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Abstract

Cell-surface polysaccharides are a fundamental component of the stem cell
microenvironment. They are known to modulate developmental signals- critical for pluripotency
and differentiation. Nevertheless, the architecture of the cellular glycocalyx and how these
structures direct the fate of human pluripotent stem (hPS) cells have not been fully explored. I
addressed this gap with a focus on a critical glycan of the hPS cells niche, heparan sulfate (HS).
HS is a heterogeneous long-chain cell-surface polysaccharide. The spatial distribution and
ultrastructure of this information-rich, signaling polysaccharides are poorly defined. In this work,
I aim to understand the interplay between the HS organization and the developmental signal
transduction in the hPS cells’ microenvironment. We discovered that HS of hPS cells has a
dynamic ultrastructure that undergoes changes during lineage-specific differentiation. These
changes also correlate with the cells’ ability to bind specific growth factor. While variations in HS
sequence were thought to be the primary driver of alterations in HS-mediated growth factor
signaling, our findings indicate a role for HS ultrastructure in its ability to recruit growth factors
in stem cell niche. To advance the understanding of its roles in human development, next we
engineered a HS-deficient cell line derived from hPS cells. Parallelly, I set out to develop a
synthetic, modular surface-based cell separation strategy that can isolate or enrich cells of interest
in a rapid and label-free way. I applied this strategy to isolate genetically engineered HS-deficient
hPS cells after a CRISPR modification by engaging the cell surface HS with a small peptide-
presenting synthetic surface. These HS-deficient hPS cells aid the investigation further to
understand the role of HS in human development. We showed that the multi-lineage commitment
of hPS cells depends on HS. Moreover, lack of HS hinders the proper neuronal projections and
synaptic vesicle formation in hPS cell-derived neurons, suggesting a specific role of HS in human
neural development. Taken together, these results indicate that HS has a highly dynamic
ultrastructure that modulates cell fate choices of hPS cells, specifically neuronal connection
formation. This work paves the way to a better understanding of HS’s role in early human
development.
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Title: Novartis Professor of Chemistry
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Chapter 1

Human pluripotent stem cells and its microenvironment: from the

origin to cell fate choices
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1.1 Overview

Pluripotent stem cells are unspecialized yet unique cells that are remarkable for their ability
to self-renew and differentiate into specialized cell types under optimal conditions (/). These
unique properties make them an excellent tool for studying mammalian development and disease.
To exploit the full potential of stem cells to understand human development, the first step is to
elucidate the origin of cellular pluripotency. To this end, determining the role of the stem cell
microenvironment is crucial.

The stem cell microenvironment comprises soluble and insoluble factors that modulate the
cell fate choices of pluripotent stem cells. While glycans are some of the most ubiquitous factors
of this environment, they are the least explored. This chapter will cover advances in our

understanding of the role of glycan and highlight unaddressed questions in the field.

1.2. States of pluripotency

Pluripotent cells can self-renew and differentiate to generate all the tissues of an organism
(2). This self-renewal property defines the power of stem cells to go through numerous cycles of
cell division while maintaining the undifferentiated state. Pluripotency refers to the ability of the
cells to differentiate into derivatives of the three embryonic germ layers: mesoderm, endoderm,
and ectoderm (3). The ectoderm derivatives are precursors to the nervous system (the brain and
spinal cord, the peripheral nervous system); the sensory epithelia of the eye, ear, and nose; the
epidermis, among other tissues. Mesoderm cells give rise to connective tissue, cartilage, bone;
muscles; blood and lymph vessels and cells; the kidneys; the gonads and genital ducts. All the
internal organs (e.g., liver, thymus, thyroid, pancreas, etc.) are derived from the innermost layer,

called the endoderm. Their interaction with the cellular niche maintains stem cell pluripotency.
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Embryonic Stem Cells Differentiation

Blastocyst .-
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Fig.1.1. Embryonic stem cells can self-renew and give rise to all different cell types of the
organism. Created with Biorender.com

1.2.1 Pluripotency during mammalian embryogenesis

Mammalian development begins with the formation of a totipotent single-cell zygote after
the successful fertilization of an oocyte by a spermatozoon. Upon multiple successive divisions of
blastomeres, the morula stage emerges with 32-64 totipotent cells (4). The cell’s totipotency at this
stage of embryogenesis is manifested by their ability to differentiate into all types of the organism’s
cells, including both the embryonic and extra-embryonic lineages (5). Right after this stage, the
morula develops into a blastocyst, the first differentiation event of mammalian embryogenesis.

The peripheral cells of the blastocyst (a hollow ball of cells) are the trophectoderm that forms the

17



embryonic membrane and placenta to nourish the growing embryo. The inner cell mass (ICM)
gives rise to the epiblast that develops into the fetus. In 1968, Gardner et al. identified that these
ICM cells are pluripotent, when they generated the first mouse chimera by injecting the extracted
ICM into a receipt blastocyst (6). These resulting embryos survived to term with identified
mosaicism in several tissues. These epiblast cells of ICM exist transiently during the early stages
of embryogenesis and can differentiate into all the cell types of the adult organism.

Understanding stem cell pluripotency was advanced with the identification of embryonic
carcinoma (EC) cells derived from gonadal tumors, termed teratomas. In the late 1950s, Stevens
et al. identified the spontaneous testicular teratomas (7). Findings a decade later revealed that a
single cell from this tumor can give rise to all the cell types found in the teratoma (8). These
findings led to the isolation of the first mammalian pluripotent stem cell line (9) followed by the
isolation of an EC line derived from the human teratoma (/0). These discoveries were further
expanded upon by uncovering a panel of glycan cell surface markers: stage-specific embryonic
antigen 1 (SSEA1) for mouse-derived EC cells (//), and stage-specific embryonic antigen 3
(SSEA3) and 4 (SSEA4) for human EC cells (12, 13).

Though isolation of EC cells significantly advanced the study of pluripotency in the early
age of stem cells, its malignant nature had limitations (/4, 15), including its abnormal karyotype

(16). This led to further research focused on deriving a nonmalignant pluripotent stem cell line.

1.2.2 Mouse embryonic stem (mES) cells

With the need for a cell culture system that could serve as a platform to study early
embryonic development, a mouse embryonic stem (mES) cell line was derived from mouse
blastocysts in the early 1980s. Many of the technological advancements used in the isolation of

mES cells were established through the early studies using mouse EC cell lines. The first report of
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mES cell isolation by Evans and Kaufman (1981) demonstrated that stem cells with normal
karyotype could be cultured (/7). Moreover, these cells formed teratomas when injected into the
syngeneic mice, thus demonstrating pluripotency.

A more refined technique was employed by Martin et al. (18) who isolated mES cells
without any in vivo alteration. They demonstrated the mES cells could be cultured by using a
conditioned medium. They also noted that the conditioned media used to culture the cells contained
a ‘growth factor’ that stimulate the proliferation of the normal pluripotent stem cells (/8). These
cells were the first line of ‘embryonic stem cells’ that could be maintained in an undifferentiated
state for longer period. They demonstrated pluripotency by showing that the cells form teratomas.
In addition, they demonstrated these cells could differentiate into multiple lineages. The
remarkable discovery of mES cells ushered in a new era of stem cell biology and laid the

foundation for the derivation of ES cell from the human embryo.

1.2.3 Human embryonic stem (hES)cells

The isolation of stem cells from pre-implantation human embryos was a major
breakthrough in the stem cell history. After the derivation of mES cells, it took almost two decades
before a human ES (hES) cell line was successfully generated (/9). Many crucial advancements
in science and technology were integrated into this endeavor. First, in vitro fertilization (IVF) was
critical to hES isolation. The first successful mammalian IVF with rabbit gametes in 1959 (20)
steadily led the scientific path to the birth of the first human child via IVF (27). With these
advancements, hES cells were finally isolated from the surplus human embryos after the IVF
treatment (19, 22, 23). The disclosure that hES cells had been isolated led to ethical and emotional
concerns. Moreover, the rarity of human donors made it difficult to obtain cell lines that would be

best suited to explore distinct diseases.
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The first human ES cell line was derived by Thomson et al. 1998 (19). They isolated the
ICM from the blastocyst by exposing the trophectoderm to antiserum followed by complement. In
this approach, they used mouse embryonic fibroblast (MEF) as the feeder cell layer. With these
aids, the blastocyst-stage embryos gave rise to the first line of hES cells that were karyotypically
normal and demonstrated the full potential of pluripotency.

Over the last two decades, significant progress has been through the study of hES cell
biology. For cell therapies, however, hurdles were identified. First, culture conditions that meet
with FDA safety standards were needed. For example, hES cells were first cultured using mouse
embryonic fibroblast feeder cells and fetal bovine serum (FBS). The addition of these agents
induces the cell surface display of an immunogenic nonhuman sialic acid, Neu5Gc (24), which
makes it challenging to use for clinical trials. Second, an expandable hES cell line was required
that could generate enough number of different differentiated cell types for the downstream
applications. Over the last decade, novel chemically defined cultural conditions have been
developed that allowed the derivation of hES cells under the xeno-free conditions (25). Multiple
differentiation protocols have been developed for generating a wide variety of cell types, including
neural cells, blood cells, cardiac cells, and islet cells to name but a few (26). Together, these
developments have added to the promise of the human pluripotent stem (hPS) cells as a potential
solution to degenerative diseases including spinal cord injury, macular degeneration, diabetes,

cardiac ischemia, and Parkinson’s disease (27, 28).

1.2.4 Reprogramming somatic cells to a pluripotent state
To alleviate the ethical concerns associated with the hES cells, alternative strategies have

been developed to attain pluripotent stem cells. The field was revolutionized by the generation of
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induced pluripotent stem cells (iPSC) by reprogramming the adult somatic cells pioneered by Sir
John Gurdon and Shinya Yamanaka (29).

Gurdon’s studies of frog development showed that a differentiated somatic cell can be
reprogrammed to ultimately generate a tadpole (30). These results indicate that pluripotency is not
limited to the embryonic cells, but can be attained through reprogramming. This reprogramming
approach through somatic cell nuclear transfer (SCNT) was further refined with the discovery of
a transcription factor-based reprogramming (3/). In 2006, Yamanaka and colleagues identified
four crucial transcription factors (OCT4, SOX2, KLF4, and MYC) enough to reprogram the mouse
embryonic fibroblast into pluripotent cells. Within a year of discovery, this technology was used
for the derivation of human iPS cells from adult human fibroblasts (29, 32), contemporaneously
with a similar report by Thomson and colleagues who used a slightly different set of 4 factors (32).
Together they provided an alternative source of pluripotent stem cells without the need of human
embryos (28).

The initial methods for cellular reprogramming used lentivirus or retroviral vectors to
deliver the transcription factors with the possible risk of insertional mutagenesis. Over the years,
many non-integrating methods have been developed including episomal DNA plasmids, Sendai
virus, Adenovirus, synthesized modified mRNAs, and proteins (28). The pluripotency of mouse
iPS cells has been thoroughly validated by demonstrating their ability to produce viable fertile
mice (33). Eventually, it has been confirmed through genetically matched cell lines that iPS and
ES cells are functionally and molecularly equivalent (34).

The major advantage of iPS cells is their ability to model disease in vitro. Human iPS cells
have emerged as exciting tools for disease modeling, drug discovery, and cell therapy development

(35). As human iPS cells are now successfully derived from a wide variety of different adult cell
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types, including blood cells (36), they offer an unlimited source for studying the genotype-
phenotype relationship. For example, the derivation of iPSCs from a patient with spinal muscular
atrophy demonstrated the disease-specific deficits in iPS-derived motor neurons (37). A number
of diseases have been subsequently modeled using iPS cells, including monogenic diseases, such
as Rett syndrome (38) and type 2 long QT syndrome (39), and genetically complex diseases, such
as Alzheimer’s disease (40) and Parkinson’s disease (4/). Furthermore, iPS cells are used as an
autologous cell source or as an HLA-matched allogeneic cell source that can minimize the risk of
transplantation rejection. These features suggest that they can become a promising route for the

immunologically compatible cell transplantation (42).

1.3 Stem cell microenvironment

The fate decisions of human pluripotent stem (hPS) cells are regulated by the signals that
they receive from their microenvironment known as the stem cell niche. The signaling factors in
the stem cell niche include both the soluble factors (receptors-growth factors (43) cytokines, cell-
cell contact (44)) and the insoluble cues from the extracellular matrices with characteristic
structure, compositions, and physiochemical properties (45-47). Precise control over stem cell
differentiation in vivo is maintained by synchronizing these signals in the stem cell
microenvironment. Replicating these cues in vitro can aid in regenerative medicine by boosting
the effectiveness of differentiation protocols. Nevertheless, the mechanisms by which hPS cells

respond to signals within the niche are still not completely understood.
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Fig.1.2. The stem cell microenvironment is composed of soluble and insoluble niche signals
that govern the fate decision of ES cells. Created with Biorender.com

1.3.1 Soluble factors modulating stem cell fate choices
1.3.1.1 FGF signaling pathway

Fibroblast growth factor (FGF) signaling was identified as an important regulator of human
ES cell pluripotency. Early studies identified a significant upregulation of FGF signaling in human
ES cells (48). These findings corroborated the past observations of the benefit of adding exogenous
FGF when maintaining human ES cells in vitro on an MEF feeder layer (49). Further
characterization of the FGF signal alongside with others (47) enabled the development of
chemically-defined standard cultural conditions currently in use for human ES cells.

FGFs comprise a family of 22 proteins that elicit mitogenesis and non-mitogenic effects

through their binding to four specific receptors tyrosine kinases (FGFRs) (50). The signaling is
initiated when an FGF ligand binds to an FGF receptor, resulting in autophosphorylation of the

tyrosine residing in the intracellular domain of the receptor. The activated receptors transduce the
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downstream signal through four dominant pathways: the Janus kinase/signal transducer and
activator of transcription (Jak/Stat), phosphoinositide phospholipase C (PLCy),
phosphatidylinositol 3-kinase (PI3K), and Erk pathways (57-54).

Both extracellular and intracellular factors tightly regulate FGF signaling. All 22 ligands
have two conserved cysteine residues that employ a high affinity to extracellular matrix sugar,
heparin/heparan sulfate (HS). The extracellular heparan sulfate proteoglycan can bind the secreted
FGF ligands and regulate its bioavailability. Thus, HSPGs act as important co-receptors in FGF
signaling by facilitating the assembly of activated ligand-receptor complexes (55). Furthermore,
the FGF signal can also be regulated intracellularly via a negative feedback loop; mostly through
dual-specificity phosphatases (DUSPs), similar expression to FGF (Sef), Spred, and Sprouty
proteins (517).

FGF signaling is crucial for maintaining pluripotency as well as the proliferation,
differentiation, and migration of cells during mammalian cell development. In mES cells, the
FGF/Erk signaling instructs the cells to exit the self-renewal phase and induce the differentiation
(56); therefore, the inhibition of this signaling pathway increases the efficiency of ES cell
maintenance. In contrast to mES cells, human ES cells exhibit a higher tendency to undergo
spontaneous differentiation into extraembryonic lineages (57-59), and FGF signaling can block
such spontaneous differentiation (60-62). In contrast to mES cells, FGF preserves the
undifferentiated state of hES cells through PI3K/AKT, PLCy, ERK1/2, and JAK/STAT pathways
by inducing the activin and TGFp signaling pathways (63-65) (discussed in section 1.3.1.4).
Although the FGF and TGF-f signaling cooperatively regulate the human ES cell self-renewal,
the molecular contribution of the FGF pathway to this process is not fully understood. Small

molecule inhibitors of the MAPK/ERK pathway lead to differentiation, whereas inhibiting the
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PI3K-AKT signaling route results in loss of proliferation and cell survival (67). FGF signaling is
also vital for mesoderm and neural lineage-specific differentiation (66, 67). These findings indicate
that FGF signaling in hES cells may play different roles in different contexts depending on the
downstream activated pathway. This fine-tuned balance can be achieved through the regulation of
FGF ligand-receptor expression. Furthermore, other extracellular signals including BMP, WNT,

that are interconnected with the FGF pathway can influence outcomes.
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In summary, elucidating the critical contribution of the FGF signaling pathway to ES cell
pluripotency and differentiation efficiency paved the way for developing defined culture
conditions for human ES cell propagation. The delicate balance amongst interconnected signaling
pathways modulates the cell fate choices of ES cells; thus, a more complete understanding of each
pathway could significantly impact our knowledge early development and the fields of cell

reprogramming and regenerative medicine.

1.3.1.2 BMP signaling pathways

Bone morphogenetic protein (BMP) is a vital extrinsic signal that directs both ES self-
renewal and differentiation. BMP signaling, in conjunction with other extrinsic factors, intrinsic
transcription factors, and epigenetic regulators delicately controls the cell fate of stem cells in a
context-dependent manner.

There are 20 homodimeric or heterodimeric BMP ligands encoded by the human genome.
These ligands induce downstream signaling by binding to the type I and type 11 BMP receptor
(BMPRI, BMPRII) and forming a ternary complex (68-70). This complex elicits activation of the
serine/threonine kinase in the intracellular domain of the type I receptors, which is followed by
phosphorylation of BMP signal mediators, the receptor-activated Smads (R-Smads, Smad1/5/8).
The phosphorylated Smads form a complex with the common-mediator Smad (Smad4) and
translocate to the nucleus to elicit a transcriptional response (71-74).

BMPs are part of the transforming growth factor-f3 (TGF-B) superfamily of proteins, which
includes TGF-Bs, activins, inhibins, growth differentiation factors (GDFs), glial-derived
neurotrophic factors (GDNFs), nodal, lefty, and anti-Miillerian hormone (75). All of these
signaling agents are help regulate cell proliferation, differentiation, and therefore early

embryogenesis (76). BMP signaling maintains the self-renewal of mES cells in cooperation with
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leukemia inhibitory factor (LIF) signaling (77, 78). BMP signaling enhances the self-renewal
propensity of mES cells by inducing the inhibitor of differentiation (Id) protein, downregulating
several developmental regulators, and activating the LIF-induced ERK pathway. In human ES
cells, BMP signaling plays a reverse role by inducing differentiation. Human ES cell
differentiation into extraembryonic lineages, such as trophoblasts, was shown to be mediated by
BMP signaling (79). Additionally, BMP signaling promotes the mesendoderm commitment of ES
cells, in a temporal and context-dependent manner. Short-time stimulation with BMP4 ligand
induces the expression of mesodermal genes such as Brachyury and MIXLI1, resulting in the
generation of the multipotent progenitor lineage, mesendoderm, that can further differentiate into
lineages that include cardiac, hematopoietic, pancreatic, and liver cells. More specifically, BMP
signaling contributes to mesoderm differentiation in the hematopoietic (80, 81) and cardiac (82,
83) lineages, and also endoderm derivatives in the hepatic lineage (§4). Time-dependent inhibition
is necessary for the differentiation into insulin-expressing pancreatic cells (85) and anterior foregut
endoderm (86).

BMP signaling has long been established as an inhibitory factor for ectoderm-specific
differentiation. In both mouse and human ES cells, this process is critical for the neural
commitment (87). BMP directly induces the downstream signaling molecules, including Id family
proteins (78), Dusp9 (77), Dpysl2, and Jmjd3 (88). However, the inhibitory effect of BMP
signaling is phase and context-dependent. The delineation of neural vs. non-neural fate choice in
the ectoderm specific differentiation route relies on dose-dependent treatment with BMPs. For the
non-neural ectodermal lineage (neural crest (NC), cranial placode (CP), and non-neural ectoderm
(NNE)), a precise pulse of BMP signal is required. In these cases, BMP directly induces the

upregulation of the intrinsic factor, TFAP2A, which then acts in conjunction with another signal

27



(such as with WNT activation to generate neural crest, FGF activation to generate CP, and FGF
inhibition to generate NNE) to determine the final ES fate choice (89).

