cytoplasmic B-
catenin is constitutively phosphorylated by the multi-protein “destruction complex”, including
GSK3, which targets it for degradation. When Wnt ligands are present, they bind their cognate
co-receptors Frizzled and LRP5/6, whose intracellular domain then recruit proteins of the
destruction complex to the cell membrane. This relieves the inhibition of B-catenin, which
increases in concentration in the cytoplasm, enables it to translocate to the nucleus, where it acts
as a transcriptional co-factor for downstream target Wnt genes’.

The canonical Wnt/B-catenin signaling pathway is a master regulator of adult neurogenesis. Wnt
activation has been shown to drive a neuronal fate specification in adult NSCs>, and has also been
linked to the proliferation of neuronal-committed cells in vitro® and in vivo®. Further, others have
found Wnt to be necessary for NSC self-renewal'?, an effect likely mediated in part by the
additional presence of growth factors, namely FGF2!!. The ability of the Wnt pathway to regulate
these two cell fates concurrently—proliferation and differentiation—is not exclusive to adult
neural stem cells'?, suggesting that factors which “fine tune” the relationship between these two
outcomes may have implications for other tissues.

The establishment and maintenance of morphogen gradients, including Wnts, is essential for
proper development during embryogenesis including during anterior-posterior patterning and
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gastrulation'>!4. Further, differing strengths of activation of Wnt using the small molecule
CHIR99021 was recently shown to direct the differentiation of human pluripotent stem cells into
regional-specific neural progenitors!> as well as specific subtypes of neurons'®. How different
strengths of activation of the canonical Wnt/B-catenin pathway influences adult neural stem cell
behavior, however, has yet to be explored. As such, we sought to determine how different strengths
of activation of the canonical Wnt/B-catenin signaling pathway may impact NSC fate decisions,
and specifically explored the interplay between neuronal differentiation and proliferation.

3.2 Results

3.2.1 Probability of neuronal differentiation, but not total output of neuronal-committed
cells, increases with stronger Wnt signaling.

To observe the effect of canonical Wnt/B-catenin pathway activation strength on NSC fate
behavior, we assayed cells for Tujl" neuronal-committed differentiation after 5 days in vitro at
different concentrations of the GSK3pB-inhibitor CHIR99021 (1.5uM, 10uM) and a negative
DMSO control. In agreement with previous studies, we found activation of the canonical Wnt
pathway via CHIR as a strong driver of neuronal differentiation, with the effect increasing in a
dose-dependent manner (Figure 3.1). Stronger levels of pathway activation yielded increased total
percentage of cells displaying the early and immature neuronal marker Tujl (Figure 3.1A, 3.1D).
However, we unexpectedly observed a marked increase in the final total number of cells in mid-
level Wnt pathway activation (1.5uM CHIR, Figure 3.1B, 3.1D). This also corresponded to
increased final total numbers of Tuj1* neuronal-committed cells (Figure 3.1C, 3.1D).
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Figure 3.1 Strength of Wnt signal activation regulates probability of neuronal differentiation and final cell
count. A. Percentage of Tujl" neuronal-committed cells after 5 days in culture at different strengths of canonical Wnt
pathway activation. B. Total number of cells after 5 days in culture at different strengths of canonical Wnt pathway
activation. C. Total number of Tuj1* neuronal-committed cells after 5 days in culture at different strengths of canonical
Wnt pathway activation. D. Representative immunostaining images of neuronal marker Tujl after 5 days in culture.
*p<.05, **p<.01, ***p<.001 (ANOVA with TukeyHSD post-hoc test). Scale bar 100pm.
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3.2.2 'Wnt/B-catenin signaling is insufficient to induce long-term proliferation of NSCs, but
mid-level Wnt activation displays extended mitogenic capacity.

Increased final numbers of Tujl* neuronal-committed cells in mid-level Wnt conditions could be
caused by increased cell death in higher Wnt conditions, or by increased proliferation of cells in
mid-level Wnt. We observed no difference in the percentage of live cells in a wide range of CHIR
concentrations (Supplementary Figure 3.1), so we turned to investigate the influence of Wnt signal
strength in driving NSC proliferation. First, we verified this expanded range of CHIR
concentrations increases the activation of the Wnt//p-catenin pathway in a dose-dependent manner
(Supplementary Figure 3.2). Then, to observe proliferation in real time we used the two-color
fluorescent ubiquitylation-based cell-cycle indicator (FUCCI)!” system to observe the cell cycle
state of a population of FUCCI-NSCs (Figure 3.2A). After 5 days in vitro, the vast majority of all
cells in every Wnt condition displayed G1 phase FUCCI markers (Figure 3.2B). This included
most cells that had not differentiated into Tuj1* neuronal-committed cells, suggesting that no level
of Wnt is sufficient to induce NSC self-renewal (Figure 3.2C).

To observe how different strengths of Wnt signal activation influence NSC proliferation over time,
we counted cells undergoing G1-S transition in a 4-hour period at Days 1-5 in culture. Cells
undergoing G1-S transition display a brief period of double-positive FUCCI markers (Figure
3.2A). Interestingly, we observed an immediate dose-dependent increase in the number of cells
undergoing G1-S transition on at Day 1 (Figure 3.2D, 3.2D’). However, strong Wnt conditions (3
and 10uM CHIR) experienced an immediate reduction in the number of G1-S transition cells by
Day 2, a trend that continued for the duration of the experiment (Figure 3.2D, 3.2D", 3.2D", 3.2E).
In contrast, however, we observed the number of cells undergoing G1-S transition in mid-level
Wnt conditions (1.5uM CHIR) increase on Day 2, and G1-S cell counts remained greater than
weaker and stronger Wnt conditions for the remainder of the experiment (Figures 3.2D, 3.2D",
3.2D", Figure 3.2E). These data suggest that mid-level Wnt conditions enable extended
proliferation of cells as compared to different strengths of Wnt pathway activation.

3.2.3 Prolonged duration of cell proliferation in mid-level Wnt conditions occurs in
neuronal-committed cells.

We sought to examine the neuronal differentiation states of proliferating cells over the timecourse
of Wnt pathway activation. To do so, we made use of the thymidine analog 5-ethynyl-2’-
deoxyuridine (EdU) which is selectively incorporated into cells during the DNA replication phase
of the cell cycle (S-phase). Following a 4-hour EAU pulse prior to fixation at Day 1, 3, or 5 in
vitro, we assayed cells for EAU incorporation and the neuronal commitment marker Tujl. We
observed an increasing percentage of Tujl™ cells in each bulk population over time for all
conditions, with maximum differentiation percentage saturating after 3 days in culture at and above
3uM CHIR (Figure 3.3A). Similar to results observed in Figure 1, at 5 days in vitro we observed
a dose-dependent relationship between percent Tujl" differentiation and strength of Wnt pathway
activation (Figure 3.3A’). All levels of Wnt activation except the OuM CHIR negative control
experienced an initial increase in total cell number from Day 1 to Day 3, prior to a reduced final
cell count after 5 days in vitro (Figure 3.3B). As observed in Figure 3.1, total cell count after 5
days in vitro was markedly lower in high CHIR levels as compared to 1.5uM CHIR (Figure 3.3B’).
These trends similarly translated to total Tujl™ cell counts (Figure 3.3C, 3.3C’). We observed EAU
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incorporation that closely matched FUCCI results, with strong Wnt conditions experiencing
immediate decreases in proliferation after Day 1, while we observed the capacity for low- and mid-
level Wnt conditions to prolong cell cycle activation (Figure 3.3D, 3.3F). Further, EAU" cells in
all conditions displayed high neuronal differentiation, indicating that the proliferative response to
any level of Wnt signaling is occurring primarily in neuronal-committed cells (Figure 3.3E).
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Figure 3.2 Strength of Wnt/p-catenin signaling regulates cell cycle activation in NSCs A. FUCCI2 system enables
identification of cell cycle phase through fluorescent markers. B. Frequency of cells in each FUCCI cell cycle phase
after 5 days in vitro. C. Percent of Tujl" cells that display G1 phase FUCCI markers. D. Mean G1-S transition cell
count during 4-hour window over 5 days in culture. D', D", and D" respectively display data from Days 1, 3, and 5
across an axis of different strengths of Wnt pathway activation. Lowercase letters display statistical groups (ANOVA
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with post-hoc TukeyHSD test, p <.05 between all groups). E. Representative images from Days 1 and 3. Black arrows
indicate cells in G1-S transition phase of cell cycle. Scale bar 100 pm.
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Figure 3.3 Strength of Wnt/B-catenin signaling regulates timecourse of differentiation and proliferation of
neuronal-committed cells. A. Percentage of Tujl* neuronal-committed cells over time. (A’, after 5 days in culture).
B. Total number of cells over time. (B’, 5 days in culture). C. Total number of Tujl" neuronal-committed cells over
time. (C’, 5 days in culture). D. Count of EAU" cells over time. E. Percentage of EAU" cells that display the neuronal-
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committed marker Tujl over time. F. Representative images of NSC timecourse of differentiation (Tujl") and
proliferation (EAU"). Lower case letters represent statistical groups (ANOVA with post-hoc TukeyHSD test, p < .05
between all groups). Scale bar 100pum.