Overall, BMP signaling directs a wide variety of cell fate choices in hES cells, both in the
ectodermal and mesendodermal lineages. There are gaps in our current understanding of the
signaling mechanism. Therefore, further investigations to elaborate the balance between BMP

signaling and its partners, namely FGF and WNT, are needed.

1.3.1.3 Activin/Nodal/TGF-f signaling pathway

Activin/Nodal/TGF-f are ligands of the transforming growth factor (TGF)- superfamily.
These growth factors were identified as critical to maintain the human ES cells in vitro. They share
this superfamily with other crucial intrinsic factors, such as BMP.

The downstream signaling of TGF-f superfamily ligands is transduced through cell surface
receptor complexes composed of two distinct types of transmembrane kinases, the type I and type
IT receptors. The downstream SMAD responses subdivide the TGF-B superfamily signaling
pathway in two categories: BMP/GDF ligand and Activin/Nodal/TGF-B ligands (72, 74). TGF-
and activin primarily activate the type I receptors TBRI/ALK-5 and ActRIB/ALK-4, respectively,
while nodal functions through ActRIB/ALK-4 and ALK-7. The TGF-f/activin/nodal receptors
induce the downstream signaling by activating the Smad2 and Smad3 through phosphorylation.
Once phosphorylated, the SMADs form a complex with SMAD4, and translocate to the nucleus
where they bind DNA to modulate transcription.

The activin/nodal/TGF- B signaling branch can promote the self-renewal or direct cell
differentiation, findings that emphasize the complexity of the role of these extrinsic signals on
stem cell fate choices. As mentioned, these growth factors identified from the cell culture

conditions are essential for maintaining the ES cell pluripotency. Likewise, transcriptome analysis
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at early time points showed gene enrichment of the nodal signaling pathway in undifferentiated
cells (48). Later, it was discovered that the addition of external activin can maintain human ES cell
pluripotency (90). Singh et al. discovered that the level of activated SMAD2/3 determines which
downstream genes are activated. For example, a limited SMAD2/3 signal accelerates the self-
renewal state whereas, increased SMAD2/3 phosphorylation activates the genes involved in the
differentiation route (97). Interestingly, diverse effects of TGF-B signaling on ES cell
differentiation have also been reported (62, 83, 92-95). The inhibition of TGF-3 signaling with the
small molecule SB431542 (through blocking ALK receptor kinase activity) promotes
differentiation into neuroectoderm (96). At the same time, activation of activin/Nodal and BMP
induces the primitive streak differentiation. The effects of promoting activin/nodal signaling in
mesendoderm  lineage-specific ~ differentiation are context-dependent. For mesoderm
differentiation, a moderate level of activin/nodal signals, along with BMP signaling, is required,
whereas endodermal differentiation demands a high level of activin/nodal signals in the absence
of serum (97) (98). These differences exemplify the dual functions of activin/nodal/TGF-f signal,

which warrants further investigation into the underlying mechanism.
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Fig.1.4. Overview of BMP and TGF-f signaling pathways. Created with Biorender.com

The Activin/Nodal/TGF-f pathway was the first of many regulators of hES cells
pluripotency that was discovered and characterized. Its ability to promote both self-renewal and
direct differentiation highlights the complexity of cell signaling and the importance of interplay

between different pathways.

1.3.1.4 WNT signaling pathway
The Wnt signaling pathway, along with those mediated by FGF, BMP, and TGF-
(discussed in section 1.3.1.4), has a pivotal role in hES cell differentiation and self-renewal.

Historically Wnt signaling was attributed to the maintenance of stem cells of various lineages.
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Over the years, the dominant role of the Wnt signaling pathway in hES stem cell differentiation

and self-renewal has become apparent.

Wnt ligands are cysteine-rich secreted glycoproteins that function in autocrine and
paracrine cell signaling. These evolutionarily conserved proteins have as many as 19 different

homologs that (https://web.stanford.edu/~rnusse/wntwindow.html ) are expressed in a temporal-

spatial pattern. The Wnt pathway is classified into two branches: canonical (B-catenin-dependent)
and noncanonical (B-catenin-independent); however, in both cases the Wnt ligand binds to the
Frizzled receptors in tandem with other co-receptors. In absence of Wnt ligands, the cytosolic
proteins glycogen synthase kinase 3 (GSK3), AXIN, adenomatous polyposis coli (APC) protein,
and casein kinase la form a “destruction complex” that phosphorylates B-catenin. The
phosphorylated -catenin is ubiquitylated and thereby targeted to the proteasome for degradation.
When Wnt ligands bind to the Frizzled and co-receptors LRPS or LRP6, the kinase GSK3 inhibited
as is the “destruction complex”. This inhibition enables the accumulation of B-catenin in the
cytoplasm where it can translocate to the nucleus to act as transcriptional coactivator for the T-cell
factor (TCF) and lymphoid enhancing factor (LEF) family of DNA-binding transcription factors
(99, 100).

Wnt/B-catenin signaling is considered a positive regulator of human naive pluripotency.
The levels of the genes involved in Wnt signaling change early during the naive-to-primed
transition in hES cells (48, 107). Small molecule inhibition of GSK3 (thus activating Wnt pathway)
could maintain self-renewal and pluripotency gene expression in human ES cells cultured under
feeder-free conditions (/02). Multiple studies revealed that the autocrine Wnt/B-catenin signaling
promotes self-renewal a conserved feature of naive-state hES cells and mES cells. However, these

observations remain controversial. Specifically, Ullmann et al. (103) found that though GSK3
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inhibitor promoted undifferentiated cellular morphology and maintained expression of
pluripotency markers in short-term assays, it was not sufficient to expand undifferentiated hES
cells over multiple passages. Additionally, two other studies showed Wnt3A or GSK3 inhibitors
lead to hESC differentiation toward the primitive streak and definitive endoderm lineages (104,
105).

Later, studies revealed that Wnt/B-catenin signaling plays a dominant role in driving
differentiation rather than self-renewal. Davidson ef al. showed with the B-catenin human ES cell
reporter cell line that in the undifferentiated state of the human ES cells the -catenin signaling is
repressed, whereas its activation leads to mesoderm differentiation (/06). The B-catenin may
possess an opposite dual function-where the cytoplasmic -catenin can promote self-renewal, but
nuclear B-catenin induces differentiation (/07) . Also, in hES cells, the endogenous Wnt signaling
activity can be heterogeneous (/08). This spatial expression pattern can also direct the fate of the
cells. For example, the Wnt-high cells differentiate preferentially toward mesoderm/endoderm
whereas the Wnt-low cells primarily differentiate toward neuroectoderm. Moreover, Wnt signaling
plays an important role in the cell fate choice in conjunction with BMP signal. During BMP
treatment, presence of endogenous Wnt signal mediate mesendoderm differentiation whereas, in
absence it directs cells towards trophoblast lineage (109).

In summary, Wnt signaling may act as a niche factor to maintain the pluripotent state of
the ES cells. In addition to maintaining the self-renewal state, it can direct the differentiation of
hES cells towards all three primary germ layers. These together exemplify the role of endogenous

signaling in cell fate choice of hES cells.
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1.3.2 Insoluble factors modulating stem cell fate choices

The precise balance between stem cell self-renewal and differentiation is essential for
proper organogenesis and tissue homeostasis maintenance. In addition to all the soluble factors
described in the above sections, the stem cell niche also comprises several insoluble factors that
greatly contribute to the cell fate choices of hES cells.
1.3.2.1 Cell to cell interaction

The stem cell microenvironment comprises several niche cells that hPS cells contact. These
cell-cell interactions could be between pluripotent cells or between hPS and other types of cells.

We envision these interactions exert a profound influence over the cell fate decisions.

33



The original in vitro ES cell culture was carried out using an MEF feeder cell layer (79).
In this system, the feeder layer provides both the extracellular matrix and the soluble factor Activin
A to maintain ES cell pluripotency. These co-culture strategies provide supportive signals that
greatly accelerate hPS cell differentiation. For example, the glial cell support layer significantly
improves neuronal maturation during the hPS cell differentiation (//0) and astrocytes enhance
synaptic transmission in differentiated cells.

In addition to the heterotypic cellular interactions, hPS cells also receive insoluble cues
from the interactions with other hPS cells. In this regard, the most significant discovery was the
understanding of the underlying mechanism of Rho-associated kinase (ROCK)-dependent
apoptotic cell death in hES cells (/7). It was found that ROCK activation and loss of E-cadherin-
dependent cell-cell interaction in hPS colonies induce cellular blebbing and apoptosis (//2). These
findings further led to the discovery of a ROCK inhibitor that significantly improved the hPS cell

culture survival in vitro.

1.3.2.2 The extracellular matrix of stem cells

The extracellular matrix (ECM) is a complex and dynamic network of macromolecules
with different physical and biochemical properties (//3, 1/4). The ECM can act as an insoluble
cue to influence stem cell states. As a key component of the stem cell niche, the ECM was once
considered an inert supportive scaffold, but its fundamental role during development,
morphogenesis, and organogenesis has become increasingly evident. Indeed, the ECM can
facilitate cell adhesion, proliferation, migration, specification, differentiation, and survival (/15-
117). By modulating the complex signaling pathways, the ECM can afford phenotypic outcomes

that supersede genotypic effects (118, 119).
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A unique contribution of the ECM to the stem cell microenvironment is its bulk mechanical
properties. Cell adhesion to the ECM can alter the cellular actin cytoskeleton to yield focal
adhesions. Thus, the cell can sense changes in mechanical properties and respond accordingly. For
example, Discher and colleagues showed the human bone-marrow-derived mesenchymal stem
(hMS) cells can sense the substrate elasticity and can differentiate into different lineages in reponse
(120). With regard to hPS cells, their culture on a hydrogel with an elastic modulus close to the 1
kPa (similar to the brain stiffness) results in their differentiation into a neural lineage-even without
soluble cues, such as growth factors or small molecules (/27). While an elastic surface promotes
neural differentiation, a stiffer surface can help induce cardiomyocyte differentiation (/22). Thus,
the ECM plays a crucial role in the differentiation of hPS cells to different lineages.

In addition to ECM mechanics, other components also contribute to cell fate. The ECM is
composed of fibrous proteins, glycoproteins, and proteoglycans. Other proteins that modulate the
ECM’s structural organization and biochemical roles, include mucins, lectins, semaphorins, and
plexins (/23). Collagen is a major component. Among non-collagenous components of the ECM,
there is fibronectin (FN), laminin (LM), vitronectin (VN), thrombospondins (TSPs), and tenascin
(TN). The cell fate choices of hPS can be controlled through the differential engagement of cell-
surface molecules to various ECM components.

A major ECM partner is the cellular glycocalyx, the exterior coat of the cell membrane.
For many decades, it was considered only as an inert protective layer on the cell surface without
any regulative properties. In recent years, novel tools have revealed that this dense cellular coat is
not a passive; rather it is involved in fundamental cellular events such as leukocyte adhesion, viral

and bacterial infections, blastocyst implantation, embryonic development (/24-129). To elaborate
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the role of glycan in human pluripotent stem cell biology, the following sections provide a general

introduction and a summary of the roles of specific glycans.

1.4 The cellular glycocalyx in stem cell microenvironment

The glycocalyx of the cell is composed of the glycan conjugates that reside on cell
membranes and surround them like a cloak. Glycans are either free (e.g., polysaccharides) or
conjugated to a protein (glycoproteins or proteoglycans) or lipid (glycolipids). Generally (though
not exclusively), glycoproteins can bear N-glycans (the glycan is attached to the nitrogen atom of
an asparagine side chain), O-glycans (the glycan is attached to the side chain oxygen atom of a
serine or threonine residue), or both.

The biosynthesis of glycoproteins or glycolipids is complex. Depending on the type of
glycan, the process occurs in ER or Golgi apparatus: the core N-glycosylation occurs through the
attachment of preassembled oligosaccharide that is transferred to the protein core. Further glycan
tailoring takes place in the Golgi. The O-glycosylation modifications start with a single sugar
attachment in the ER and are further elaborated in the Golgi with additional sugar residues
appended. The latter type of stepwise assembly is involved in glycolipid formation(/30). Notably,
the identity of the glycan is regulated developmentally and with tissue-specifically which signifies
their contribution during the mammalian developmental processes.

The differences in the glycan sequences between different tissues are consistent with the
use of glycans as cellular IDs that reflect a cell’s state. For example, the stage-specific embryonic
antigen-1 (SSEA-1), SSEA-3, SSEA-5, TRA-1-60 antigen, and TRA-1-81 antigen (/37) are used
as ES cell markers; all are glycans. As the outermost layer of the stem cells, glycocalyx
components are optimally positioned to help these specialized cells to communicate with the

neighboring cells and molecules of the extracellular milieu. In particular, the sulfated glycans can
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act a coactivator or stabilizing factors of multiple signaling molecules, including FGF, BMP, Wnt,

and Hh. Thus, glycans can modulate the pluripotency to cell fate choices of stem cells.

1.4.1 Proteoglycans and glycosaminoglycans

Proteoglycans consist of a core protein that is covalently attached to one or more
glycosaminoglycan (GAG) chains (/32). The glycosaminoglycan substituents are long, linear
polysaccharides composed of repeating disaccharide building blocks. The disaccharide unit is
composed of N-acetylated or N-sulfated hexosamine and either a uronic acid (glucuronic acid or
iduronic acid) or galactose. The identity of the amino sugar is either a variant of N-
acetylglucosamine, (glucosamine with N-substituents) or N-acetylgalactosamine. Based on the
composition of the repeating disaccharide unit, GAGs are subdivided into chondroitin sulfate (CS),
dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS) or hyaluronan (HA). A secreted
polysaccharide similar to GAG chains of heparan sulfate proteoglycans is heparin. One prominent

feature of GAGs, with the exception of hyaluronan is that they are highly sulfated (733).

1.4.1.1 Keratan sulfate proteoglycans (KSPGs)

Keratan sulfate (KS) is composed of a repeating disaccharide unit consisting of a sequence
of GIcNAc and Gal, more specifically 3Galp1-4GIcNAcB1. The 6 position hydroxyl group of
either the Gal or GlcNAc saccharide can be sulfated. The three types of KS can be distinguished
by their linkage to the protein core. KS I has the GAG chain linked to protein core through an
asparagine residue. The glycan chain of KS II is appended as an O-glycan linkage wherein the first
residue is an N-acetylgalactosamine attached to serine or threonine (/34). Finally, in the type III
KS, a mannosylated glycan is linked to a serine side chain. The highest level of KS in humans is

in the cornea tissue. KS chains are mostly enriched with type I (/35-138). KS has a critical role in
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disease, as illustrated by macular corneal dystrophy, which is characterized by a decrease in

sulfated KS (/39). Moreover, KS null mice have total corneal thinning (/40).

1.4.1.2 Chondroitin sulfate proteoglycans (CSPGs)

Chondroitin sulfate (CS) is a repeating disaccharide of GlcA and GalNAc with sulfation at
various positions. CS is classified in 4 different forms that are based on sulfation sites: CS A is
sulfated at carbon 4 of the GalNAc sugar, CS C is sulfated at carbon 6 of the GalNAc sugar, CS D
is sulfated at carbon 2 of the GlcA and 6 of the GalNAc sugar, and CS E is sulfated at carbons 4
and 6 of the GalNAc sugar (/41). Like HS, CS is also anchored to a serine residue of a core protein
via xylose.

The functions of CS chain are multifaceted, including physiological (cytokinesis,
morphogenesis, and neuronal plasticity), and pathological (skeletal disorders, glial scar formation
after brain injury, and infections with viruses and bacteria) events (/42-144). The level of variation
of CS chains directly affects multiple differentiation and regeneration processes during embryonic
development. For example, a lack of CS results in abnormal multinucleation leading to cellular
death (/45-147). In retrospect down-regulation of CS induce myogenic differentiation in vitro. In
neuronal culture, CS can activate the cytokines mediated signaling to stimulate the neurite
outgrowth and/or proliferation/ maintenance of neural stem/progenitor cells (/48-151). Not only
the differential expression of CS, the sulfation pattern of CS chain is also variable depending on
the developmental stages (/45-147). For example, the accumulation of 4S sulfation over 6S in CS
chains modulates the maturation of the interneurons in the perineuronal nets. Also, CS E and CS
C variants can exert a stimulatory effect for neurite outgrowth (/43, 148, 152, 153) and axonal
regeneration (/43, 154) respectively, whereas, CSA negatively regulates axonal guidance and

growth of cerebellar granule neurons (/55).
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More broadly, the structural heterogeneity of CS allows it to bind with a number of humoral
factors, such as PTN, midkine (MK), FGFs, hepatocyte growth factor (HGF), and brain-derived
growth factor (BDNF) (742, 143, 151, 153, 156) to modulate a variety of signaling pathways.
Thus, CS plays a diverse and significant role in the extracellular regulatory milieu of the stem

cells.

1.4.1.3 Dermatan sulfate proteoglycans (DSPGs)

Dermatan sulfate (DS), previously known as chondroitin sulfate B, has the same basic
composition as CS. The exception is that the glucuronic acid is epimerized to iduronic acid by
glucuronyl C5-epimerase (/57). DS is predominantly present in the skin and plays an important

role in wound healing (/58).

1.4.1.4 Heparan sulfate proteoglycans (HSPGs)

Heparan sulfate (HS) is a major class of GAGs that can be produced by cells that are found
in simple invertebrates to humans. The presence of a rudimentary HS biosynthetic machinery in a
unicellular organism at the root of the metazoan lineage confirmed the presence of HS as early as
in the metazoan evolution (/59). This ancient and ubiquitous polysaccharide chain can possess
sequence and therefore structural heterogeneity. This diversity contributes to its critical functions
as a cell surface signaling co-receptor and as an essential scaffolding component in the surrounding
microenvironment. In the stem cell microenvironment, HS appears to be perhaps the most
influential GAG. It has been shown that GAGs on the surface of hES cells help attachment of cells
to the substratum. Specifically, it has been found that the surface presenting heparin-binding
peptides (GKKQRFRHRNRKG, FHRRIKA and GWQPPARARI) consistently mediate hES cell

adhesion and support long-term hES cell propagation in vitro (47).
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1.5 Structure, biosynthesis, and diversity of HSPGs

HS is a long polymer made of repeating disaccharide units composed of uronic acid (D-
glucuronic acid [GIcA] or its C5-epimer, l-iduronic acid [IdoA]) connected to 1,4 linked to D-
glucosamine (GlcN) which may be N-acetylated, N-sulfated or, in rare circumstances, a free amine
(160). The uronic acid can be sulfated at the C2 position while sulfation of the glucosamine can
occur at the &V, C6, and rarely, C3 positions. Eleven biosynthetic enzymes carry out the synthesis
of HS chain. The initial glycosylation generates a tetrasaccharide unit (glucuronosyl—galactosyl—
galactosyl—xylosyl) attached to a serine residue of the core protein. This linker sequence is
common for proteoglycan carrying HS, CS, or DS. The next glycosylation step determines the
specificity of the gag chain: B1,4-linked N-acetylgalactosamine (GalNAc) for CS/DS, or an al,4-
linked N-acetylglucosamine (GIcNAc) for HS. After this sequence is established, further
elongation occurs by polymerization of alternating GlcA and GIcNAc residues, yielding a (GIcA-
(B1,4)-GlcNAc-(al,4)-)n HS precursor polysaccharide. This polymerization is catalyzed by a
Golgi-located heterodimeric complex of two glycosyltransferase enzymes (referred to as exotosin
or EXT) EXTI and EXT2 (/61). The long polymer chain is then modified by further
epimerization, acetylation (catalyzed by one or more of the four NDST isoenzymes), and sulfation
(by glucosaminyl O- sulfotransferase). These steps within the Golgi apparatus rely on nucleotide
sugar building blocks (such as UDP-glucosamine) and the sulfate donor 3'-phosphoadenosine-5'-

phosphosulfate (PAPS) (162).
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Fig. 1.6. (A) An example heparan sulfate proteoglycan. (B) Enzymes involved in the

biosynthesis of heparan sulfate

The modifications that generate heparan sequence variation endow HS with a wide range
of structural and functional diversity. The basic structural disaccharide precursor appears to be
ancient, but the relative content of the modification varies quantitatively. For example, the
disaccharide GlcA-GIcNS3S occurs predominantly in endothelial cells and connective tissue mast
cells, where a pentasaccharide encompassing this motif within the polysaccharide heparin binds to
antithrombin (763, 164). In contrast, kidney HS contains a many IdoA2S-GIcNS3S (/65)
sequences. The relative distribution of different substituted GIcN residues also introduces HS
diversity. Contiguous N-acetylated disaccharide units (NA domains), contiguous N-sulfated
sequences of variable length (NS domains), and alternating N-acetylated and N-sulfated units
(NA/NS domains) are characteristic of the cells/tissues from which the HS was obtained. The N-

sulfation of the GIcN units also tends to direct other modifications, such as O-sulfation and
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epimerization of GIcA to I-IdoA, therefore, the modified disaccharide units tend to cluster in the
NS or NA/NS domains (/66). Moreover, the non-template-driven incomplete nature of the HS
biosynthesis can introduce these heterogeneities at the HS chain levels (167-169).