3.2.4 Proliferative potential of single neural stem cells is expanded in mid-level strength of
Whnt activation.

While our previous observations showed cell-cycle activation in mid-level Wnt conditions for an
extended time period, they did not address whether cells undergoing proliferation at later times
were cells that had previously divided, or cells in the bulk population that were undergoing their
first mitotic event. To address this question, we sought to track the behavior of single NSCs in our
tested range of Wnt signal activation strengths. To do so, we turned to a single-cell patterning
platform that we recently developed which enables long-term tracking of single cells and their
progeny in physically isolated “microislands”!8. On a modified 4-well chamber slide, a non-cell
adherent polyHEMA surface surrounding each microisland prevents cells and their progeny from
migrating out of their initial patterned area, enabling us to track cell division of single NSCs and
the proliferation of their respective progeny over time. We coupled this observation with a
traditional end-point immunostaining assay to probe for neuronal differentiation (Figure 3.4A).

Generally, we observed broad heterogeneity in proliferative outcomes of single NSCs (Figure
3.4B) and again observed strong neural differentiation of NSCs in response to CHIR (Figure 3.4C).
In agreement with our previous findings, the timecourse of cell proliferation was extended in mid-
level Wnt conditions (1.5uM CHIR) compared to weaker or stronger levels of Wnt activation (data
not shown). Interestingly, by tracking the cumulative number of cell divisions per microisland, we
observed single cells in mid-level Wnt conditions capable of undergoing an increased number of
cell divisions as compared to higher and lower levels of CHIR (Figure 3.4D). As such, the
distribution of cumulative cell divisions per microisland in 1.5uM CHIR was wider than, and
statistically distinct from, other conditions. Further, this increased proliferative capacity also
corresponded to a wider distribution of final Tujl* cell count, indicating that mid-level Wnt
activation was capable of enabling some single cells to produce increased numbers of clonal Tuj1*
neuronal-committed cells (Figure 3.4E).

3.3 Discussion

The canonical Wnt/B-catenin signaling pathway regulates multiple stages of adult neurogenesis,
including the proliferation and neuronal differentiation of adult NSCs. While previous work has
elucidated this duel role, questions still abound as to how these two concurrent fate commitments
interplay with one another, and how Wnt signaling acts to modulate the balance between them.
Our work here identifies the strength of Wnt pathway activation as a conditional factor in
regulating NSC behavior by modulating the extent of proliferation during neuronal differentiation.

Our results show that while strong Wnt pathway activation yields the greatest probability of
neuronal differentiation, it counterintuitively yields fewer overall immature neurons as compared
to mid-level pathway activation as a result of diminished proliferative capacity. This may be driven
through a differential balance of intracellular signal propagation that is linked to downstream
neurogenic processes. NSCs undergoing neuronal differentiation become post-mitotic and are
incapable of undergoing cell cycle activation, thus our results heavily imply that stronger Wnt
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conditions drive cells to this post-mitotic stage at a faster timescale than lower pathway activation
strengths. Further, low levels of pathway activation may not be sufficient to induce the Wnt-driven
cell cycle activation in cells, thus also yielding lower levels of total immature neurons. Additional
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Figure 3.4 Single-cell tracking of NSCs in response to different strengths of Wnt activation. A. Schematic of
single-cell patterning platform and downstream proliferation and differentiation analysis. B. Concatenated timecourse
of four representative microislands displaying proliferation outcomes from single cells. C. Representative
immunostaining of four representative microislands. D. Distribution of the cumulative number of cell divisions per
microisland over duration of experiment. **p < .01, ANOVA with TukeyHSD post-hoc test. E. Distribution of final
Tuj1* neuronal-committed cell count per microisland. **p <.001, ANOVA with TukeyHSD post-hoc test. Scale bars
= 100pm.
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studies exploring the precise mechanisms through which this behavior is regulated would provide
deeper answers to the balance of proliferation and differentiation, and could further assist emerging
technologies like optogenetics!® to gain even finer precision over controlling cell behavior.