Heterogeneity at the HS chain level can arise from the activity of multiple biosynthetic
enzyme isoforms that differ in their substrate specificities and the products they generate (167,
169, 170). Post-biosynthetic alterations to sulfation and chain length are also known to contribute
to the structural diversity and associated functional variability in HS. For example, selective
removal of 6-O-sulfate groups by the sulfatase SULF2 leads to domain reorganization within the
HS chain, preventing the binding of HS to signaling factors and consequently, a decrease in the
ligand-receptor interactions that influence stem cell or progenitor cell fate decisions. Moreover,
the biodistribution of signaling molecules in the ECM may be altered as a result of HS chain
cleavage by the single copy heparanase enzyme (HPSE). In this case, cleavage releases
biologically active HS fragments that can bind and sequester signaling factors within the
extracellular space (171-173).

The core protein to which the HS chain is covalently attached can introduce additional
variety. Based on primary amino acid sequence homology the plasma-membrane-bound core
proteins are subdivided in two superfamilies: syndecans and glypicans (/74). There are four
syndecans, each of them has the variable ectodomain exposed to the extracellular space, a short
hydrophobic transmembrane region, and a small cytoplasmic tail. HS chains (typically three to
five) are attached to the ectodomains, and on occasion, a chondroitin sulfate chain can also be
present. The cytoplasmic tail contains a specific sequence that interacts with intracellular proteins
involved in the endocytosis (/75). Syndecans also contain a peptide sequence that interacts with

cytoskeletal proteins to enable syndecans to signal (176, 177). With regard to glypicans there are
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six members with cysteine-rich globular ectodomains and a glycosylphosphatidylinositol moiety
that anchors the protein to the outer leaflet of the plasma membrane (/78). Usually, two to three
HS chains are attached between the globular domain and glycosylphosphatidylinositol moiety.
Cells also have minor proteoglycans that contain HS chains (epican, betaglycan, and others) (/74).
Other proteoglycans include those secreted in the basement membranes, such as perlecan, agrin,
and collagen XVIII (179, 180), which have tissue-specific expression. The heterogeneity at the
core protein level can result from the differential expression of the encoding genes. Lower
organisms such as Drosophila melanogaster and Caenorhabditis elegans carry homologs of
glypican, syndecan, and perlecan (/79). Thus, these proteoglycans are evolutionarily conserved
and are present even in the ancient organism Hydra (181).

In summary, HSPGs have structural and functional heterogeneities that are controlled by
physiological location and vary dynamically with cell state (/82, 183). The dynamic alterations of

these proteoglycans can have distinct consequences on cell signaling.

1.6 Heterogeneity in HS composition influencing stem cell fate

The heterogeneity of HSPG can directly affect its roles in the stem cell microenvironment.
Changes in the sulfation pattern of HS through post-biosynthetic alteration can alter its interaction
with growth factors that influence stem cell or progenitor cell fate. For example, SULF2-catalyzed
hydrolysis of 6-O-sultate groups can prevent HS-FGF binding and thereby modulate hES cell
lineage specificity (/84-186). Similar desulfation in MM14 myoblast culture prevents FGF
signaling and leads to myoblast differentiation (/87). Similarly, heparanase-mediated cleavage can
yield fragments that bind and sequester signaling factors to modulate the cell fate choices (772,
173, 188). Moreover, during the development and wound healing the spatiotemporal expression

of the core proteins can vary, which can modulate stem cell responses to their surroundings. The
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shedding of bioactive HSPG induced by sheddases can change the morphogen gradient in the stem
cell microenvironment that directs the stem cell response (189, 190).

In summary, the heterogeneity in the HS chain, core protein, and the cell and tissue-specific
expression can all influence HS function. These variables allow HS to modulate the signaling
events in the stem cell microenvironment and directly affect cell fate. Despite its critical roles, the
specific function of HS in human pluripotent stem cell differentiation cannot yet be fully
harnessed. A major barrier is the limited tools available to probe the unique compositional
characteristics and mechanism of action of specific HSPGs. The advent of new approaches would

significantly advance the field.

1.7 HS in development and stem cell differentiation

Over the past two decades, ample evidence has emerged revealing the significant role of
HS in tuning cellular response to growth factors, cytokines, chemokines, and morphogens which
can modulate the stem cell fate during development and differentiation. In pioneering studies, Lin
et al. developed the first HS-deficient mouse by knocking out the HS co-polymerase enzyme Ext/
~(191). The HS-null mouse embryos failed to develop beyond the blastocyst stage, indicating the
essential role of HS in gastrulation and embryogenesis. Subsequently, Johnson et al. developed
HS-null mouse embryonic stem (mES) cells to investigate the role of HS in development. Several
studies came together to show that HS is essential for mES cell to exit the pluripotent state; thus,
in absence of HS, mES cells fail to differentiate either to neuroectoderm or mesendoderm lineage
(192-196). Later, it was discovered that the complete absence of HS in the mES cells results in
defects in the FGF and BMP signaling pathways, key signals (discussed in section 1.3 1.1 and 1.3
1.2) for mES cell differentiation (797, 198). The development of conditional Ext/ knockout in the

nervous system of the murine embryo showed the direct effect of HS in the development of
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cerebral cortices. Specifically, deficiencies in HS biosynthetic enzymes cause defects in the
forebrain development, cerebral hypoplasia, and hydrocephalus. These findings corroborate earlier
observations, showing that concentrated expression of HSPGs at the dendritic spine is critical for
synapse maturation (/99-201).

More recently, HS has been identified as a synapse organizer (202). HSPGs (GPC4,
neurexins) of the presynaptic neuron interact with the leucine-rich repeat transmembrane proteins
(LRRTM), Neurologin of the post-synaptic neurons to modulate the excitatory synaptogenesis in
vivo, and in cultural rodent dentate gyrus neurons (203, 204). In parallel, Narin et al. (205) showed
that during mES cell differentiation into embryoid bodies and extra-embryonic endoderm lineage
HS synthesis is upregulated, as is the sulfation of HS, particularly, in the level of N-sulfated HS
disaccharides. Another group also identified that specific HS sulfation patterns (V, 6- and 2-O-
sulfated disaccharides) are upregulated in the mES-derived neural progenitor cells (/96) to
facilitate the binding of FGF2 and therefore ectodermal differentiation. Similarly, during
mesodermal differentiation towards haemangioblasts as well as the primitive streak stage of the
mouse embryo are accompanied by upregulation of 3-O-sulfation of HS (/95). The specific change
in the HS sulfation is key to facilitating the Fas-signaling required for the differentiation (206).
These observations corroborate the previous findings that a lack of HS N-sulfation hinders mES
cell exit from the pluripotent state by directly downregulating the FGF signal. The change in HS
sequence also perturbs angiogenesis by interfering with VEGF signaling (207). However, loss of
N-sulfation does not hinder BMP signaling, which explains why the NdstI/27~ mESCs can
differentiate toward osteoblastic lineages. These findings reflect the context-dependent role of HS
and its structure in influencing mES cell fate choices. Intriguingly, hES cells are significantly

different from mES cells. Because of the relative ease of culture and the possibility of genetic
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modifications, many studies focused solely on mES cells. A 2014 study by Gasimli et al. with hES
cells showed that differentiation to splanchnic mesoderm and immature hepatocytes afforded a
significant upregulation of N-sulfation and 6-O-sulfation of HS respectively (208). However, a
deeper understanding of how HS sequence varies in hES cells during lineage commitment is

needed.
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Fig 1.7. Heparan sulfate proteoglycans have many roles in cell physiology including but
not limited to cellular signaling, cell-cell crosstalk, or endocytosis. Created with Biorender.com

1.8 Approaches to understand the HSPG-stem cell relationship
The investigation of glycans, in general, is complicated because glycans are secondary
gene products. How they are linked to genetic information is not well understood. They are made

from multiple interdependent biosynthetic pathways, and the cell’s metabolic state can direct
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glycan biosynthesis (209). This non-template-driven glycan biosynthesis is a major roadblock to
understanding the role of specific sugar in the development or diseases.

A number of strategies have been developed to exploit the roles of HSPGs in stem cell fate.
First, exogenous heparan sulfate and heparin were used to stabilize the growth factor (e.g., FGF)
to the respective receptor to promote the growth factor activity. Second, a heparin-conjugate was
used to develop an affinity-based controlled release system in which heparin interacts with growth
factors, prevents degradation and facilitates the sustained interaction of the growth factors to its
receptor. Third, a synthetic glycopolymer has been developed that acts as a HS mimetic and can
be appended onto the cell surface via lipid or protein anchors. These GAG-mimicking polymers
(210) or synthetic neoproteoglycans (211) tweak the FGF signal to modulate the cell fate choice
of the stem cells.

The specific composition of HSPG and the associated functional features mediate stem cell
fate, though the current knowledge regarding this is limited. A multi-omics approach (combination
of glycomic, genomic, chemical, and proteomic methods) is on-demand to address this gap. It is
essential to identify the fine structural features of HS (including length, domain organization,
sulfate modifications, and protein binding sites). Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and high-resolution visualization with efficient labeling would
facilitate the temporal changes of HSPG in lineage-specific differentiation.

Perturbation and loss-of-function is another strategy to investigate the role of a specific
structural feature of HS in progenitors of stem cells and their differentiation state. Despite residing
in the stem cell niche, this cell surface glycan and its contributions to fate decisions of human stem
cells are not well understood. This can be achieved through genetic manipulation, chemical

inhibitions (xylosides, heparan sulfate antagonist surfen, sodium chlorate) or heparinase mediate
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inhibition (272-216). A hPS cell line without HS would be an excellent tool to investigate the roles
of HS in human diseases and development.

Overall, these strategies can be used to probe the roles of the heparan sulfate polysaccharide
and exploit its immense promise in modulating the stem cell fate choices as well as in regenerative
medicine. Furthermore, modulating the expression and distribution of HSPG, as well as the
function of HS should be adopted to improve the stem cell microenvironment in vitro and the fate

choice decisions of stem cells.

1.9 Conclusion and perspectives

Because of their unique abilities to proliferate, differentiate and self-renew, human
pluripotent stem cells are heralded as an attractive tool for regenerative medicine. In an
uncontrolled environment, however, tumor formation may ensue. This danger demands an
extensive understanding of the stem cell niche, including the glycans, for developing and
deploying strategies to guide and control stem cell fate choices.

Heparan sulfate functions as a scaffolding component of the ECM and a critical cell surface
signaling co-activator. The emerging evidence that HSPGs play central roles in regulating stem
cell fate choices in mammalian cells prompted my investigation of the role of HS in hPS cells, as
outlined in this thesis. Unfolding the structural variability of HS during hPS cell differentiation
and its role in lineage-specific differentiation would significantly advance our understanding of

the roles of the cellular glycome in development and diseases.
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Chapter 2

Dynamic changes in heparan sulfate ultrastructure modulate human

pluripotent stem cell differentiation

Portions of the work presented in this chapter have been adapted from the following manuscript in
preparation:

Deena Al Mahbuba, Sayaka Masuko, Shiwei Wang, Deepsing Syangtan, Jeong Seuk Kang,
Yuefan Song, Tay Won Shin, Ke Xia, Fuming Zhang, Robert J. Linhardt, Edward S. Boyden, and
Laura L. Kiessling. Dynamic changes in heparan sulfate ultrastructure modulate human pluripotent
stem cell differentiation.
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2.1 Abstract

Heparan sulfate (HS) is a heterogeneous, cell-surface polysaccharide essential for
mammalian development. Imaging of developmental growth factors has revealed the interplay
between their localization and signal transduction, but the spatial distribution and ultrastructure of
information-rich, signaling polysaccharides like HS is unknown. We used expansion microscopy
(ExM) to reveal the dramatic changes in HS ultrastructure during human pluripotent stem (hPS)
cell differentiation. These studies reveal that undifferentiated hPS cells are densely coated with
HS displayed as hair-like protrusions. This ultrastructure can recruit fibroblast growth factor for
signaling. Unexpectedly, when the hPS cells differentiate into the ectoderm lineage, HS is
localized into dispersed puncta. This dramatic change in HS distribution corresponds to a decrease
in fibroblast growth factor binding to neural cells. While developmental variations in HS sequence
were thought to be the primary driver of alterations in HS-mediated growth factor signaling, our
high-resolution images of HS indicate a role for HS ultrastructure. Our study highlights the utility
of high-resolution glycan imaging using ExM to uncover changes in HS localization, which plays

a profound role in its ability to engage growth factors.
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2.2 Introduction

All mammalian cells are covered with a dense layer of carbohydrates. This glycan coat is
critical for numerous biological processes, including cell-cell recognition, cancer initiation and
progression, and embryonic development. An integral part of this coat’s ability to mediate
information transfer is the extracellular polysaccharide heparan sulfate (HS), a ubiquitous and
critical component of the mammalian glycocalyx (/). HS is a highly sulfated, polyanionic
glycosaminoglycan whose sequence can vary. Distinct HS sequences determine how HS interacts
with diverse binding partners, ranging from growth factors, lipid particles, to synaptic proteins.
Although the chemical composition of purified HS sequences can be used to understand the role
of this information-rich glycan, the molecular diversity of HS in its native environment is
challenging to probe. Thus, approaches for visualizing endogenous cell-surface complex glycans,
such as HS, are needed, especially to elucidate the interplay between their distribution and roles in
the signal transduction pathways critical for human development and disease.

Human pluripotent stem (hPS) cells can self-renew and generate specialized cells through
differentiation. Stem cell differentiation is tightly regulated by cues from growth factors and
chemokines in the extracellular matrix (ECM). HS is present in the ECM and on the surface of
cells, where it interacts with signaling molecules and facilitates ligand-receptor interactions that
govern cell fate (2, 3). The HS sulfation pattern of embryonic stem cells changes significantly as
cells switch from a proliferative state to lineage differentiation to all three germ layers (4-8). These
observations suggest that the adaptive and dynamic nature of HS fine-tune its ability to transduce
signals. Still, we lack a complete understanding of how HS structure changes and how these

alterations modulate its function in cell fate commitment.
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HS assembly occurs by the copolymerization of a repeating disaccharide unit consisting of
N-acetyl-D-glucosamine (GIcNAc) and D-glucuronic acid (GIcA). As the chain assembles, the
polysaccharide undergoes multiple enzymatic modifications, including deacetylation,
epimerization, and sulfation. Elongated HS chains (40-300 sugar residues, 20-150 nm)
demonstrate enormous structural variability that stems from differences in the number and length
of the chains (9), degree and pattern of sulfation, the extent of uronic acid epimerization, and the
sequence of the modified residues. The structural and compositional heterogeneity of HS underlies
its role in regulating cell signaling, turnover, and tissue distribution in response to many secreted
signaling molecules such as growth factors and morphogens (/0). Still, much remains unknown
about the role of HS in human development, especially regarding how HS nanostructure changes
in response to differentiation cues in the stem cell microenvironment.

New insight into temporal-spatial variations in HS expression can elucidate the basis for
differential responses of lineage-specific signaling molecules in the stem cell microenvironment.
Analytical methods for examining HS composition and its functional consequence typically
require extraction of HS from cell culture or tissue samples, losing all spatial information related
to various cell types and subcellular locations. The liquid chromatography-tandem mass
spectrometry (LC-MS/MS) is beginning to identify HS sequences within the whole sample and
its associated temporal changes (//-15). Additionally, chemoenzymatically synthesized HS
microarrays are now revealing insight into how the sulfation pattern influences protein
recognition (/6). Assessing HS variation at the cell surface would complement these
approaches. Thus, we set out to visualize changes in cell surface HS as pluripotent stem cells

differentiate into distinct lineages.
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High-resolution visualization of endogenous glycans could guide our understanding of
their structures and functions (/7-22), yet glycan imaging has been challenging. Visualization of
polysaccharide arrangement at the requisite nanometer length scale is underdeveloped. We
reasoned high-resolution imaging could unravel structural and functional features of
polysaccharides like HS. We, therefore, tested the utility of expansion microscopy (ExM), a
powerful imaging method in which nanoscale features of a cell are resolved by physically
expanding the sample in polyacrylate/acrylamide gel (23-26), for revealing glycan organization.
Although it has been widely applied to image biomolecules such as proteins and nucleic acids with
nanoscale precision, its potential for glycobiology is unclear (27).

We applied ExM imaging to HS in hPS cells to test whether changes in this polysaccharide
could be detected visually throughout the lineage progression. We found that HS nanostructure
undergoes striking changes during differentiation. At the proliferative stage, the HS of hPS cells
appears on hair-like extensions from the cell surface. This extended structure then morphs into
discrete puncta during ectoderm but not mesendoderm differentiation. These lineage-specific
changes in HS ultrastructure correlate with the cells’ ability to bind fibroblast growth factor (FGF).
Cells displaying HS as cell surface protusions showed increased binding to the FGF. In
comparison, differentiated neuronal cells have a highly sulfated variant of HS but this
polysaccharide is distributed within localized puncta on the cell surface. These cells showed
decreased binding to FGF. These findings suggest a role for HS nanostructure in modulating HS-
ligand interactions in early stages of human development. Thus, our findings highlight how
nanoscale imaging of complex glycans can reveal their structure-function relationship. We
anticipate that ExM-empowered glycan imaging can identify specific glycan—ligand interactions,

and dynamic changes in cellular glycome in development and disease.
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2.3 Results
2.3.1 Visualizing heparan sulfate on human pluripotent stem cells by expansion microscopy

We first visualized HS in human pluripotent stem (hPS) cells using conventional
microscopy. Undifferentiated hPS cells were exposed to an anti-HS primary antibody (10E4) that
binds glucosamine N-sulfate. The deacetylation and N-sulfation is a critical step in the biosynthesis
of HS, and other modification enzymes act subsequently, rendering 10E4 a general tool for
visualizing HS. Immunofluorescence microscopy indicated bright and uniform HS staining on the
surface of the cells at the edges of the colonies. These data suggest that the cells at the colony
center lacked HS. Still, hPS cell colonies are tightly packed, and we postulated that conventional
microscopy might fail to capture the range of cell surface markers, including HS. We therefore
employed super resolution imaging using protein-retention expansion microscopy (pro-ExM). We
postulated that pro-ExM might provide insight into HS localization beyond that detectable with
conventional immunocytochemistry.

A pro-ExM protocol was applied to anchor the formaldehyde-fixed cells to a swellable
polyacrylamide gel to expand hPS cells (24) (Fig. 2.1). Historically, pro-ExM has been used for
protein imaging, and this protocol is not expected to result in gel-glycan links directly. Still, HS is
appended to proteoglycans, and the protein core provides a means to preserve spatial information.
Additionally, we employed a fluorescent antibody that recognizes HS as the readout for the spatial
distribution of the polysaccharide chain (24). Using pro-ExM, we observed a long and elongated
hair-like structure displaying HS on the cell surface (Fig. 2.2A). These data indicate that HS is not
restricted to the outer cells of the colony but is present throughout the hPS colony. A comparison
of the pre- and post-expansion nuclear DAPI signal indicated that pro-ExM afforded 4-4.5x linear

expansion. We used an amine-reactive membrane dye and confirmed that hPS cells have uniform
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cell membrane morphology with no apparent filopodia. These findings suggest the long extensions
are not standard filopodial protrusions (Supp fig. 1A). Using phalloidin staining in pro-ExM, we
also verified that the elongated HS structure extends from the base of the actin cytoskeleton (Supp

fig. 1B)
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Fig. 2.1. Workflow of protein-retention expansion microscopy (pro-ExM) adapted for

visualizing HS.

We used 3D-structured illumination microscopy (3D-SIM) to test whether the HS
nanostructure observed by pro-ExM is consistent with unexpanded structures and is not an artifact

of distortion during gel formation. The application of 3D-SIM revealed a similar pattern of HS
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distribution (Fig. 2.2B) throughout the colony. These results highlight the advantages of using
ExM to visualize cell surface features of hPS cell colonies and underscore that ExM can provide

insight into polysaccharides such as HS.

Pre-expansion

Post-expansion

Fig. 2.2. Expansion microscopy enables antibody-mediated visualization of heparan sulfate
on the cell surface. (A) Representative confocal images of HS in pre-expansion and post-
expansion of hPS cells. HS is labeled using the 10E4 antibody, and the nucleus is stained with
DAPI. The scale bar is 30 um. (B) 3D-SIM images of HS in super-resolution. The scale bar is 5
pm.

2.3.2 Changes in heparan sulfate content and structure in ectoderm cells

Changes in HS can coincide with cell lineage (28). HS sulfation pattern and chain length
can vary across cell types (4, 10), and we sought to visualize these changes directly with pro-ExM.
We therefore differentiated hPS cells into multipotent mesendoderm cells using a chemically-

defined protocol with 90% differentiation efficiency (29). The imaging data indicate that
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mesendoderm cells have long and extended HS similar to that of undifferentiated cells (Fig. 2.3A).
For a quantitative comparison of HS differences between undifferentiated hPS cells and
mesendoderm cells, we used LC-MS to analyze glycosaminoglycans (GAGs) isolated from each
cell type (30). The mean percentages of HS content of total GAGs in hPS cells and mesendoderm
cells were 74% and 69%, respectively (Fig. 2.3B). Flow cytometry data collected using an anti-
HS antibody further supported a comparable HS content between the hPS and mesendoderm cells
(Fig. 2.3C). We next assessed the molecular weights of HS using polyacrylamide gel
electrophoresis (PAGE) to probe whether HS length changes during mesendoderm differentiation
(Fig. 2.3D). HS from hPS and mesendoderm cells gave rise to similar band distributions with
average molecular weights of 16.2 kDa and 15.8 kDa, respectively. These results suggest that no
major changes occur in HS length and distribution during mesendoderm differentiation.

We differentiated hPS cells to neural crest cells (3/), which are ectoderm-derived
multipotent migratory cells, to probe HS changes in the ectoderm. The HS of neural crest cells was
distributed in discrete puncta on the cell surface (Fig. 2.3E). Because the differentiation yielded a
heterogenous population (Supp fig. 3), we employed flow cytometry to analyze the relevant
population. Consistently, we observed that neural crest cells have lower HS levels than
undifferentiated hPS or mesendoderm cells (Fig. 2.3C). These data highlight the utility of high-
resolution imaging for capturing the dynamic changes in HS: The morphology and distribution of

cell surface HS changes dramatically upon differentiation to the ectoderm lineage.
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Fig. 2.3. Heparan sulfate content and structure changes in ectodermal cells. (A)
Representative pro-ExM image of HS on the surface of the hPS cell-derived mesendoderm cells.
(B) LC-MS-based disaccharide analysis was performed to quantify the percentage of HS of total
isolated GAGs in hPS cells (Undiff) and mesendoderm cells (Diff ME) (n=6). (C) Flow
cytometry analysis of surface HS in hPS cells, mesendoderm cells, and neural crest cells. (D)
PAGE analysis of undifferentiated hPS cells (lanes 4-6) and differentiated mesendoderm cells
(lanes 3-5) (n=3) showing HS from undifferentiated hPS cells (UD) and mesendoderm (ME)
samples. After the PAGE analysis, the gels were visualized with 0.5% (w/v) Alcian blue in a
2% (v/v) aqueous acetic acid solution. The average molecular weights were determined based
on heparin oligosaccharides (partially digested) with various degrees of polymerization (dp). (e)
Representative image of HS puncta on the surface of hPS cells-derived neural crest cells (A,E)
Scale bar, 30 pm.

2.3.3 Heparan sulfate of terminally differentiated neuronal cells

The changes in HS observed as hPS differentiate to neural crest cells led us to examine the
distribution of the glycan in terminally differentiated hPS-derived neurons. To this end, we used a
dual-SMAD inhibition protocol to convert hPS cells to spinal motor neurons (32, 33) (Supp fig.

4A). In this approach, hPS cells differentiate into neural progenitor (NP) cells by day six and then
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into spinal motor neuron (hMN) cells by day thirteen. The application of pro-ExM revealed NP
and hMN cells had lower levels of HS than hPS cells (Fig. 2.4A and 2.4B). The gradual decrease
(Supp fig. 4C) in cell surface HS during neuronal differentiation could be readily detected with
the anti-HS antibody (Fig. 2.4C). We observed a diffuse distribution of HS on NP cells, but HS in
hMN cells was localized in discrete puncta along the neuronal processes. The punctate HS in hMN
cells appeared to be shorter than the HS in the hPS cells.

The differentiation efficiency complicates (Supp fig. 4B) the use of biochemical approaches
such as PAGE for HS characterization. We therefore used HS-specific antibodies (10E4 and 3G10)
to conduct an optical analysis of HS distribution per chain. The 10E4 antibody recognizes the N-
sulfated domains in HS, a proxy for total HS, whereas the 3G10 antibody recognizes the
unsaturated uronic acid generated after heparinase digestion. Thus, the ratio of 10E4 antibody to
3G10 antibody staining is an on-cell estimate of HS chain length. The 3G10 signal of hMN cells
was decreased relative that of hPS cells, as was staining from the 10E4 antibody (Supp fig. 4D).
Moreover, the ratio of 10E4 to 3G10 staining in hMN cells (1.8) was significantly lower than that
of hPS cells (3.09), which indicates that HS chains in MNs are relatively shorter than those of hPS

cells (Fig. 2.4D).
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Fig. 2.4. Imaging heparan sulfate in spinal motor neuron differentiation. (A) Representative
pro-ExM images of HS on the surface of PAX6" NP cells (B) Representative pro-ExM images
of HS on the surface of TUJ1" hMN cells. (C) Flow cytometry of cell surface HS of hPS cells,
NP cells, and hMN cells (n=4). Mean fluorescence intensity (MFI; arbitrary units) was
calculated using the geometric mean and normalized to that of the undifferentiated hPS cells.
(D) hMN cells show a decrease in the ratio of 10E4 antibody to 3G10 antibody binding (n=4).
Scale bars, (A, B) 30 um. *****p<0.000000xx, **p<0.05, unpaired t-test in (C, D).

2.3.4 Differential binding of growth factor in response to changes in cell-surface HS

HS interacts with many growth factors and cytokines at the cell surface. We hypothesized
that the changes in HS length and distribution during neuronal differentiation would influence the
polysaccharide’s interactions with growth factors. We probed the binding of FGF2, a HS-
interacting growth factor critical for hPS self-renewal. We compared the cell-surface binding of
recombinant FGF2 to hPS, mesendoderm, and hMN cells. When hPS cells and mesendoderm cells

were compared, no differences in FGF2 binding were detected, consistent with the similarity of
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HS in these different cell types (Fig. 2.5A). In contrast, hMN cells’ ability to bind FGF2 was
reduced. Gene expression data could not predict this difference. Specifically, FGF2 binds to
sulfated HS, yet the HS biosynthetic genes that lead to HS sulfation are upregulated in hMN cells,
including those encoding sulfotransferases (HS6ST1, HS6ST1, HS6ST2, HS65T3, NDST1, NDST2,
NDST3, NDST4) (Fig. 2.5B). The upregulation of expression of these genes would be predicted to
lead to enhanced FGF2 binding. For example, HS sequences with IdoA2S and GIcNS residues
have been reported to bind FGF2 (16, 34) . Additionally, the 6-O-sulfated residues of HS bridge
FGF2 and FGFR in mouse embryonic fibroblast models promote the formation of the ternary
complexes that signal. Similarly, in breast cancer cell-line models (35), 20ST1 gene expression
promotes the acquisition of cancer stem cell like properties by activating FGF signaling pathways
(36). Nevertheless, hMN cells show reduced binding to FGF2. Thus, methods to visualize detailed
HS interactions can uncover changes in HS nanostructure and their consequences for growth factor
interactions. We next tested growth factor binding to the HS chains on the different cell types.
ExM enabled high-resolution imaging that revealed FGF2 interacting with the HS chains
protruding from on the hPS cell surface (Fig. 2.5C). These data suggest that the protruding glycans

are readily accessible for growth factor binding.
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Fig. 2.5. FGF binding to hMN cells and expression of HS modification enzymes. (A) A
comparison of the levels of FGF-2 bound to HS as hPS cells differentiate toward the neural lineage
(hMN). Flow cytometry analysis of FGF-2 binding to undifferentiated hPS, hPS-derived
mesendoderm, and hMN cells using an anti-FGF2 primary antibody and fluorophore-conjugated
secondary antibody. (B) Quantitative real-time PCR analysis of HS modification enzymes in hPS-
derived hMN cells compared to undifferentiated hPS cells. (n=3, biological replicate). An
unpaired t-test between hPS and hMN cells was used for data analysis. An asterisk denotes a
statistically significant difference (*****p<0.000000xx, **p<0.05) between hPS and hMN
cells. (C) Representative pro-ExM images of FGF2 bound to HS chain on the surface of
undifferentiated hPS cells. DAPI (blue), HS (green), FGF2 (red). Scale bar 30 um.

2.3.5 Visualizing heparan sulfate in situ
We applied pro-ExM to isolated tissue to determine whether the HS morphologies
observed in hPS-derived hMN cells are recapitulated in primary neurons. We imaged brain slices

collected from a transgenic mouse producing yellow fluorescent protein (YFP) expressed from a
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Thyl promoter. The YFP identifies the excitatory neurons in the cortex (24). We stained
parvalbumin-positive (PV") interneurons for HS to assess whether the level of this glycan varies
between excitatory and inhibitory neurons. In an unexpanded brain slice, we observed stark
differences in HS expression distribution in Thyl* and PV" neurons in the cortex. PV* neurons
have significant HS coverage around the cell body, while Thy1* neurons appeared to lack HS (Fig.
2.6A). Still, we posited these standard conditions might afford low resolution images, in which the
HS nanostructure would not be apparent. Indeed, expansion of the brain slices revealed HS puncta
in a wide range of cell types, including Thy1+ and PV+ neurons (Fig. 2.6B and 2.6C). Thus, pro-
ExM afforded a HS signal that was otherwise invisible and confirmed that the HS morphology in

neuronal culture resembles that in the mouse cortex.

Fig. 2.6. In situ expansion imaging reveals puncta HS in excitatory and inhibitory neurons.
(A) Imaging unexpanded brain slice shows HS on PV* inhibitory neurons but not in Thy™ cells.
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(B, C) Pro-ExM reveals HS puncta both on excitatory (Thy™) and inhibitory (PV") neurons. (A-
C) Scale bar, 30 pm.

2.4 Discussion

The spatial distribution and localization of macromolecules underlie their roles as signaling
factors. Historically, characterization of cell surface glycans has relied on methods that require
extraction and separation of polysaccharides from other cellular components. Few approaches
have allowed for detailed analysis of glycans in their native environment (37). Even the most
powerful strategies, such as mass spectrometry imaging, require the release of the glycan where
the saccharide ultrastructure and localization are not fully preserved. We found that ExM can be
used to reveal HS cell surface localization and ultrastructure in different cell states during hPS cell
differentiation. Our findings showed that the ability of hPS cells to bind growth factor correlates
with the changes in HS ultrastructure.

No significant changes in HS were detected when hPS cells were differentiated to
multipotent mesendoderm cells. In contrast, stark differences were observed between hPS cells
and the ectoderm lineage. Previous reports using LC-MS/MS analysis indicated that the HS
sulfation pattern varies between differentiated and undifferentiated cell states (/, 38, 39). Our data
suggest that the physical structure of HS changes dramatically in ectoderm lineage-specific
multipotent neural crest or neural progenitor cells. Upon further differentiation towards terminal
hMN cells, the overall content of HS on the cell surface decreases significantly. By imaging the
glycan ultrastructure during differentiation, we uncovered lineage-specific morphological changes
of HS. We postulate that these structural changes contribute to the HS function, including its ability
to engage specific growth factors and facilitate growth factor signaling. In support of this
hypothesis, cells with punctate HS are less capable of fibroblast growth factor (FGF) binding than

undifferentiated cells that present longer, protruding chains of HS.
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HS acts as a coactivator of signaling molecules, including FGF, to modulate cellular
signaling pathways underlying multiple developmental processes. We found that cells at the
pluripotent state show robust FGF2 binding. As they differentiate towards hMN, their ability to
bind FGF2 decreases significantly. The propensity of hPS cells to bind FGF2 is consistent with
studies indicating that FGF signaling is needed to maintain pluripotency (9, 40-42). In the early
neural progenitor state, FGF2 promotes induction of the differentiation and survival. Therefore,
enhanced FGF2 signaling at the onset of neural differentiation is a prerequisite, whereas inhibiting
this signal at subsequent stages promotes the transition into differentiated neurons (32, 43, 44).
These findings highlight the complex control of HS — growth factor interactions.

Given that hMN express higher levels of sulfotransferase genes compared to
undifferentiated cells and that sulfate groups are required for FGF2 binding (47), the finding that
hMN cells bind more poorly to FGF2 is unexpected. In contrast, FGF signaling is an important
regulator of mesendoderm differentiation (45), and differentiated mesendoderm and hPS cells
display HS with similar ultrastructure. Both cell types bind readily to FGF2. These findings
underscore the difficulty of linking the genetic fingerprint to glycan-protein interactions and
highlight the importance of HS morphology in signaling. Changes in HS ultrastructure on the cell
surface could modulate the binding of a variety of growth factors (e.g., FGF, BMP, TGFB) during
stem cell differentiation.

The utility of ExM for visualizing FGF2 binding on the protruding cell-surface HS chains
of undifferentiated cells paves the way for further identifying growth factor binding. To use high-
resolution imaging of complex glycans such as HS to visualize the location of different HS
sequences, we need access to highly specific antibodies. Improving the expansion strategy to

achieve even higher resolution would be crucial to resolve the locations of growth factor binding.
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By applying pro-ExM to visualize HS in sifu in murine brain slices, we could correlate HS
ultrastructure observed in cell culture to that occurring in tissue. Pre-expansion imaging cannot
distinguish HS nanostructure but can detect variations in HS expression levels across cell types.
In particular, the signal from the cell body of PV" interneurons were significantly higher than that
of Thyl* excitatory neuron cell bodies in the cortex. In contrast, post-expansion imaging
revealed the puncta-like structure of HS across all the cell types, a finding that recapitulates the
morphology observed in culture-differentiated neurons. We found the punctate HS nanostructure
was conserved across various cell types in brain tissue, including Thy1* neurons whose HS signal
was not visible using conventional microscopy. Thus, the HS structure we observed in human cell
culture is conserved in primary mouse brain tissue.

The morphology shift of HS between pluripotent and neural cells corresponds to a
functional shift in growth factor interactions. A recent study found that ablation of HS in mouse
hippocampal neuron cultures results in a decrease of inhibitory synapse density without affecting
excitatory synapse density (46). These findings suggest a significant role for HS in inhibitory
synapse development. Our observation of elevated HS expression around interneuron soma
supports this conclusion. These findings indicate that further exploration of HS ultrastructure can
shed light on HS roles during mammalian neural development to address questions such as how
HS expression level is regulated in different cell types and how HS contributes to synapse plasticity
in the brain.

A lack of methods to visualize the ultrastructure of polysaccharides has hindered our
understanding of their role in physiological and disease processes. In the case of heparan sulfate,
this has led to a focus on how polysaccharide sequence influences binding. Here, using super-

resolution imaging by ExM, we found that the glycans' spatial distribution and ultrastructure
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correlates with growth factor recruitment. Intriguingly, the observation of cell surface protrusions
that can present HS to engage growth factors was unexpected but highlights another mechanism
by which cells can use glycosaminoglycans to control signaling. Our findings provide an

alternative mechanism by which the cell surface polysaccharide HS regulates cell fate.

2.5 Conclusion and future directions

To the best of our knowledge, this is the first report showing the high-resolution
visualization of heparan sulfate ultrastructure in human pluripotent stem cells and the associated
changes during stem cell differentiation. Our findings suggest that the nanostructure of complex
glycans, such as heparan sulfate on the cell surface can be modified in response to the cues from
the microenvironment. These findings provide the foundation for high-resolution glycan imaging
to understand their structure-function relationship.

This work lays the foundation for using expansion microscopy for in situ complex glycan
imaging. Herein, we showed we can visualize the HS puncta structure in a mouse brain slice and
recognize the ultrastructure of HS in both the inhibitory and excitatory neurons, which was not
visible using conventional microscopy. We can further extend this visualization for other
complex glycans. A big caveat, in this case, is an effective glycan labeling strategy that can
recognize biologically important glycan epitopes. This challenge can be addressed by the recent
advancements in glycan labeling through metabolic labeling. Multifunctional chemical probes or
naturally occurring glycan-specific lectins can also be used to label glycan structure for ExM-
based high-resolution visualization.

With this advancement, this strategy can be further applied to understand the sequence
information of complex glycans. With novel binders to specific complex glycan structures, we

would be able to map unique sequence information of glycans in culture or tissue. This would
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significantly help to identify the sequence specificity of glycan for specific growth factor
binding. Furthermore, there is the potential to multiplex this strategy which would be crucial for
complex and heterogeneous sugar, such as heparan sulfate. This information will reveal how
heterogenous HS sequence is across different cell types and locations. However, to map the
specific sequence of complex glycan in it is native environment we may need an even higher
resolution. This can be achieved by an iterative expansion strategy where samples are expanded
iteratively (47). However, these strategies are yet to be tested to visualize complex glycan.
Further investment in improving the gel chemistry to expand the resolution of ExM-based
imaging could also be a strategy in this regard.

Moving further, these would aid the investigation of the role of HS in complex
neurological disorders, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s disease, or
autism spectrum disorders (ASD). Although numerous studies identified the involvement of
heparan sulfate in several neurodevelopmental disorders as well as complex neurodegenerative
diseases (48-51), it is still unclear how HS is interacting with other components of these
microenvironments, what are the specificities of these interactions, and how they are modulated.
ExM-based high-resolution imaging could be particularly important to address these questions
since it preserves the native composition of the sugar. Imaging the interaction of different
binding partners to HS in patient-derived samples or organoids will help to address these

questions.