In vivo clonal analysis has revealed broad heterogeneity with relation to the number of newborn
neurons that can arise from single NSCs?. Given the in vivo role Wnt plays in driving NSC
proliferation and differentiation, our results may further allude to a process through which this
heterogeneity arises. Other factors including cell-cell contacts or the specific stage of the cell cycle
at which a cell receives a Wnt or other biomolecular cue may also further contribute to this
heterogeneity.

More broadly, our work here displays an important consideration for studies using small molecules
to activate or inactive biomolecular signaling networks in vitro. Specifically, our work highlights
how small changes to concentrations used or differences in stock potency may result in drastically
different cell behavior. Altogether, our results reveal an intricate interplay between Wnt-driven
proliferation and differentiation of NSCs in response to different levels of pathway activation,
which has implications for regenerative medicine.

3.4 Methods
3.4.1 Cell Culture

Adult hippocampal neural stem cells (NSCs) isolated from Fischer 344 rats were cultured as
previously described on poly-L-ornithine/laminin-coated plates?’. Prior to experiments, cells were
cultured in DMEM/F-12 medium with added N2 supplement and 20ng/mL FGF-2, receiving fresh
media every other day and passaged onto fresh plates with Accutase upon reaching 80%
confluency. During experiments, cells were cultured in DMEM/F-12/N2 medium supplemented
with stated concentrations of CHIR99021 (Stemgent, dissolved in DMSO to manufacturer
recommendations) and a within-experiment DMSO volume control. During experiments, cells
received one-half fresh media changes daily.

3.4.2 FUCCI-NSCs

To generate FUCCI-NSCs, NSCs were double-transduced with retroviruses encoding the
mCherry-hCdt1(30/120) and mVenus-hGem(1/110) FUCCI2 constructs. NSCs were subsequently
puromycin selected for transduction followed by mCherry/mVenus double-positive FACSorting
to identify cells with successful double transduction. These double-positive cells were expanded
several passages until the loss of cell cycle synchronization (assayed by fluorescence) and then
utilized for FUCCI experiments.

3.4.3 EdU Labeling
For EAU experiments, cells were given a 4-hour 10uM EdU pulse delivered in one-half fresh media
immediately prior to fixation at listed experimental times. EAU incorporation was detected using

Invitrogen’s Click-it Plus EdU Alexa Fluor 555 kit (C10638) using manufacture’s
recommendations, and performed immediately prior to immunostaining.
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3.4.4 Immunostaining

Cells were fixed after stated times in culture using 3% paraformaldehyde for 15 minutes at room
temperature. Cells were then washed 3x with PBS and placed in a permeabilization/blocking PBS
buffer containing 5% donkey serum and 0.3% Triton X-100 (PBS-DT) for a minimum one hour.
Mouse anti- Tubulin III (Tujl) primary antibody (Sigma T8578, 1:1000) was added to samples
in PBS-DT and incubated overnight. After overnight incubation, primary antibodies were removed
using 3x PBS washes, followed by a one-hour incubation with secondary antibody (Donkey anti-
Mouse IgG Alexa fluor 488, Invitrogen A21202, 1:250) and DAPI (1:1000). After secondary
antibody incubation, samples were washed with PBS three times and stored in PBS until imaging.