2.6 Methods and Materials
2.6.1 Cell culture
H9 (WiCell) human pluripotent stem (hPS) cells were grown with E8 medium (Thermo Fisher

Scientific) on tissue culture plates coated with vitronectin (Thermo Fisher Scientific). Cells were
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maintained at 37 °C in a 5% CO2 incubator. Cells were passaged manually using EDTA (1 mM
in PBS, pH 7.4) every 4-5 days, with the addition of 5 uM ROCK inhibitor (Y-27632
dihydrochloride, Tocris) on the first day to prevent the cell death after dissociation. The cells were

routinely tested for mycoplasma contamination (Lookout Mycoplasma PCR Detection Kit, Sigma

Aldrich).

2.6.2 Differentiation of hPS cells into different lineage-specific derivatives

The cells were differentiated to mesendoderm using an established protocol (29). Briefly,
the cells were dissociated with EDTA and plated at a density of 100,000 cells per cm? on
vitronectin-coated plates with E8 media supplemented with 5 uM ROCK inhibitor (Y-27632
dihydrochloride, Tocris). The E8 medium was changed every day for the next two days. On day
three, the media was changed to RPMI-1640 medium (Thermo Fisher Scientific) supplemented
with 6 puM CHIR-99021 (Tocris). Following a 24 h treatment with the differentiation media, the
cells were collected for analysis.

Neural crest differentiation was achieved using a chemically defined protocol described
previously (37). In brief, hPS cells were dissociated into single cells using accutase (Thermo
Fisher Scientific) and plated at a density of 10,000 cells per cm? on vitronectin-coated plates with
E8 medium supplemented with 5 pM ROCK inhibitor. The cells were grown for 24 h, and then
the medium was changed into the differentiation medium each of the next five days. The
differentiation media was prepared by supplementing DMEM-F12 (Life Technologies) with 1x N-
2 supplement (Gibco), 1.0 uM CHIR99021 (Tocris), 2.0 uM SB431542 (Tocris), 1.0 uM DMHI1
(Tocris), and 15 ng/ml BMP4 (Tocris).

Motor neuron differentiation was effected using a modified 14-day protocol described

previously (33). In brief, hPS cells were dissociated to single cells using accutase and plated at a
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density of 40,000 cells per cm? on vitronectin-coated culture plates with E8 media supplemented
with 5 uM ROCK inhibitor. As the cells reached >95% confluency, the medium was changed to
d0-d5 differentiation media every day for the next five days. The d0-d5 differentiation medium
was prepared by supplementing the basal medium with 10 uM SB431542 (Tocris), 100 nM
dorsomorphin (Tocris), 1 uM retinoic acid (Sigma) and 1 uM smoothened agonist (Tocris). On the
day six of differentiation, the medium was changed to d6-d14 differentiation media every day. The
d6-d14 medium was prepared by supplementing the basal medium with 5 uM DAPT (Tocris), 4
uM SU-5402 (Tocris), 1 uM retinoic acid (Sigma), and 1 pM smoothened agonist (Tocris). The
basal medium contained a 1:1 mixture of Neurobasal media (Life Technologies) and DMEM-F12
(Life Technologies) and was supplemented with 1x B-27 supplement (Gibco), 1x N-2 supplement

(Gibco), and 1x Gibco GlutaMAX (Life Technologies).

2.6.3 Immunofluorescence staining and imaging

For immunocytochemistry analysis, cells were stained live or after fixation. The cells were
rinsed with DMEM/F12 or basal media for live staining, followed by incubation in a blocking
buffer (2% BSA in DMEM/F12) for 30 min on ice. The cells were further exposed to anti-HS
10E4 (US Biological, catalog# H1890) at 1:200 in a blocking buffer for 1 h at 4 °C. Then, the cells
were exposed to the secondary antibody, [gM-Alexa Fluor 488 (Invitrogen), for 1 h at 4 °C. The
stained cells were rinsed twice with cold buffer and fixed with 4% formaldehyde for 10 min at
room temperature.

For the staining of internal markers, the fixed samples were permeabilized and blocked with
PBS containing 0.1% Triton X-100 and 2% bovine serum albumin (BSA)s. All primary antibodies
were incubated in a blocking buffer overnight at 4 °C or 1 h at room temperature. The primary

antibodies and dilutions used are described in Table S1. The secondary antibody staining was
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performed with Alexa Fluor 488, 594, 647 or Atto 647N conjugated anti-mouse, rabbit, chicken,
or goat IgG antibodies (Invitrogen) diluted at 1:1000 in the blocking buffer and exposed to cells
for one h at room temperature. For the samples for expansion, the secondary antibodies were used
at 1:200 dilution. The cell nuclei were counterstained with DAPI dilactate (1:10000, Molecular
Probes). Images were collected with the Nikon A1R Ultra-Fast Spectral Scanning Confocal
Microscope. The 3D-SIM super resolution images were collected using Applied Precision

DeltaVision-OMX Super-Resolution Microscope. Images were analyzed using Fiji.

2.6.4 Pro-ExM of stem cell culture

The following steps were performed as described previously (24-26, 52). Immunostained and
fixed culture was incubated in 0.1 mg/mL Acryloyl-X, SE (Thermo Fisher Scientific) in PBS at 4
°C overnight. Cell culture was then washed twice with PBS for 15 min. Monomer solution (1x
PBS, 2M NaCl, 8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide, 0.15% (w/w) N,N’-
methylenebisacrylamide), ammonium persulfate (APS) (10% w/w in water), and
tetramethylethylenediamine (TEMED) (10% w/w in water) were stored frozen in aliquots. Upon
thawing, monomer solution, water, TEMED solution, and APS solution were mixed in a ratio of
47:1:1:1 and kept on ice. The solution mixture was then dropped onto cell culture and covered
with a parafilm-wrapped coverslip. The gelation chamber was then put under nitrogen and moved
to a humidified 37 °C incubator for one h.

Gel was further incubated with Proteinase K at 8 units/mL (New England Biolabs) in digestion
buffer (50 mM Tris pH 8.0, ImM EDTA, 0.5% Triton X-100, 1 M NaCl) at room temperature for
overnight. Digested gels were placed in large volumes of deionized water to expand. Water was

replaced every 30 min until the gel no longer expanded.
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2.6.5 Brain tissue preparation

All procedures involving Thy1-YFP-H transgenic mice (Jackson Laboratory) followed the
US National Institute of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Massachusetts Institute of Technology Committee on Animal Care. Animals were
housed in groups in standardized cages (temperature: 20-22°C, humidity: 30-70%) with a 12-h
light/12-h dark cycle with unrestricted access to food and water. Mice 2-4 months old were deeply
anesthetized using isoflurane in room air. Mice were transcardially perfused at room temperature
with ice-cold 10 mL of 4% paraformaldehyde in phosphate-buffered saline. Fixed brains were
sectioned to 50 um-thick slices with a vibrating microtome (Leica VT1000S) and stored in PBS at

4°C.

2.6.6 Immunostaining of unexpanded tissue

Fixed brain slices were incubated in MAXblock Blocking Medium (Active Motif #15252)
at 4°C for overnight, followed by incubating with primary antibody (1:200) in MAXbind Staining
Medium (Active Motif #15253) at 4°C overnight. The slices were then washed with MAXwash
Washing Medium (Active Motif #15254) four times for 30 min each at room temperature. The
slices were incubated with secondary antibody (1:200) in MAXbind Staining Medium followed

by four washes for 30 min with MAXwash washing buffer at room temperature.

2.6.7 Anchoring, gelation, digestion, and expansion of intact tissue

The following steps were performed as described previously (24-26, 52). Fixed and
immunostained slices were incubated in 0.1 mg/mL Acryloyl-X, SE in PBS at 4 °C overnight.
Monomer solution (1x PBS, 2 M NaCl, 8.625% (w/w) sodium acrylate, 2.5% (w/w) acrylamide,

0.15% (w/w) N,N’-methylenebisacrylamide), ammonium persulfate (APS) (10% w/w in water),
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tetramethylethylenediamine (TEMED) (10% w/w in water), and 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl (4-HT-TEMPO) inhibitor (0.5% w/w in water) were stored frozen in
aliquots. Upon thawing, monomer solution, 4-HT-TEMPO solution, TEMED solution, and APS
solution were mixed in a ratio of 47:1:1:1 and kept on ice. Tissue slices were incubated in the
solution mixture for 30 min on ice and transferred to a humidified 37 °C incubator under nitrogen
for two h.

The gel was then incubated with Proteinase K 8 units/mL (New England Biolabs) in digestion
buffer (50 mM Tris pH 8, 1 mM EDTA, 0.5% Triton X-100, 1 M NaCl) at 37°C overnight.
Digested gels were placed in large volumes of deionized water to expand. Water was replaced

every 30 min until the gel no longer expanded.

2.6.8 Detection of HS by flow cytometry

HO hPS cells and the differentiated cells derived from hPS cells were analyzed by flow cytometry
according to Holley et al. (53) with slight modifications. Briefly, cells were dissociated using warm
accutase and resuspended in cold DMEM/F12 supplemented with 5 uM ROCK inhibitor. Cells
were washed twice with cold PBS followed by incubation with 500 uL. Ghost Dye™ Violet 450
cell stain (1:1000, Tonbo Biosciences) on ice for 30 min. Cells were then rinsed with cold buffer
(PBS, pH 7.4 supplemented with 0.1% BSA). Cells were further incubated with anti-HS 10E4 at
1:200 dilution for one h, at 4 °C, followed by fixation with 1% formaldehyde in cold PBS. Data
were collected using the Attune NxT Flow Cytometer (Thermo Fisher Scientific) and analyzed
using FlowJo software. The percentage of positive cells was established by comparing wild-type

cells to HS knockout cells.
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2.6.9 Distribution of HS per chain detected by flow cytometry

Undifferentiated H9 hPS cells and hPS derived hMN cells were treated with Heparinase
enzymes cocktail composed of Bacteroides Heparinase I (New England Biolabs, #P0735),
Heparinase II (New England Biolabs, #P0736), and Heparinase III (New England Biolabs,
#P0737). Each enzyme was used at 4 unit/ml concentration in the cocktail. Cells were incubated
for 2 -2.5 h at the 37 °C in a 5% COx> incubator. After the heparinases treatment, cells were
dissociated using warm accutase and rinsed with cold PBS followed by incubation with 500 pL
Ghost Dye™ Violet 450 cell stain on ice for 30 min. Cells were then rinsed with cold buffer (PBS,
pH 7.4 supplemented with 0.1% BSA). Cells were further incubated with anti-HS 10E4 at 1:200
or anti-HS 3G10 (Amsbio # 370260-S) for 1 h, at 4 °C. After two rinses with cold buffer, cells
were incubated with IgM-PE (Santa Cruz) or IgM-Alexa Fluor 488 (Invitrogen) for one h, at 4 °C.
The stained cells were rinsed twice with cold buffer and fixed with 1% formaldehyde in cold PBS.
Data were collected using the Attune NxT Flow Cytometer and analyzed using FlowJo software.

HS KO hPS cells were used as a negative control.

2.6.10 bFGF cell surface binding detected by flow cytometry

H9 hPS cells and differentiated derivatives were dissociated using warm accutase and
rinsed three times with cold buffer (DMEM/F12 containing 1% BSA and 5 uM Y-27632) to
remove excess growth factors from the media. The cells were then incubated with 1 pg/mL bFGF
(Waisman Biomanufacturing) and Ghost Dye™ Violet 450 cell stain (1:1000) in ice for 30 min.
Cells were then rinsed with cold buffer (PBS, pH 7.4 supplemented with 0.1% BSA). Bound bFGF
was detected by anti-bFGF (1:100, LifeSpan Biosciences) labeled with a secondary antibody
(mouse IgGaa+b, BD Biosciences). Data were collected using the Attune NxT Flow Cytometer

(Thermo Fisher Scientific) and analyzed using FlowJo software.
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2.6.11 GAG preparation and disaccharide analysis

Cells were proteolyzed at 55 °C with 300 pL of 20-mg/mL actinase E for 24 h and followed
by actinase E deactivation at 100 °C for 30 min. The amount of the above solution containing one
million cells was transferred to a 3-kDa molecular weight cut-off (MWCO) spin tube. The filter
unit was washed three times with 400 pL distilled water and then added to 300-uL digestion buffer
(50 mM ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0). Recombinant
heparin lyase I, II, III (pH optima 7.0—7.5) and recombinant chondroitin lyase ABC (pH optimum
7.4, 10 mU each) were added to each filter unit containing sample and incubated at 37 °C for 24
h. The enzymatic digestion was terminated by ultrafiltration through the 3-kDa spin tube. The
filtrate was collected, and the filter unit was washed twice with 200 pL distilled water. All the
filtrates containing the disaccharide products were combined and dried via freeze dry. The dried
samples were AMAC-labeled by adding 10 pL of 0.1 M AMAC in DMSO/acetic acid (17/3, V/V)
incubating at rt for 10 min, and thenl0 pL of 1 M aqueous sodium cyanoborohydride and
incubating for 1 h at 45 °C. A mixture containing all 17-disaccharide standards prepared at 0.5
ng/uL was similarly AMAC-labeled and used as an external standard for each run. After the
AMAC-labeling reaction, the samples were centrifuged, and each supernatant was recovered.

LC was performed on an Agilent 1200 LC system at 45 °C using an Agilent Poroshell 120
ECC18 (2.7 um, 3.0 x 50 mm) column. Mobile phase A (MPA) was a 50 mM aqueous ammonium
acetate solution, and mobile phase B (MPB) was methanol. The mobile phase passed through the
column at a flow rate of 300 pL/min. The gradient was 0-10 min, 5-45% B; 10-10.2 min, 45-100%
B; 10.2-14 min, 100% B; 14-22 min, 100-5% B. Injection volume is 5 pL.

A triple quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher

Scientific) was used as a detector. The online MS analysis was at the Multiple Reaction Monitoring
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(MRM) mode. MS parameters: negative ionization mode with a spray voltage of 3000 V, a

vaporizer temperature of 300°C, and a capillary temperature of 270°C.

2.6.12 Polyacrylamide gel electrophoresis (PAGE)

The proteolyzed cell solution containing 10-16 million cells was subjected to chondroitin
lyase ABC digestion. The chondroitin sulfate disaccharides were removed by ultrafiltration
through a 3-kDa molecular weight cut-off (MWCO) spin tube. The filter unit was washed twice
with 200 pL distilled water. The HS GAG that remained in the filter was collected and lyophilized.
The lyophilized samples were then dissolved in 400 pL of a solution of denaturing buffer (8§ M
urea containing 2% wt. CHAPS), bound to Vivapure Q Mini H spin column, washed twice with
400 pL of denaturing buffer and washed three times with 400 pL of 0.2 M sodium chloride
solution. The HS GAG components were then eluted from the spin column with three 400 pL
volumes of 16% aqueous sodium chloride solution and collected by ultrafiltration through a 3-kDa
molecular weight cut-off spin tube. The filter unit was washed twice with 400 pL distilled water
to remove salt, and the HS GAG in the filter was collected and freeze-dried. The lyophilized
samples were dissolved in 30 pL of loading buffer for PAGE. Three microliters of the above
solution were loaded in native PAGE using 0.75 mm x 6.8 cm X 8.6 cm mini gels cast from 15%
resolving gel monomer solution and 5% stacking gel monomer solution. Heparin partially digested
was used as molecular markers (ladder). The mini gels were subjected to electrophoresis at a
constant 190 V for 30 min and visualized with 0.5% (w/v) Alcian blue in a 2% (v/v) aqueous acetic
acid solution. Molecular weight analysis was performed with UNSCANIT software (Silk
Scientific) using the logarithmic relationship between the GAG molecular weight and its migration

distance.
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2.6.13 RNA preparation and qRT-PCR

Total RNA was extracted from undifferentiated hPS and d13 motor neurons using TRIzol
(Life Technologies) and Direct-zol™ RNA MiniPrep kit (Zymo Research) per manufacturer
instructions. RNA (1 pg) from each sample was reverse transcribed to cDNA using iScript cDNA
Synthesis Kit (Bio-Rad). The qPCR was performed on the CFX Connect (Bio-Rad) using iTaq
Universal SYBR Green Supermix (Bio-Rad) and gene-specific primers. GAPDH was used as a
reference gene for normalization. The primer sequences used are described in Table S2. The
relative gene expression levels were determined using the delta-delta CT (ddCt) method, and the

error bars were determined from the standard deviation of at least three biological replicates.

2.7 Supplementary information

A

Supp. Fig. 2.1. Visualization of heparan sulfate on the hPS cell surface. (A) Membrane
staining to detect filopodia structures on the hPS cell colony. Scale bar 10 pm. Nuclear stain by
DAPI (magenta), membrane stain by CellBrite® Fix membrane dyes (cyan) (B) F-actin filament
staining of the hPS cell colonies HS is extended from the base of the actin cytoskeleton. Nucleus
(magenta), F-actin (cyan), HS (green). Scale bar is 30 pm.
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Supp. Fig. 2.2. Heparan sulfate staining after heparinase treatment. (A) Visualization of

heparan sulfate (10E04 antibody) in an hPS cell colony without heparinase treatment. (B)
Visualization of hPS cells colony after heparinase treatment. Nucleus by DAPI (magenta),
HS (green) The scale bar is 30 pm.
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Table 2.1. Primary antibodies

Antigen Species Source Dilution
Heparan sulfate Mouse US Biological (H1890) IHH 1:200,
FC 1:200
Anti HS-3G10 Mouse Amsbio (370260-S) IHH 1:200
Basic FGF Mouse  LifeSpan Biosciences (LS-C114423) FC 1:100
Parvalbumin Rabbit Abcam (ab11427) IHH 1:200
Pax6 Sheep R&D system (AF8150) IHH 1:100
Tuj-1 Rabbit Abcam (ab229590) IHH 1:200
NCAM Mouse BD Biosciences (561902) FC 1:100
EpCAM Mouse BD Biosciences (565398) FC 1:50
P75 Mouse BD Biosciences (562562) FC 1:100
HNK-1 Mouse BD Biosciences (347393) FC 1:100

Table 2.2. qPCR primer sequences

Enzyme Gene Symbol  Forward Primer (5'-3')  Reverse Primer (5'-3')
N-deacetylase/N- NDSTI1 GGG CTA CTC AGG CCA CCA GAA CTC
sulfotransferase 1 GAA ATTCTTC CTT CAC ATAC
N-deacetylase/N- NDST?2 GGT CCT TGT GTT GGT GCC AACTCA
sulfotransferase 2 TGT GGA GA GTG CTA TAA
N-deacetylase/N- NDST3 GGG TCC TAA AGA CAG TCG GTC ATT
sulfotransferase 3 GCT GGATAA G CCC ATA GTT
N-deacetylase/N- NDST4 GCT GCT CTG AGG CAT CCA GGT ACT
sulfotransferase 4 TTC AAT TTC AGG CAT CTT C

6-O-sulfotransferase 1 HS6STI CTA CTA CAT CAC CCC ATC ACA CAT
CCT GCT ACG A ATG CAA CGA

6-O-sulfotransferase 2 HS6ST2 AGC GTA TTG AGG CTG ATG CTCTTT
GACTGA ATTT CTG CCT CAT A

6-O-sulfotransferase 3 HS6ST3 CTT GCG GGA GTT GGT GTTTCT TTC
TAT GGA TTG ACT CTC GTT C
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Chapter 3

Heparan sulfate is indispensable for the neuronal differentiation of

human pluripotent stem cells
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3.1 Abstract

Heparan sulfate proteoglycans (HSPGs) are cell-surface glycans that regulate the cell fate
decisions of embryonic stem cells. This long-chain polysaccharide can modulate developmental
signals critical for stem cell pluripotency and differentiation efficiency. Still, the biological
function of HS in human pluripotent stem (hPS) cell lineage commitment is largely unknown. To
advance the understanding of its roles in human development, we generated a heparan sulfate-
deficient cell line derived from human pluripotent stem (hPS) cells by targeting X7/ via CRISPR.
This study shows that heparan sulfate-deficient EXT1”~ cells can self-renew and proliferate under
standard hPS cell culture conditions. We showed that in absence of HS, the hPS cells cannot
differentiate into primitive streak or mesendoderm lineage; however, the early ectoderm
commitment of hPS cells remains intact. Lack of HS downregulates BMP and Nodal/TGF-3
signaling pathway that facilitates the differentiation towards the early ectodermal lineage.
However, despite being able to differentiate into progenitor cells of neural lineages, the HS-
deficient hPS cells cannot develop proper neuronal projections or synaptic vesicles. Several
critical genes for axonogenesis (ROBOI, SLIT2, POU4F 1) are downregulated in the EXT1” cells-
derived neurons. Overall, our data indicate that HS has a critical role in neurophysiological
development; therefore, defects in its production are likely relevant for neurological disorders.
This study identified a conserved and unique role of HS in hPS cell lineage commitment.
Leveraging this advancement paves the way further for a better understanding of heparan sulfate’s

role in early human development.
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3.2 Introduction

Heparan sulfate (HS) is an essential cell surface polysaccharide for mammalian
development and is implicated in many critical processes including; morphogenesis, growth
regulation, and differentiation. Genetic studies using model organisms (Drosophila, C. elegans,
mouse, zebrafish), have demonstrated that HS has specific functions in the signaling of many
morphogens and mitogens, such as fibroblast growth factors (FGFs), wingless (Wnt),
hedgehog/sonic hedgehogs, bone morphogenetic protein (BMP), and transforming growth factor
(TGF)-B (1-4). HS has ubiquitous expression, suggesting it may play a multitude of important
biological roles. Though it is known that this expression is controlled in a developmentally
regulated manner, the physiological importance and functional specificities of HS are yet to be
elucidated in human development. Addressing this knowledge gap is essential for advancing our
understanding of human development and diseases where HS plays a pivotal role.