3.4.5 Imaging and Image Analysis

Live-cell experiments (except those with live FUCCI-NSCs) and all fixed/immunostained samples
were imaged using an ImageXpress Micro (IXM) high-throughput automated imager with either
a 10x or 20x objective. FUCCI-NSCs were imaged using an IncuCyte Live Cell Analysis System
(Essen Bioscience). Image analysis for IXM images was performed using a custom multiple
wavelength cell scoring program designed in the IXM’s accompanying MetaXpress software. For
quantification, DAPI-stained nuclei were used to generate a mask applied to the remaining
fluorescence channels of interest, with negative controls used to set thresholds for signal intensity.

3.4.6 Single cell patterning experiments

Single cell patterning experiments were performed as previously described!®. Briefly, aldehyde-
functionalized glass slides (Schott) were coated with a non-cell adhesive layer of polyHEMA
(Sigma). A 30x30 grid of 141 um x 141 um microisland squares were “etched” into the polyHEMA
using a custom quartz mask with the corresponding grid pattern (Photosciences Inc.). Single-cell
sized spots of amine-modified DNA was “printed” in the microislands using a Nano eNabler
(Bioforce Nano), then covalently bonded using a brief sodium borohydride reductive amination
reaction (Sigma, 0.25% in PBS). Lipid-modified DNA complementary to that of the printed DNA
was transiently incorporated into cell membranes, and used to “tether” cells in DNA-spotted areas.
Excess cells were washed, and culture media was introduced for the duration of the experiment.

3.4.7 Western Blotting

Western blotting was performed with standard protocols using ThermoFisher Scientific NuPAGE
precast gels with MOPS buffer. Antibodies used include Rabbit anti-Non-phospho (active) -
catenin D13A1 (Cell Signaling #8814, 1:1000); Mouse anti--catenin Clone 14 (BD Biosciences
610153, 1:1000); and Mouse anti-B-actin Clone AC-15 (Sigma A1978, 1:1000). Secondary
antibodies used include Goat anti-Rabbit I[gG HRP (ThermoFisher A16110 1:10,000) and Goat
anti-Mouse 1gG HRP (ThermoFisher 31430, 1:10,000). Blots were developed with SuperSignal
West Dura extend duration substrate kit (ThermoFisher 34076) and imaged on a BioRad
ChemiDox imager.

3.5 Appendices

66



3.5.1 Supplementary Figures
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Supplementary Figure 3.1 NSC viability in varying levels of Wnt signal activation. Increasing levels of Wnt
pathway activation via higher CHIR concentrations does not cause changes in cell viability. (ANOVA p =.0329; only
OuM:3uM shows significant TukeyHSD comparison, p = .04, all other comparisons p > .05).
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Supplementary Figure 3.2 Activation of the canonical Wnt/B-catenin signaling pathway across increasing levels
of CHIR. Total and active (non-phosphorylated) B-catenin increases with increasing concentrations of CHIR. Dose-
dependent pathway activation is stable over time (numbers represent hours).
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Chapter 4: Expanding the parameter space of complex
biomolecular signaling logic with the cell cycle and cell
density

4.1 Introduction

In Chapters 2 and 3, I explore two factors—the presence of competing cues and the strength of
pathway activation—that serve as additional logical arguments in determining neural stem cell fate
decisions in response to biomolecular signals. What other factors might play a role in determining
how a cell responds to particular cues from its microenvironment? The framework of complex
biomolecular logic opens extensive new questions as to the precise mechanisms and contexts
through which cellular decisions are made. In this chapter, I present two additional factors—
differential cell cycle phases upon reception of a signal, and cell density—that may contribute to
adult neural stem cell behavior in response to biomolecular signaling.

4.2 Results
4.2.1 The Cell Cycle

The cell cycle is a tightly regulated process through which a cell replicates its DNA, segregates
two sets of chromosomes, and undergoes cytokinesis to divide into two daughter cells. The cell
cycle is divided into 4 main phases, sometimes referred to as stages: the gap 1 or growth 1 “G1”
phase, the synthesis or “S” phase, the gap 2 or growth 2 “G2” phase, and the mitosis or “M”
phase!2. An additional phase of “G0” is often used to describe a quiescent or post-mitotic cell that
is not actively progressing through the cell cycle or can no longer divide. It is well understood that
a variety of nodes of many signaling networks fluctuate during different periods of the cell cycle.
This fluctuation provides the mechanistic underpinnings of FUCCI systems, as FUCCI consists of
fluorescent proteins that are genetically tethered to peptides that are selectively targeted for
degradation during different periods of the cell cycle®. Further, these fluctuations and cell cycle
stage differences enable the cell to precisely control its progression through the cell cycle by using
cell cycle “checkpoints” to ensure proper DNA replication and correction, and eventual
cytokinesis!-2,