Previous studies in Drosophila showed that HS is crucial for embryonic development, a
finding that is further supported by conclusions from genetic studies in hamster and mice (5-7).
Though these studies revealed the committed function of heparan sulfate proteoglycan (HSPG) in
cell differentiation and morphogenesis in these models, its role in human development is still
largely unexplored. Specifically, studying HS in a human context is important as mouse and human
embryo developmental trajectories diverge substantially upon implantation, with the mouse
forming a cup-shaped embryo while the human gives rise to a flat bilaminar disk structure.
Therefore, the principles governing human morphogenesis cannot be extrapolated by the studies
in mice or other mammals but urges the direct investigation of human embryonic development.
However, the processes of primitive steak formation, patterning, and germ layer formation during

gastrulation still present a challenge, as the 14-day rule prohibits the culture of human embryos
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beyond this point (8, 9). Therefore, elucidation of the mechanisms governing the molecular and
cellular events of human development vastly rely on stem cell-based models. Human pluripotent
stem (hPS) cells derived either from the inner cell mass of blastocysts or reprogramed from somatic
cells have the remarkable ability to self-renew and differentiate into multiple cell types in the body
(10, 11). Therefore, they are excellent tools to probe fundamental biological questions about
human development in a relevant context.

The stem cell microenvironment is a collection of intrinsic and extrinsic components that
balance self-renewal and differentiation (/2). The extracellular matrix (ECM), niche cells
(supporting cells, stem cells), and the soluble factors derived from these cells are the three main
components of this microenvironment (/3). The cell fate choice of human embryonic stem (hES)
cells is controlled by their interaction with both soluble and insoluble factors of this
microenvironment. For example, a number of growth factors, including BMP, WNT and FGF are
the critical soluble modulators in lineage specification. HS is present in the ECM and on the surface
of cells, where it can interact with a number of these signaling molecules that govern cell fate
choices (14, 15). However, despite residing in the stem cell niche, due to lack of efficient system
and proper tools, the contribution of HS to cell fate decisions are not well understood.

HS is a long, linear polysaccharide belonging to the glycosaminoglycan family (GAG). HS
biosynthesis is evolutionarily conserved across the animal kingdom (76, 17). The primary
biosynthesis of HS starts in the Golgi bodies with the exostosin glycosyltransferases (EXT1 and
EXT2) enzymes (14, 15, 18) which initiate the chain elongation. Following chain elongation, this
long polysaccharide undergoes several diverse modifications (sulfation, epimerization, and
acetylation), allowing it to interact with different growth factors and chemokines to fine-tune their

stability, bioavailability, and spatiotemporal distribution (/4, /5). In humans, polymorphisms in
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the HS biosynthetic genes (EXT or EXT2) cause abnormal bone development, a condition known
as hereditary multiple exostoses (HME). Targeted disruption of HS synthesis in mice results in
embryonic lethality at E6.5 as they fail to undergo gastrulation (7). In contrast, HS is dispensable
for mouse embryonic stem (mES) cell self-renewal but is required only for cell fate commitment
(19), where lack of HS caused spontaneous differentiation into extraembryonic endoderm (20).
Several other studies in mES cell indicate that HS is required for differentiation into 33-tubulin-
positive neuronal cells (27) , hematopoietic lineages (22), and for mesoderm differentiation,
presumably for facilitating FGF and BMP signaling (23). However, mES and hPS cells represent
different developmental stages (24), and therefore require different external cues for self-renewal
and differentiation. Therefore, despite being studied in murin model, there is a need to explore the
role of HS in hPS cell fate commitment in a human context.

Studies in mES and conditional knockout mice showed that HS has a role in neural
development by modulation of neurogenesis, axonal guidance, and synaptogenesis (25). EXT KO
mice (EXTXO) displayed behavior associated with autism (26). Human population genetic studies
showed that individuals with clinical phenotype of HME also present autism or intellectual
disability (27). More recent evidence demonstrated that HS expression modulates the
differentiation of ES cells into specific neurons in rat models (28). Moreover, HS functions as an
essential component of synaptic organizing complexes (neurexin and neuroligin) (29) and as a
coactivator of FGF, BMP, and TGFJ signaling pathways, that together can modulate the proper
synaptic connection in the brain. It is therefore of great interest to study how HS modulates hPS
cells’ differentiation specifically into a neural lineage to understand its role in human brain

development.
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We applied CRISPR/Cas9 to knock out the EX7'/ biosynthetic gene to engineer the first
HS-deficient hPS cell line (EXTI7 cells). While this specific cell line is able to maintain the
pluripotency status in standard cell culture conditions, we showed that they are unable to
differentiate into specific lineage under a directed differentiation condition. We observed that HS-
deficient cells are able to differentiate to both the neural crest and neural progenitor cells, however,
they cannot complete the neurogenesis and proper synapse formation due to lack of proper
axonogenesis. Taken together these findings highlight that the lack of HS in hPS cells significantly
perturbs the cellular signaling processes. Though this absence of HS favors the early ectodermal
differentiation, it directly impairs the axonogenesis process, leading to defects in synaptic
connection formation. We anticipate that this understanding of how HS modulates the signaling
pathways and, therefore the cell fate choices of hPS, can help to identify the role of HS in human

development and diseases, including various neurological conditions.

3.3 Results
3.3.1 CRISPR/Cas9-mediated generation of heparan sulfate-deficient hPS cells

To determine the functional roles of HS in hPS cells, we first set out to generate an HS-
deficient hPS cell line by CRISPR-mediated targeting of the HS biosynthetic gene EXT/ (Fig
3.1A). EXTI encodes exostosin glycosyltransferase 1, a polymerase that is required for the
extension of the HS backbone chain. By knocking out the EX7'/ gene in mouse embryo (7) and
mES cell line (27) the HS production is completely abolished. Therefore, we anticipated that EX71
~ hPS cell line should result in a completely HS-deficient hPS cell line. Following CRISPR-
mediated editing, we isolated and expanded a clone in which both alleles incorporated frameshift
mutations at the targeted site (Fig 3.1B) indicating a homozygous mutation. To confirm that the

HS biosynthesis is blocked, we assessed cell-surface HS levels by flow cytometry and
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immunohistochemistry using the anti-HS antibody 10E4.
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Fig. 3.1. Generation of an HS-deficient hPS cell line. (A) Scheme of generating the HS-
deficient hPS cells via CRISPR-mediated targeting of EX7/. (B) Biallelic sequence in the
sgRNA-targeted region of EX7T/ of an isolated H9 hPS cell clone following CRISPR editing.
Frameshift mutations by CRISPR introduce a stop codon in both EXT/ alleles (* denotes stop
codon) early in the coding sequence of EXT. (C) Wild-type (H9 cells) and EXTI"- cells were
immunostained for heparin sulfate (green) and counterstained with DAPI (magenta). Scale bar,

30 um. (D) Histogram plot of HS fluorescence intensity measured by flow cytometry in WT and
EXTI” cells using the anti-heparan sulfate antibody 10E4.

105



We detected HS expression in wildtype cells, whereas it was absent in the EXT1”" cells (Fig 3.1C,

D) indicating the successful generation of HS-deficient hPS cell line.

3.3.2 Assessing the pluripotency and differentiation potential of EXT1” cells

We next sought to assess the trilineage differentiation efficiency of the HS-deficient hPS
cells. To address this, we employed an in vitro embryoid body (EB) assay. EBs are three-
dimensional aggregates of cells that are an amalgam of the three different developmental germ
layers (30). The EBs were collected from the 3D suspension culture and allowed to spontaneously
differentiate as adherent cells. After 14 days of spontaneous differentiation the WT cells
demonstrated the ability to differentiate into all three germ layers, However, the EXTI”" cells
expressed the ectoderm markers Nestin and Tuj-1 but not the mesoderm markers smooth muscle
actin (SMA) or Brachyury, or the endoderm markers Sox-17 and alpha-fetoprotein (AFP) (Fig
3.2). This embryoid body assay thus indicate that lack of HS almost completely abolishes the
mesoderm and endoderm differentiation pathway of hPS cells, however interestingly may not
affect the ectoderm lineage commitment. During development, mesoderm and endoderm layers
are formed through a common transient structure represents the primitive streak called the
mesendoderm. We speculated that the impaired ability of EXTI” cells to form mesoderm or

endoderm is preceded by defective mesendoderm formation.
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Fig. 3.2. The pluripotency and differentiation potential of EXTI”cells. Spontaneously
differentiated EBs derived from WT and EXTI” cells were immunostained for markers of
ectoderm (Nestin [cyan] and Tuj-1 [green]), mesoderm (SMA [green] and Brachyury [cyan]),
and endoderm (SOX17 [cyan] and AFP [green]) and counterstained with DAPI (magenta). Scale
bar, 200 um.

3.3.3 Ectoderm specific lineage commitment of EXT1” cells

Though embryoid body assay is considered as a gold standard for assessing pluripotency
of pluripotent stem cells, the culture and differentiation condition is not fully defined and contains
bovine serum which introduces external HS contamination to the differentiation condition of HS-
deficient cells. Therefore, I sought to approach lineage-specific directed differentiation.

During the directed mesendoderm differentiation, we found that the EXT1”" cells are not
able to differentiate to the mesendoderm lineage defined by the number of Brachyury positive cells
(Fig. 3.3A). However, from RNA-seq analysis we observed upregulation of multiple ectoderm
lineage-specific genes including the TFAP24, HANDI, MSX1, PAX3, ZICI, DLX5 (Fig 3.3B).
This observation indicates that lack of HS in hPS cells directly suppresses the early mesendoderm
lineage-specific differentiation, but it may not affect the ectodermal differentiation. We

hypothesized that lack of HS may rather prime the hPS cells toward the ectodermal route.
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Fig 3.3. EXTI” cells are unable to differentiate to mesendoderm but upregulate
ectodermal gene expression. (A) Directed differentiation to mesendoderm lineage. WT and
EXTI” cells were immunostained for markers of mesendoderm (Brachyury) [red] and DAPI
[blue], Scale bar 200 um. (B) Heat map representing the expression of mesendodermal and
ectodermal genes in WT versus EXTI” cells after 28 hours of mesendoderm induction
(upregulated genes are red and downregulated genes are blue in the heatmap).

To test this hypothesis, I, therefore, differentiated the EXT1 cells towards the ectodermal
lineage using a defined and directed differentiation protocol. I differentiated the EXT1” cells
towards ectoderm specific non-neural line, neural crest (NC) by following a chemically defined
protocol (37) (Fig. 3.4A). Upon differentiation, we measured the expression of SOX10 (Sry-
related HMg-Box gene 10), a key nuclear transcription factor in the differentiation of neural crest.
We detected a comparable expression of SOX10 in both wild-types (WT) has-derived NC and
EXTI” cells-derived NC (Fig. 3.4B). Additionally, we also measured p75 and HNK1 double-
positive NC cells using flow cytometry. Both the WT hPS cells and EXTI"" cells exhibit a high

level of differentiation efficiency (% of p75+/HNK1+ cells is 62.5% and 44.8% in WT and EXTI
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’ cells respectively (Fig. 3.4C, 3.4D). These results indicate that HS of hPS cells is not an essential

requirement for ectoderm-specific multipotent neural crest differentiation.
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Fig 3.4. Neural crest differentiation of WT hPS cells and EXTI” cells.

(A) Schematic

representation of the procedure for neural crest differentiation of hPS cells. (B) Confocal
microscopy images of wild-type and EXT1”" cells upon directed differentiation into neural crest
cells and immunostained for the neural crest marker SOX10 (red) and counterstained with DAPI
(blue). Scale bar, 30 um. Representative flow cytometry dot plot of P75/HNK-1" cells in WT

and EXTI” cells after neural crest differentiation. (D) Percentage of P75"/HNK-

1" cells derived

from WT and EXT1” cells after neural crest differentiation (n=4). Error bars indicate +SD.

3.3.4 Heparan sulfate in neuronal differentiation of hPS cells

Ectoderm can give rise to both the neural and non-neural descendants (32).

So, to determine

whether HS is entirely dispensable for ectodermal differentiation of hPS cells beyond multipotent
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neural crest differentiation, we differentiated the EXT1”" cells towards neural lineage following a
directed differentiation protocol (33). We differentiated the WT and EXTI-~ hPS cells into human
motor neurons (hMN) under adherent culture conditions (Fig. 3.5A). This tailored dual-smad
inhibition protocol has two steps; on day 6 of differentiation, the hPS cells differentiate into neural
progenitor (NP) cells, which are further patterned to motor neurons. On day 14 of differentiation,
the culture routinely comprises hMN cells with distinct neuronal morphology (Fig. 3.5A).

The cells are collected during and after the differentiation on day 6 and day 14. The
expression of the postmitotic neuron-specific class III B-tubulin (7UJI) gene was lower in the
EXTI” derived neurons relative to WT suggesting a defect in neuron-specific differentiation in
HS-deficient cell line (Fig. 3.5B). We also looked into the neuronal cell adhesion molecule
(NCAM) and epithelial cell adhesion molecule (EpCAM) expression in the differentiated neurons.
Based on unbiased immune profiling analysis of stem cell-derived neurons, it is known that
NCAMP"e/EpCAM Y is the antigenic signatures enriched on postmitotic neurons (33). When we
investigated this in our system, we observed that most of the NCAM positive cells in WT-derived
neurons lost their EpCAM expression, whereas for the EXT1 cells, a significant number of cells
are positive for NCAM expression and they barely lost their EpCAM expression (Fig. 3.5C).
Overall, the mean % of NCAM"¢"/EpCAM™Y cells in the WT hPS cells-derived neurons is 66.8%,
which is significantly lower (2.58%) in differentiated cells derived from EXTI” cells (Fig. 3.5D).

Together these data suggest that the lack of HS affects neuronal differentiation.
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Fig 3.5. Lack of HS impairs motor neuron differentiation. (A) Schematic presentation of
directed motor neuron differentiation procedure of hPS cells. (B) TUJI gene expression during
motor neuron differentiation of WT hPS and EXTI”" cells (n=3) Error bars indicate £SD. (C).
Representative flow cytometry dot plot of NCAM"e"/EpCAM" " cells in WT and EXT1” cells
after thirteen days of neuronal differentiation. (D) Percentage of NCAMPe/EpCAM" Y cells
derived from WT and EXTI" cells after 13 days of differentiation (n=6). Error bars indicate
+SD. Mann Whitney t-test between WT hPS and EXTI”" cells were used for data analysis. An
asterisk denotes a statistically significant difference (*****p<0.000000xx, **p<0.05) between
WT hPS and EXTI"" cells.
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3.3.5 The morphology of differentiated neurons

Next, I sought to investigate the morphology of the WT and EXTI” derived neurons.
Immunofluorescence imaging showed that the WT-derived neurons are positive for spinal motor
neuron marker, ISLET1, and neuron-specific B III tubulin (TUJ1) signal and have long extended

neuronal projection.

A

DAPI _____TuJ1 i ISLET1

Merge

Fig 3.6. The EXTI” cells derivatives have defective neuronal projections. Confocal
microscopy images of wild-type and EXT1"" cells upon directed differentiation into spinal motor
neuron cells and immunostained for neuron specific B III tubulin (TUJ1) (cyan), motor neuron
marker, ISLET1 (red) (A) and dendritic marker MAP2 (green) (B). Counterstained with DAPI
(blue). Scale bar, 30 um.
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In contrast, the EXTI"~ derivatives have short and truncated projections, though they are
positive for the ISLET1 marker (Fig. 3.6A). Similarly, while stained for dendritic marker
microtubule-associated protein 2 (MAP2), the EXT1” cells lack the extended neuronal projection
morphology compared to the WT hPS cells derived neurons (Fig. 3.6B). These data suggest that
even though the EXTI”- hPS cells express some neuronal markers, they have a distinctive
morphology that shows the defect in generating long extended neuronal projections.

Next, we sought to analyze the gene expression profile to understand the morphological

defect that we observed.
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Fig 3.7. Gene expression analysis of motor neuron derived from WT hPS and EXTI”" cells.
The EXT1” cells were differentiated for 14 days following the motor neuron differentiation
procedure, and their levels of neurogenesis markers were examined relative to WT hPS cells.
Values shown are logl10 of mean fold regulation in WT hPS cells (x axis) and logl0 of mean
fold regulation in EXT1”- cells (y axis) (n=2). The cut-off value for the fold-difference is 1.5.
The upregulated gene expression is shown as red and downregulated gene expression is shown
as green.
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We analyzed the gene expression profile of the WT and EXTI” hPS-differentiated cells by

assessing the gene markers specific for the neurogenesis pathway (Table: 3.1 and Table: 3.2).

After the 2 weeks of differentiation, most of the neurogenesis genes are significantly

downregulated in EXTI”- hPS-differentiated cells including DCX, MAP2, NEUROGI, OLIG2.

Additionally, in these cells, expression levels were significantly decreased for the genes encoding

essential proteins for proper axon formation (ROBOI1, SLIT2, POU4F1) (Fig. 3.7).