Extensive studies have explored the connections between various signaling pathways, cell fate
decisions, and the cell cycle*>. This includes the topic of Chapter 3, the canonical Wnt/B-catenin
pathway, through two lenses: first as having proteins that are functional players in proper cell
division® in addition to signal propagation, and second by exhibiting differential activation across
cell cycle stages’. Connections to the cell cycle and neural stem cell fate decisions have also been
explored*. Interestingly, previous work in Drosophila has shown that some NSCs are quiescent in
the G2 phase—as opposed to a GO phase—and that this difference of cell cycle regulates a cell’s
response to insulin signaling®.

We explored preliminary avenues through which the cell cycle might regulate adult hippocampal
neural stem cell fate decisions in response to Wnt signaling (Figure 4.1). Previous work has shown
that the Wnt receptor LRP6, critical for canonical Wnt signal activation, contains five PPPSP dual
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phosphorylation sites that are necessary for Wnt signal propagation. It was further found that the
most N-terminal PPPSP site, containing the S1490 residue, is regulated by the G2/M cyclin protein
Cyclin Y and its associated cyclin-dependent kinase Cdk14. As such, S1490 is selectively
phosphorylated during the G2/M phases of the cell cycle in HEK293 cells, thereby “priming” cells
to be responsive to Wnt during that phase’.
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Figure 4.1 Investigation of cell cycle differences in Wnt signal response. Conceptual overview of how a cell may
respond differently to Wnt signaling depending on what phase of the cell cycle it is in.
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Figure 4.2 Cell cycle regulation of Wnt signaling in adult NSCs. A. Western blot image probing for proteins that
are known to regulate Wnt signaling during different periods of the cell cycle. B. Relative pLRP signal to total protein
control during different cell cycle phases. C. Ratio of pLRP6 to total LRP6 during different cell cycle phases. D.
Relative Cdk14 signal to total protein loading control during different periods of the cell cycle.

We sought to explore if this selective phosphorylation event is also present in adult neural stem
cells. To do so, we performed FACSorting on unsynchronized FUCCI-NSCs, collecting
populations of cells in the G1, S-G1 transition, S/G2, and M phases (data not shown, see Methods).
We then performed western blotting to analyze the presence of Cyclin Y, Cdkl4, and
phosphorylated LRP6 at S1490 (pLRP6 Sp1490) (Figure 4.2A). We observed the highest pLRP6
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signal during the G1/S transition phase relative to others (Figure 4.2B). Further, we found the ratio
of pRLP6 to total LRP6 to steadily increase from the G1 to the M phase (Figure 4.2C).
Interestingly, this occurred despite the minimal presence of Cdk14 during the G1/S transition
phase (Figure 4.2D). Of note, our results show different expression patterns for these target
proteins than reported for HEK293 cells’. This may suggest that the mechanisms through which
Wnt is cell-cycle regulated are context-specific and vary between cell type.

4.2.2 Cell Density

Adult hippocampal neural stem cells of the subgranular zone, as well as immature neurons
migrating into the granular zone of the dentate gyrus, are located in a cell- and specifically neuron-
dense environment’. The cellular density of this region has been estimated, including in the context
of aging where decreases in cellular density were observed!®. Neural stem cells are known to
secrete important factors like Cystatin C and VEGF that self-regulate their behavior through an
autocrine and paracrine signaling mechanism'!~13, Because of these cues, density may play a role
in heterogeneous clonal outcomes of single NSCs!4. Therefore, changes in cellular density to the
neural stem cell microenvironment represents an additional factor that warrants investigation
(Figure 4.3).
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Figure 4.3 Investigation of adult neural stem cell density. Graphical representation of differences in cell density
that may play a role in driving cell behavior.