Table 3.1: Genes under-expressed in EXTI7- vs WT

Gene Description

Cyclin-dependent kinase 5, regulatory subunit 1 (p35)
CDKS5 regulatory subunit associated protein 2

CAMP responsive element binding protein 1

Doublecortin

Ephrin-B1

Epidermal growth factor

Fibroblast growth factor 2 (basic)

Filamin A, alpha

Hairy/enhancer-of-split related with YRPW motif 1
Microtubule-associated protein 2

Myeloid/lymphoid or mixed-lineage leukemia (trithorax
homolog, Drosophila)

Norrie disease (pseudoglioma)

Neurogenin 1

Nuclear receptor subfamily 2, group E, member 3
Neuregulin 1

Neuropilin 2

Neurotrophin 3

Oligodendrocyte lineage transcription factor 2

POU class 4 homeobox 1

Pleiotrophin
Roundabout,
(Drosophila)
Slit homolog 2 (Drosophila)
Vascular endothelial growth factor A

axon guidance receptor, homolog 1

Gene Symbol

CDK5R1
CDK5RAP2
CREBI
DCX
EFNBI
EGF
FGF2
FLNA
HEYI
MAP2
KMT24

NDP
NEUROG!
NR2E3
NRG1
NRP?2
NTF3
OLIG?
POU4F1
PTN
ROBOI

SLIT?
VEGFA

Fold Regulation

-1.57
-1.74
-1.55
-5.39
-1.53
-4.43
-1.52
-1.52
-1.56
-1.84
-1.58

-1.57
-1.68
-2.2

-1.99
-1.92
-1.69
-4.99
-6.74
-3.12
-1.54

-4.7
-1.61
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Table: 3.2 Genes over-expressed in EXTI7 vs WT

oE

Gene Description Gene Symbol Fold Regulation
Achaete-scute complex homolog 1 (Drosophila) ASCLI1 2.18
Neurogenic differentiation 1 NEURODI 2.61
Paired box 6 PAX6 3.49
S100 calcium binding protein A6 S10046 2.8
Tyrosine hydroxylase TH 1.7
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Fig 3.8. Expression of the ligands and receptors of the SLIT-ROBO signaling pathway. (A)
All ligands of the SLIT-ROBO pathway have decreased expression in EXT1” -derived neurons
at day 13 of differentiation. (B) All receptors but ROBO2 have similar expression in EXT1” -
derived neurons compared to WT; (n=2) error bars indicate +SD.
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We next investigated the expression of the ligands and receptors of the SLIT-ROBO
signaling pathway which is essential for proper axonal guidance (34, 35) . We found that, all the
ligands (SLIT1, SLIT2, and SLIT3) have decreased expression in EXT1”" derivatives. Although, the
expression of all the receptors are either similar or higher in EXT1”~ -derived compared to WT-
derived neurons (Fig 3.8A, 3.8B). These results are consistent with the morphological and
immunocytochemical findings that the lack of heparan sulfate significantly hinders the
axonogenesis of human pluripotent stem cells.

Next, we examined the ability of EXTI”- derived neurons to form synapses. The
immunofluorescence data showed that the EXTI” derivatives do not have synaptophysin
expression, an integral membrane protein localized to synaptic vesicles. The absence of synaptic
vesicle marker (Fig. 3.9) further confirms that the lack of HS disrupts the proper axon formation

leading to a lack of proper synaptic connections.

DAPI TUJT Synaptophysin Merge

Fig 3.9. The EXTI” cells derivatives from no synaptic vesicle. (A) Confocal microscopy
images of wild-type and EXT1” cells upon directed differentiation into spinal motor neuron cells
and immunostained for neuron-specific § III tubulin (TUJ1) (cyan), Synaptophysin (red),
Counterstained with DAPI (blue). Scale bar, 30 um.
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Though most of the neurogenesis genes are downregulated in EXT1”~ derived cells, two
genes (NEURODI, PAX6) (Table:3.2) explicitly related to the neural progenitor cell
differentiation (36) are upregulated. This data intrigued us to investigate whether the EXTI”
differentiated cells can go through the state of the neural progenitor (NPC). To test this, we
investigated the expression of NPC marker PAX6 with immunohistochemistry (Fig. 3.10A) and
this qualitative imaging data shows that the EXT”"-derived neural progenitor cells have PAX6
expression. For further validation, we investigated the NCAM expression with flow cytometry in
both WT and EXTI (Fig. 3.10B) (37). This quantitative analysis shows that on day 6 of the
differentiation, in fact, EXT1” derivatives express higher NCAM on the cell surface compared to

WT derivatives.
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Fig 3.10. The EXTI" cells derivatives express neural progenitor markers. (A) Confocal
microscopy images of wild-type and EXTI” cells after 6 days of neural differentiation and

immunostained for neural progenitor cells (NPC) marker Pax6. Scale bar, 30 um. (B) Histogram
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plot of NCAM fluorescence intensity measured by flow cytometry in WT and EXT1" cells using
the anti-NCAM antibody.

3.3.6 Key signaling pathways in EXT1"" cells during the differentiation

Based on our data, we postulated that HS modulates the key signaling pathways mediating
the fate decision between mesendoderm and ectoderm lineage. Mesendoderm differentiation is
tightly regulated by the synergy between Wnt and TGFp/Nodal signaling pathways (38-41). The
Nodal pathway needs to be activated to direct mesendoderm differentiation. In contrast, directing
the fate of hPS cells into ectodermal fate requires the inhibition of Activin/TGF- and BMP
signaling pathway, also referred as a dual-smad inhibition (42). Since the HS-deficient EXT1”
cells do not undergo mesendoderm differentiation but express the early neuro-ectoderm marker
PAX6, we hypothesized that these key signaling pathways (BMP TGFf, and FGF) may be
impacted during differentiation. We found that TGF-B/Nodal pathway was not robustly
upregulated in EXT1” cells compared to the WT cells during mesendoderm differentiation (Fig.
3.11A). During the ectodermal differentiation the BMP and FGF signal was more downregulated
in EXTI” cells relative to WT (Fig. 3.11B, and 3.11C). yet TGF- B inhibition was achieved at a
similar level compared with the WT cells (Fig. 3.11D). These observations suggest that HS is
required for both the Nodal, BMP pathways in addition to FGF pathways. Therefore, lack of HS
impaired the activation of the Nodal pathway which hindered the mesendoderm differentiation.
However, on the contrary, this HS-deficiency-induced downregulation of BMP and TGF-3/Nodal

pathways made the EXT1"" cells poised toward ectoderm lineage.
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Fig 3.11. Key signaling pathways during mesendoderm and neuronal differentiation.
Immunoblot analysis of TGFf/Nodal pathway during mesendoderm differentiation (A). Wild-
type and EXTI” cells are collected at different time point (Ohr, 4hr, 18hr, 24hr) during
differentiation. Immunoblot analysis of FGF pathway (B), BMP pathway (C), TGFp/Nodal (D),
pathway in response to neuronal differentiation. Wild-type and EXTI"" cells are collected at
day0 (d0), day 6 (d6) and day 13 (d13) of neuronal differentiation (B-D).

3.3.7 External heparin rescues the morphological defect in EXT17" cells

To confirm that the effects we observed were specifically related to HS, we tested whether
the defect in neuronal differentiation could be restored by the addition of exogenous heparin in the
media. Heparin is an anticoagulant and a commercial analog of heparan sulfate. From day 0 of
neuronal differentiation, the differentiation media was supplemented with varying concentrations
of heparin (0-10 pg/mL). We observed the morphology of the differentiated cells and assessed
NCAM"e/EpCAM"Y expression by flow cytometry. Rescue of the morphology along with
NCAMP"e/EpCAM Y expression was observed in EXT17 cells treated with 2.5-10 ug/mL heparin

in the media, peaking at 7.5 ug/mL (~25% relative NCAM"e"/EpCAM"" expression) (Fig. 3.12).
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Taken together, these results demonstrate that heparan sulfate is required for the proper neuronal

differentiation and heparin can rescue the differentiation defect observed in EXTI”" cells.
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Fig 3.12 Exogenous heparin can rescue the morphological defect in EXTI” cell derivative.
Heparin is added to the neuronal differentiation media each day of differentiation at 0, 2.5, 5.0,
7.5, or 10.0 pg/ml concentration. WT cells and EXTI~- without any heparin stimulation (0 pug/ml)
are used as the positive and negative control respectively. (A) Wild-type and EXTI"" cells upon
directed differentiation into motor neurons without or with varying amounts of heparin
stimulation are immunostained for the neuronal marker, TUJ1 (cyan), ISLET1 (red) and
counterstained with DAPI (blue). Scale bar, 30 pm. (B) Flow cytometry dot plot of
NCAM"eh/EpCAM" cells in WT and EXTI” cells after 2 weeks of neuronal differentiation
without or with varying amounts of heparin stimulation.

3.4 Discussion

Lack of cell surface HS is lethal for mouse embryos (7) . Both mES cells and drosophila
serve as models which confirm that this long polysaccharide chain is essential for proper
embryonic development. However, it is still unknown how HS modulates human developmental
processes. We aimed to address this knowledge gap by establishing an hPS cell line that cannot
biosynthesize HS to uncover the roles that HS plays in human biology. We showed that lack of

HS significantly disrupts the primitive streak formation in hPS cells whereas HS is dispensable for
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the early ectoderm commitment. Ultimately, we found that HS is an essential component in neural
projection development and therefore for functional synapse formation. These findings uncovered,
for the first time, a conserved role of HS in mammals and revealed a strikingly unique role HS
plays in human neural development.

HSPG is an essential regulator of gastrulation and embryogenesis (7). Analysis of Ext/~
= mES cells in vitro showed that HS has an essential regulatory role in the exit of mES cells from
pluripotency. Under the neural (21) (43, 44) or mesodermal (22) differentiation conditions, lack
of HS hinders the mES cells from exiting the pluripotent state, retaining a high level of OCT4
expression (/9). However, hES cells and mES cells differ significantly in their response to
signaling pathways (45). For example, the FGF/ERK cascade promotes differentiation of mES
cells and needs to be inactivated for mES cells self-renewal (46, 47) but in hES cells the FGF
supplementation promotes self-renewal with enhanced survival, inhibiting the spontaneous
differentiation (48-52). Therefore, it is difficult to extrapolate the findings from murine studies to
exploit the role of HS in hES cell pluripotency.

We aimed to address how HS modulates the pluripotency and differentiation efficiency of
human pluripotent stem cell model. We showed that HS is dispensable for the self-renewal of
hPS cells in presence of high concentration of bFGF of standard stem cell maintenance conditions.
Through the embryoid body assay, we showed that even in a spontaneous differentiation condition,
HS-deficiency severely impairs the differentiation efficiency of hPS cells, specifically in
mesendoderm lineage commitment highlighting the role of HS for primitive streak formation in
hPS cells. It corroborates the findings from Kraushaar et.al. showing that Ext/”- mES cells failed

to upregulate the mesendoderm marker Brachyury during differentiation due to disrupted FGF and
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BMP signaling (23). Thus, our findings highlight the conserved role of HS across the mammalian
lines.

The HS-deficient hPS cell-derived EB showed that HS is not required for ectoderm
differentiation of hPS cells. Moreover, the directed differentiation to non-neural ectoderm lineage
derivative, neural crest showed that without any HS, the hPS cells are still able to differentiate into
multipotent neural crest cells. These data indicate that HS is dispensable for the early ectoderm
commitment in hPS cells. This observation significantly differs from the findings in mES cells
study. Kraushaar et al. reported that HS is required for ectoderm commitment of Ext/”- mES cell-
derived EBs (/9) and differentiation into neural progenitor cells in adherent culture (23). With HS
deficient hPS cells, we further showed that although the early ectoderm commitment is not
impaired in the absence of HS, during the directed differentiation towards the terminally
differentiated motor neurons HS is required for proper neuronal projection formation. We
discovered that, without HS, the hPS cells cannot form long extended axons or dendrites which
also leads to no synaptic vesicle formation. Finally, we showed that the addition of exogenous
heparin to the differentiation media can rescue the defective phenotype during the neuroectodermal
differentiation in EXTI" cells. This further validates that our observation is a result of a lack of
HS.

These findings corroborate the observations from genetic experiments in fly, worm, mouse
(53), and zebrafish showing that HSPGs indeed have crucial roles in vivo axon guidance. Inatani
et al. showed that loss of EXT1 can cause axon guidance errors in the major axon tracts in
conditional knockout mice. Succeeding studies revealed that HS controls axon guidance through
the binding and regulation of different axon guidance cues. In absence of HS in hPS cells the

crucial axonogenesis genes expressions are downregulated, including major axon guidance ligand-
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receptor expression, such as Slits and Robos. Slit-Robo signaling pathway for proper axon growth
requires HS as a coactivator (34, 35, 54). These findings highlight the specific role of HS in the
axonogenesis process in human neural development where the early ectodermal commitment of
hPS cells does not require HS. This observation further indicates the role of HS as s synaptic
organizer in human brain development. In 2018, Zhang et al. identified HS as a part of central
synaptic organizers, neurexin using conditional knockout mice (29). They showed HS modulates
the synaptic development by connecting with the other synaptic molecule, neuroligin and
LRRTM (29, 55). Therefore, the role of HS as a synaptic modulator in human brain development
needs to be evaluated. Further exploration of HS at the molecular level can shed light on HS roles
in modulating human neural connections, specifically to answer questions such as how does HS
help to regulate synapse plasticity in the human brain or how does HS function in the context of
neurological diseases, such as, amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD).
To understand how HS is modulating the signaling pathways during these differentiation
defects, we investigated the key signaling pathways (FGF, BMP, TGFp/Nodal) during the
mesendoderm and ectoderm differentiation. We found that the Nodal signal was not robustly
upregulated in EXTI7" cells during the mesendoderm differentiation. During the ectoderm specific
differentiation, the FGF, BMP and Nodal signal were also downregulated in EXTI" cells, either
at a comparable or higher level relative to WT cells. For the mesendoderm differentiation, a tightly
regulated synergy between Wnt and Nodal signal is required where upregulation of Nodal signal
direct toward mesendoderm differentiation (56, 57). Therefore, the EXT1” hPS cells are unable to
differentiate into mesendoderm cells due to the absence of an adequate Nodal signal. In retrospect,
the downregulation of BMP and TGFp/Nodal signal induces the differentiation into the

neurectoderm and neural crest cells, both derived from the ectoderm. Therefore, in absence of HS
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and in dual smad inhibition condition, EXT1”" cells shows reduced smad signals which are
sufficient to promote the cells towards the early ectodermal lineage.

HS is a ubiquitous cell surface signaling polysaccharide that can modulate a number of
developmental signaling routes. Prior to this work, the lack of a relevant tool to study the role of
HS in human development hindered our understanding of how HS modulates the human stem cell
fate choices as well as the human neuronal development. Therefore, we developed HS-deficient
hPS cells as a tool to explore HS’s role in regulating lineage commitment. We identified that HS
affects the cellular differentiation of hPS cells in all three different germ layers. Specifically, in
neural lineage differentiation, HS is essential for proper axonal development leading to effective
synaptic connections. These findings also set the stage for future studies investigating the role of
HS in patients-derived induced pluripotent stem cells (iPSCs) and brain organoids to explore the
role of HS in neurodegeneration and neurological disease progressions. Therefore, by leveraging
the advancement made in this study, we will pave the way for a better understanding of HS’s role
and its molecular and cellular contribution in early human development, leading to pinpointing the

role of glycans in the human nervous system and associated neurological diseases.

3.5 Conclusion and future directions

To the best of our knowledge, this is the first report of a novel heparan sulfate deficient-
cell line derived from human pluripotent stem cells. Our findings suggest that HS is essential for
the late stages of neuronal development including proper axon formation. We showed that lack
of HS causes downregulation of the Slit-Robo signaling molecule, similarly it would be
interesting to investigate its effect on other critical signals, such as Netrin-DCC and Eph-ephrin
signaling which are critical for proper axonal guidance. Identifying how HS modulates these

signaling pathways would be useful to identify the specific role of HS in the axonogenesis
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process. Similarly, our findings indicate a possible role of HS in the Nodal signaling pathway in
hPS cells which is crucial for mesendoderm lineage-specific differentiation. This warrants
further biochemical investigation to understand how HS is modulating nodal signaling,
specifically, the interaction between HS and Nodal ligands and receptors.

Our data suggest that HS has a critical role in synapse formation in human brain
development which is corroborated by previous findings that in the vertebrate brain excitatory
synapse HS bridges the presynaptic and postsynaptic molecules (58). However, it is still unclear
how HS modulates the synapse organization. HS may regulate the signal strength of synapse
organizing molecules. Since HS has structural variation, it may allow HS to regulate the affinity
strength between synapse organizing proteins. This may introduce diversity in the strength of
signaling between pre-and post-synaptic regions which in turn can lead to differentiation of
specific and diverse synapses. Moreover, the structural heterogeneity and flexibility of HS make
it a better regulatory molecule to modulate multiple synapse organizing molecules at a time
which indicates a possible role of HS as a functional hub that determines the synaptic specificity.
Further investigation in this direction would be very useful to understand how HS acts as a
synapse organizer in human brain.

To understand the differentiation defect that we observed in HS-deficient hPS cells,
further examinations of the specific underlying molecular mechanisms will be necessary. To this
end, I propose to do single-cell transcriptomics using next-generation transcript sequencing
analysis on the EXT1 - derivatives. This will be particularly informative since the dual-smad
differentiation gives rise to a heterogeneous population, therefore, this single-cell RNA-seq will
allow us to profile the cell-to-cell variability at the genomic scale. Examining the global

transcriptome of ISLET 1+ cells will help us to identify the variation in their molecular
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components causing the defect that we are observing. Moving further, I propose to develop brain
organoids with this EXT1” hPS cell. Though in vitro neurodevelopmental models mimic the
organogenesis processes, they also present higher homogeneity but much lower complexity
compared to human brain development. Therefore, brain organoids are valuable alternatives that
provide more advanced cell composition, maturation, and tissue architecture (59). This will help
us to understand the contribution of HS in the complex scheme of neuronal development through
a monogenic approach.

Our findings also indicate the association of HS with diseases. A future goal of this
project would be to understand human diseases based on our findings. Mutation in heparan
sulfate biosynthetic genes, EXT1 or EXT2 cause a genetic condition called hereditary multiple
exostoses (HME) that affects the regular bone growth. Defects in bone development and nervous
system dysfunctions are the prominent features of HME patients. We also showed that lack of
HS in hPS cells abolishes the mesendoderm differentiation and late stage of neuronal
development which corroborates to these. I propose to develop the HME patient-derived iPSC
cell line to investigate the direct connection between HS and these disease phenotypes. The
ultimate goal here would be to understand the role of HS in complex neurological and genetic

diseases to find a better stem cell-based regenerative medicine.

3.6 Methods and Materials
3.6.1 Cell culture

H9 (WiCell) and EXTI”- human pluripotent stem (hPS) cells were grown with E8 medium
(Thermo Fisher Scientific) on tissue culture plates coated with Vitronectin (Thermo Fisher
Scientific). Cells were maintained at 37 °C in 5% COz incubator. Cells were passaged manually

using EDTA (1 mM in PBS, pH 7.4) every 4-5 days, with the addition of 5SuM ROCK inhibitor
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(Y-27632 dihydrochloride, Tocris) on the first day to prevent the cell death after dissociation. The
cells were routinely tested for mycoplasma contamination (LookOut® Mycoplasma PCR

Detection Kit, Sigma Aldrich).

3.6.2 Generation of EXTI”" cells using CRISPR

Cas9 Nuclease 3NLS (Integrated DNA Technologies) was complexed with 2.4 uM gRNA
(AGCCGGAGAGAAGAACACAG) in nucleofection buffer. H9 cells were nucleofected with the
ribonucleoprotein complex using the Amaxa Nucleofector II (Lonza) as per manufacturer
instructions. Cells were allowed to recover for one day in mTeSR1 medium supplemented with
1X RevitaCell (Gibco) and another day in mTeSR1 medium supplemented with 5 uM Y-27632.
Clones were derived by serial dilution and analyzed by PCR amplification and Sanger sequencing

for mutations in both alleles.