We investigated the role of density in driving neuronal (Tujl") and astrocytic (GFAP")
differentiation in three different media conditions: mixed conditions that drive both neuronal and
astrocytic differentiation (Figure 4.4A); pro-neuronal conditions (Figure 4.4B); and low growth
factor conditions (Figure 4.4C). We found the proportion of cells that display a neuronal fate
decision (Tujl") increase with increasing density. However, subsequent experiments failed to
replicate this observation with consistency or statistical significance (data not shown). This
suggests that additional factors that are not controlled for in these initial experiments may be
influencing the results. Further, other factors like cell death in low density conditions may play a
role in density-driven differentiation and our observations. In total, our initial results suggest some
possibility that density plays a role in adult neural stem cell differentiation, but that additional
layers of control exist in dictating cell behavior.
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Figure 4.4 Effect of cell density on neural stem cell differentiation. A. Differentiation versus cell density in mixed
media conditions. B. Differentiation versus cell density in pro-neuronal media conditions. C. Differentiation versus
cell density in low growth factor media conditions.

4.3 Discussion

Our results identifying differential expression of key players in Wnt receptor phosphorylation
during the cell cycle suggest that Wnt receptor activation is cell-cycle regulated in NSCs, which
is consistent with the literature. However, our results as to specific cell cycle phases in which this
activation occurs was not consistent with what others have shown, suggesting that “priming” of
Wnt signaling via LRP6 phosphorylation by cell-cycle regulation is context-specific. The
coordination between the cell cycle and Wnt signaling in driving adult neural stem cell fate
behavior could be further explored through selective knock-downs or knock-outs of critical players
in regulating LRP6 intracellular phosphorylation sites, particularly those that are cell cycle
regulated: for example, Cdk14 and Cyclin Y. Alternatively, LRP6 S1490 loss-of-function
phospho-null and gain-of-function phospho-mimetic mutants could be generated and tested in
NSCs. Lastly, cell-cycle synchronized NSCs could be briefly exposed to Wnt ligands during a
specific phase of the cell cycle, then relieved from those ligands after a short duration of time to
explore the activation of Wnt signaling in NSCs during specific cell cycle phases and its impact
on downstream fate decisions. The results of that experiment could be tied to our results of Chapter
3, wherein we display differential NSC fate decisions in response to different strengths of Wnt
signal activation.

While our initial results exploring cell density looked promising, additional follow-up experiments
suggested that our first observations were not unadulterated, and that additional factors were
influencing our results. A possible path could be to perform RNA sequencing on bulk populations
of NSCs at different densities over time, and to observe changes in transcription of various
signaling pathways. This may narrow the focus of questions on how density plays a role in driving
various adult neural stem cell fate decisions.

4.4 Methods

4.4.1 Cell Culture and FUCCI-NSCs
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Adult hippocampal neural stem cells, including FUCCI-NSCS, were cultured as previously
described (Chapter 3, Section 4). Mixed conditions included 0.5% FBS and 1uM retinoic acid,
pro-neuronal conditions included 1uM retinoic acid and 10uM forskolin; low growth factor
conditions included 0.1 ng/mL FGF2.

4.4.2 Fluorescence-activated cell sorter (FACS)

Unsynchronized FUCCI-NSCs were lifted with Accutase and filtered through 40uM cell filters in
DMEM/F12 media prior to cell sorting into fresh media using a BD Biosciences influx v7 Sorter.
Four populations were gathered, as measured by FUCCI marker fluorescence/cell cycle phase:
mCherry-only (G1); mVenus-only (S/G2); double-positive (G1-S transition); or double-negative
(M). A minimum of 67,000 cells were sorted of each population. After sorting, cells were
centrifuged prior to lysing and downstream western blotting.

4.4.3 Waestern Blotting

FUCCI-sorted NSC lysates were prepared and assayed with standard western blotting procedures.
Antibodies used were as follows: Mouse anti-beta actin (A1978 Sigma, 1:1000); Rabbit anti-LRP6
(total) (ab134146, Abcam, 1:1000); Rabbit anti-phospho-LRP6 (Ser1490) (2568T, Cell Signaling
1:1000); Rabbit anti-Cyclin Y (ab114086, Abcam 1:1000); Rabbit anti-PFTK1 (Cdk14) (NBP1-
98270 Novus Biologicals, 1:1000). Anti-mouse HRP or anti-rabbit HRP, both 1:10,000 were used
as secondary probes for imaging using a SuperSignal West Dura extend duration substrate kit
(ThermoFisher 34076) and BioRad ChemiDoc imager.

4.4.4 Immunostaining

Immunostaining was performed as previously described (Chapter 3, Section 4). Primary antibodies
used includes Mouse anti-Tujl (T8578 Sigma, 1:1000) and Rabbit anti-GFAP (ab7260 Abcam,
1:1000). Secondary antibodies were used at a 1:250 dilution and include Donkey anti-mouse 488
(Invitrogen A21202) and Donkey anti-rabbit 647 (Invitrogen A31573).

4.4.5 Imaging and Image Analysis
Immunostained samples were imaged and analyzed as previously described (Chapter 3, Section
4). Briefly, samples were imaged on an ImageXpress Micro (IXM) high-throughput automated

imager using a 10x objective. Analysis and quantification of fluorescence was performed using a
custom multiple wavelength cell scoring program designed in the MetaXpress software system.
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Chapter 5: Conclusions and Future directions

Adult hippocampal neural stem cells offer a promising avenue into the future of regenerative
therapies for a host of neurological disorders and disease. To reach this potential, and to fully
dissect their fascinating biology, a more complete picture of the highly complex signaling
mechanisms that guide their behavior is necessary. Over the last two decades since the first
evidence of their presence in the adult human brain was published, much work has revealed the
influence of many biomolecular signaling factors in controlling their behavior. In parallel, work
has shed light on the specialized in vivo “niche” these cells reside in, and the immensely
multiplexed signaling milieu it harbors. As the field of adult neural stem cell biology and adult
neurogenesis continues to mature, our efforts to understand how biomolecular signaling
mechanisms influence their self-renewal, differentiation, quiescence, migration, and other fate
behaviors must continue to move toward a model that includes the complexity of their native
location.

In this dissertation, I first discuss “complex biomolecular signaling logic” as a framework to
explore how conditional arguments beyond the simple presence or absence of a single isolated
factor control adult NSC behavior. This concept demands the expansion of traditional (but, not to
be remiss, useful and scientifically-sound) methods of investigating single isolated factors in
prescribing cellular responses. Instead, the concept of complex logic aims to introduce the natural
intricacies of biomolecular signaling factors that neural stem cells—and all cells—are constantly
exposed to, and through which they make decisions.

We have applied this framework to investigate potential hierarchies in biomolecular signaling
logic. Specifically, we aimed to investigate how Notch signaling and Eph/ephrin signaling may
“compete” with one another to ultimate drive their respective cell behavior. To answer this
question, I present our work in establishing a novel, DNA-based, single-cell patterning platform
that relies on Franklin-Watson-Crick base pairing and enables long-term tracking of single-cell
behavior. By culturing and confining single neural stem cells in the presence of two cells that each
display either Notch or Eph/ephrin pathway ligands, we uncover how neural stem cells appear to
“listen” more closely to the Notch signaling cue to self-renew and remain undifferentiated.

Next, I explore the canonical Wnt signaling pathway and how the strength of activation of this
pathway regulates downstream cell behavior. In particular, I show that strong activation of
signaling yields the highest proportion of cells selecting a neuronal fate. However, this coincides
with a lower proliferative potential during differentiation; in other words, mid-level strength of
activation produced the highest total number of neuronal-committed cells. I show this effect occurs
at the population and single-cell level.

Lastly, I briefly explore two additional factors—the cell cycle and cell density—that may
contribute to the complex logic through which adult NSC fate decisions are made. While these
results are preliminary, they provide hints to yet-uncovered mechanisms that are important for
neural stem cell biology.

Altogether, our results validate the framework of complex logic when investigating adult neural
stem cell fate decisions in response to biomolecular signaling. Our results have implications for
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regenerative medicine and may help inform cell-based strategies for therapeutic interventions of a
host of neurological diseases and disorders. They also further uncover the fascinating and deeply
exquisite regulation of stem cell behavior. This framework could be further extended to other cell
types and tissues to provide an even deeper appreciation for the intricacies of the biological world.
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