3.6.3 Differentiation of hPS cells into different lineage specific derivatives

The cells were differentiated to mesendoderm using established protocol (60). Briefly, the
cells were dissociated with EDTA and plated at a density of 100,000 cells per cm? on vitronectin-
coated plates with E8 media supplemented with 5 yM ROCK inhibitor. The E8 media was changed
every day for the next 2 days. On day 3, the media was changed to RPMI-1640 medium (Thermo
Fisher Scientific) supplemented with 6 uM CHIR-99021 (Tocris). Following a 24 h treatment with
the differentiation media, the cells were collected for analysis.

Neural crest differentiation was achieved using a chemically defined protocol as described
previously (37). In brief, hPS cells were dissociated to single cells using accutase (Thermo Fisher
Scientific) and plated at a density of 10,000 cells per cm? on vitronectin-coated plates with E8

media supplemented with 5 puM ROCK inhibitor. The cells were grown for 24 h and then the
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medium was changed into the differentiation media every day for the next 5 days. The
differentiation media was prepared by supplementing DMEM-F12 (Life Technologies) with 1x N-
2 supplement (Gibco), 1.0 uM CHIR99021 (Tocris), 2.0 uM SB431542 (Tocris), 1.0 uM DMHI1
(Tocris), and 15 ng/ml BMP4 (Tocris).

Motor neuron differentiation was achieved using a modified 14-days protocol described
previously (33). In brief, hPS cells were dissociated to single cells using accutase and plated at a
density of 40,000 cells per cm? on vitronectin-coated culture plates with E8 media supplemented
with 5 uM ROCK inhibitor. As the cells reached >95% confluency, the medium was changed to
d0-d5 differentiation media every day for the next 5 days. The d0-d5 differentiation media was
prepared by supplementing the basal medium with 10 puM SB431542 (Tocris), 100 nM
dorsomorphin (Tocris), 1 pM retinoic acid (Sigma) and 1 uM Smoothend agonist (Tocris). On the
day 6 of differentiation, the medium was changed to d6-d14 differentiation media every day. The
d6-d14 medium was prepared by supplementing the basal medium with 5 uM DAPT (Tocris), 4
uM SU-5402 (Tocris), 1 uM retinoic acid (Sigma) and 1 uM Smoothend agonist (Tocris). The
basal medium contained 1:1 mixture of Neurobasal media (Life Technologies) and DMEM-F12
(Life Technologies) and was supplemented with 1x B-27 supplement (Gibco), 1x N-2 supplement

(Gibco), and 1x Gibco GlutaMAX (Life Technologies).

3.6.4 Immunofluorescence staining and imaging

For immunocytochemistry analysis, cells were stained live or stained after fixation. For
live staining, the cells were rinsed with DMEM/F12 or basal media, followed by incubation in a
blocking buffer (2% BSA in DMEM/F12) for 30 min in ice. The cells were further incubated with

primary antibody at appropriate dilution in a blocking buffer for 1 h at 4 °C. Then, the cells were
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exposed to the secondary antibody for 1 h at 4 °C. The stained cells were rinsed twice with cold
buffer and fixed with 4% formaldehyde for 10-15 min at room temperature.

For the staining of internal markers, the fixed samples were permeabilized and blocked with PBS
containing 0.1% Triton X-100 and 2% BSA. All primary antibodies were incubated in a blocking
buffer overnight at 4 °C or 1 h at room temperature. The primary antibodies and dilutions used are
described in Table S1. The secondary antibody staining was performed with Alexa Fluor 488, 594,
647 or Atto 647N conjugated anti-mouse, rabbit, chicken, or goat IgG antibodies (Invitrogen)
which were diluted at 1:1000 in the blocking buffer and exposed to cells for 1 h at room
temperature. For the samples for expansion, the secondary antibodies were used at 1:200 dilution.
The cell nuclei were counterstained with DAPI dilactate (1:10000, Molecular Probes). Images
were collected with the Nikon A1R Ultra-Fast Spectral Scanning Confocal Microscope. Images

were analyzed using Fiji.

3.6.5 Flow cytometry

H9 hPS cells and the differentiated cells derived from hPS cells were analyzed by flow
cytometry according to Holley et al. (22) with slight modifications. Briefly, cells were dissociated
using warm accutase and resuspended in cold DMEM/F12 supplemented with 5 uM ROCK
inhibitor. Cells were washed twice with cold PBS followed by incubation with 500 uL. Ghost
Dye™ Violet 450 cell stain (1:1000, Tonbo Biosciences) on ice for 30 min. Cells were then rinsed
with cold buffer (PBS, pH 7.4 supplemented with 0.1% BSA). Cells were further incubated with
anti-HS 10E4 at 1:200 dilution for 1 h, at 4 °C followed by fixation with 1% formaldehyde in cold
PBS. Data were collected using the Attune NxT Flow Cytometer (Thermo Fisher Scientific)
and analyzed using FlowJo software. The percentage of positive cells was established by

comparing wildtype cells to HS knockout cells.
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3.6.6 Immunoblotting

Cells were lysed in RIPA Buffer (Pierce) supplemented with 1x Halt Protease Inhibitor
Cocktail (Thermo Fisher Scientific) and 1x Halt Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). Genomic DNA is removed from the Cell lysates by repeatedly running through a 27
gauge needle followed by spinning down at 14,000g for 15 min at 4 C. Cell lysate were then
resolved by SDS-PAGE and transferred onto a PVDF membrane using a Trans-Blot® Turbo™
Transfer System (Bio-Rad). The membranes were blocked in 5% non-fat milk for 1 h at rt, then
exposed to the primary antibody diluted in PBS containing 5% bovine serum albumin (US
Biological) and 0.1% Tween-20 (Sigma) overnight at 4 C. The primary antibodies and dilutions
used are described in Table S2. The PVDF membranes were then exposed to the secondary
antibody, HRP-conjugated anti-rabbit IgG diluted at 1:10000 (Jackson ImmunoResearch) for 1 h
at rt. ECL Prime (Amersham) was used for chemiluminescent detection, which was recorded using

Chemi Doc imaging system (Bio Rad).

3.6.7 RNA preparation and qRT-PCR

Total RNA was extracted from undifferentiated hPS and d13 motor neurons using TRIzol
(Life Technologies) and Direct-zol™ RNA MiniPrep kit (Zymo Research) as per manufacturer
instructions. RNA (1 pg) from each sample was reverse transcribed to cDNA using iScript cDNA
Synthesis Kit (Bio-Rad). The qPCR was performed on the CFX Connect (Bio-Rad) using iTaq
Universal SYBR Green Supermix (Bio-Rad) and gene-specific primers. GAPDH was used as a
reference gene for normalization. The primer sequences used are described in Table S2. The
relative gene expression levels were determined using the ddCt method, and the error bars were

determined from the standard deviation of at least three biological replicates.
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3.6.8 Gene expression analysis by qPCR array

Human neurogensis RT2 Profiler PCR Arrays (Qiagen) were performed using an iTaq

Universal SYBR Green Supermix (Bio-Rad) on the CFX Connect (Bio-Rad) according to

manufacturer protocol. Data were analyzed with the PCR array analysis web portal. The results

represent the threshold cycle (Ct) for each gene normalized to the arithmetic mean of the Ct values

(2-ACt) of housekeeping genes. Black lines on scatter plots represent a 1.5-fold change between

control and experimental conditions. Genes with Ct values that are greater than 35 under both

experimental conditions were considered undetected and omitted.

Table 3.3. qPCR primer sequences

Gene
Symbol
SLITI

SLIT?

SLIT3

ROBOI
ROBO?2
ROBO3
ROBO4
TUBB3

Forward Primer (5'-3')

GATGGCTTGAGGACCCTAAT
CAACACCGAGAGACTGGATTTA
CCTTCACCCAGTACAAGAAACT
GAGTCTATGTCTGTGTAGCAAGG
TTGACAGATAGACCTCCACCTA
ATTACAACGAAGCGGGAATCT
TGGTTGGCAGACACTTGG
GTGCGGAAGGAGTGTGAAA

Reverse Primer (5'-3")

GGTGATCTGGTTGTCGTAGAG
GATCCTGGAATGCTCCTCTTT
GACCAGCGATGTGAGTGATT
CTGAAGTCATCCCGAAGTATGG
GATCACCAGTGGCTTTACATTTC
GCTGGGTCAATGGTGCTAT
AAGGAGCGACGACAGTCTA
CATGATGCGGTCGGGATAC
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Table 3.4. Primary antibodies

Antigen Species Source Dilution
Heparan sulfate Mouse US Biological (H1890) IHH 1:200,
FC 1:200
Basic FGF Mouse LifeSpan Biosciences LS-C114423 FC 1:100
pERK1/2 Rabbit Cell Signaling Technologies IB 1:2000
ERK Rabbit Cell Signaling Technologies IB 1:1000
SMAD2 Rabbit Cell Signaling Technologies IB 1:1000
pSMAD2 Rabbit Cell Signaling Technologies IB 1:1000
SMADI1 Rabbit Cell Signaling Technologies IB 1:1000
pSMADI/5 Rabbit Cell Signaling Technologies IB 1:1000
GAPDH Rabbit Cell Signaling Technologies IB 1:20,000
Nestin Mouse R&D Systems (1259) IHH 1:3000
Tuj-1 Mouse BioLegend (801201) IHH 1:1000
SOX17 Goat R&D Systems (1924) IHH 1:250
AFP Mouse R&D Systems (MAB1368) IHH 1:100
SMA Mouse Sigma (A2547) IHH 1:400
Brachyury Goat R&D Systems (2085) IHH 1:250
P75 Mouse BD Biosciences (562562) FC 1:100
HNK-1 Mouse BD Biosciences (347393) FC 1:100
NCAM Mouse BD Biosciences (561902) FC 1:100
EpCAM Mouse BD Biosciences (565398) FC 1:50
SOX10 Mouse Santa Cruz Biotechnology (SC-374170) IHH 1:100
ISLETI Rabbit Abcam (ab109517) IHH 1:250
MAP2 Chicken Abcam (ab5392) IHH 1:200
Synaptophysin Rabbit Abcam (ab32127)
PAX6 Sheep R&D Systems (2085) IHH 1:250
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Chapter 4

Ligand-specific synthetic surfaces for label-free enrichment of cell

subpopulations
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4.1 Abstract

Cell enrichment and separation techniques are fundamental components of biological
research yet these processes remain complicated and expensive. To address this technological gap,
we present a synthetic, surface-based cell separation strategy that can isolate or enrich cells of
interest in a simple and cost-effective way. Biocompatible materials can be tailored to present high
affinity, selective small molecules to engage specific cell surface markers. We aimed to develop a
small molecule-presenting, synthetic surface to isolate a subset of cells from a mixture. We
hypothesized that we could achieve enrichment of a cell population without any exogenous
labeling, at a much faster rate and with a very low cell loss. As a proof of this concept, we applied
this strategy to isolate genetically engineered human pluripotent stem cells by engaging the cell
surface polysaccharide, heparan sulfate. We next developed a synthetic surface presenting owf33
integrin-specific ligand. This display would be able to isolate the activated monocytes and T-cells
from the whole blood PBMCs. This synthetic surface-mediated cell separation strategy is modular
in nature and can be adapted to various systems by changing the small molecule structure. These
initial studies can serve as a platform, and future studies can accomplish it further by expanding
the library of small molecules to target specific cell surface markers. Overall, this strategy provides
access to tailored surfaces that can provide a simple, efficient, and cost-effective way to enrich a

subset of cells from a heterogeneous population.
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4.2 Introduction

Cell separation technologies are fundamental in biomedical science by facilitating the
isolation of cellular subpopulations for basic science or clinical application. From the first report
of separating the red and white blood cells (7), cell separation/ enrichment techniques are now an
integral component in bioresearch to isolate diseased tissue, identify the presence of specific cells
during pathological conditions, or develop cell-based regenerative therapies (2). With such high
impact applications, several strategies have evolved over the last several decades (3). Fluorescent-
activated cell sorting (FACS) and magnetic-activated cell sorting (MACS) both use external
labeling to identify target populations. FACS uses a fluorescent label to detect the cell type and
can sort up to 50,000 cells per second (4). MACS, on the other hand, uses the magnetic microbeads
conjugated antibodies which can extract the cell of interest using a magnetic field (5) and generally
have a higher throughput. These cell sorting methods offer a high-speed cell separation, although
this higher rate is often achieved at the cost of loss of cells and purity. They require an increased
number of cells, as cell loss can exceed even half the population (6). In either case, adding these
additional labels to the cells may limit the usefulness of these techniques, particularly for the
downstream experiments in cases where the labels persist. Moreover, these also make cell
preparation time-consuming and cumbersome. The other popular option is the density gradient
method, a label-free separation technique that exploits differences in density between populations
(7). However, it is also expensive and has very limited applicability (7).

To address this technological gap, we set out to develop a simple and cost-effective method
to isolate a pure population using a modular synthetic surface. Synthetic small molecules have
been found to engage specific cell surface molecules, including integrin, growth factor receptor or

even cell surface polysaccharides (8, 9). We envisioned combining modern surface fabrication
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methods with a highly selective ligand to probe ligand-presenting surfaces for an efficient and
cost-effective way to capture a subset of cells from a heterogeneous population.

As a proof of concept, we applied this strategy to two different systems. First, we aimed to
isolate genetically engineered human pluripotent stem cells based on the distinct expression of cell
surface carbohydrates using a ligand-specific surface. Starting from basic research to clinical
regenerative therapy, efficient cell separation methods are essential. However, the delicate nature
of pluripotent stem cells and the stem cell-derived differentiated cells causes a significant cell loss
with FACS or MACS due to long sample preparation and processing time. Moreover, it has been
shown that MACS or FACS are unable to meet the required level of purification for cell therapy
purposes (/0). Our aim is to address this using a surface-based enrichment strategy, which would
rely on the expressed cell surface molecules without any exogenous antibody/small
molecule/fluorophore labeling. Moreover, we specifically targeted a cell surface glycan to isolate
the cell of interest. Carbohydrates are the most prominent and outermost feature of the cells where
they can serve as a cellular “identification card” (/7). There are numerous pieces of evidence that
confirmed that glycans remodel based on circumstances, such as alteration during the migratory
phase of carcinoma cells (/2, 13), modification of N-glycan, O-glycan during cellular senescence
(14), even changes in glycan profile during active infection and inflammation (/5). Therefore,
using a modular, surface-presenting a glycan-specific ligand could be a critical tool to identify
unique changes in cell surface glycans under developmental or pathological conditions.

The need for cell sorting is not limited to stem cells and thus we wanted to test the broad
applicability of our approach. Towards this, we set out to purify the specific immune cells from
the heterogeneous population. Currently, immune cell separation heavily relies on FACS (7/6). We

hypothesized that we could target a cell surface integrin to capture desired cell types. The Integrin
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family of receptors is expressed in virtually every cell in the human body except erythrocytes (/7).
This heterodimeric transmembrane protein is composed of one a and one § subunit (/8). There are
18 o and 8 B subunits in humans that can form 24 unique compositions on the cell surface (/7).
Therefore, synthetic surfaces that can selectively engage specific integrin molecules could be
useful to engage specific cell types from the mixed population.

Currently available cell sorting methods can multiplex the cell separation based on multiple
cellular markers. Although the small molecule-ligand-specific surface we presented here is highly
modular, it is yet to be adapted to multiplexing. This surface could be improved as a patterned
surface presenting different ligands to engage different cell subtypes from the same cell mixture.
This would allow separating different cell types from a heterogeneous population in a rapid,
traceless, and inexpensive way. Moreover, the surface presenting highly selective small molecules
could also be used to modulate the specific signal transduction downstream of a specific cell
surface molecule, such as integrin, glycosaminoglycan, specific growth factors etc. This could

further yield insights complementary to the findings obtained from traditional genetic experiments.

4.3 Results
4.3.1 Enrichment of genetically modified human pluripotent stem cells

Heparan sulfate deficient cells were engineered by CRISPR-mediated targeting of the HS
biosynthetic gene EXT1. The CRISPR protocol yielded a mixed cell population containing the
heparan sulfate-containing (WT) and -deficient (EXT17") cells. A modular surface was used to
isolate the HS-deficient cells. Previously it was shown that a synthetic surface presenting heparin-
binding peptide (GKKQRFRHRNRKG, FHRRIKA, and GWQPPARARI) can consistently
mediate the hPS cell adhesion and allowed for hPS cell propagation in the undifferentiated state

(9). Out of these three heparin-binding peptides, GKKQRFRHRNRKG which is derived from
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vitronectin was shown to support the adhesion and propagation of the hPS cells at the lowest
peptide substitution level. We reasoned that presenting this vitronectin heparin-binding domain
(VHBD) as a surface to hPS cells would engage the cell surface heparan sulfate. Thus, HS-
deficient hPS cells would not be able to bind to the surface and remain floating in the cell

suspension allowing for separation (Fig. 4.1).

‘@‘MP‘I OOV
EXTT1”
Heparan sulfate Heparan sulfate
containing cells deficient cells

—
(& )

&) Heparan sulfate containing cells

- | Heparan sulfate deficient cells

Enrichment of
CRISPR-modified cells

Fig. 4.1: Schematic plan to enrich the CRISPR-modified cells using a modular surface. A)
Targeting the EXT1 gene using CRISPR. B) Purification of cells that are engineered and lack
the cell surface heparan sulfate.

The mixture of WT and EXTI” cells was presented to the VHBD peptide-presenting
surface where the biotinylated peptide has adhered to the plastic surface of the culture plate through
streptavidin. Cells were allowed to bind to the surface for 30 min incubation. After 30 min

incubation, the media suspension was collected as the fraction of HS-deficient (EXT1”) cells. This
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enrichment was repeated for 3 more rounds and the collected cells were tested for the presence of
HS-containing cells.

To assess the utility of this method, we tested the efficiency of this enrichment strategy.
We tested the presence of glycosylated syndecan 4 (Sdc4) in the pre-and post-enrichment fractions
by Western blot. Syndecan 4 is one of the core proteins of heparan sulfate glycoprotein
(HSPG). We showed that after the enrichment there is significantly less glycosylated Sdc4 protein
(Fig. 4.2A). This suggests that after the enrichment, the isolated cell fraction does not have cell
surface heparan sulfate.

To confirm this further, we measured the HS expression of the pre-and post- enrichment
cell fractions using flow cytometry. We showed that only after one round of enrichment, the
isolated cell fraction contains 63.2% of HS deficient cells (Fig. 4.2B). Moreover, after three rounds
of enrichment using the modular cell culture surface, the isolated cell fraction increased to 76.7%
(Fig. 4.2C). We further confirmed with microscopy that the isolated cell fraction does not express
any HS (Fig. 4.3A) on the cell surface but retains the pluripotency markers (Fig. 4.3B) Finally, we

observed a normal karyotype, confirming the genomic integrity of the enriched cells (Fig. 4.3C).
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Fig. 4.2: Assessing the enrichment efficiency. A) The enrichment efficiency was measured by
detecting the syndecan-4 (Sdc4) in wildtype (WT), pre-enrichment (Pre), and Post-enrichment
(Post). The post enrichment mixture of cells significantly less Sdc4 expression. B) Heparan
sulfate expression is detected in the pre-and post-enriched population. C) After 3 rounds of
enrichment the mixture of cells are mostly composed of HS-deficient cells.
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Fig 4.3: The enriched cell population were HS-deficient human pluripotent stem cells. A)
Confocal microscopy images of wildtype (H9) and EXTI” cells immunostained for heparan
sulfate (green) and counterstained with DAPI (blue). Scale bar, 50 um. B) Confocal microscopy
images of EXTI”" cells immunostained for pluripotency markers Oct-4, SSEA-4, Nanog, and E-
cadherin, and counterstained with DAPI (blue). Scale bar, 200 um. C) G-banded karyotyping of
EXTI” cells cultured in standard hPS cell culture conditions indicate a normal karyotype.
4.3.2 Strategy to separate the primary immune cells using the modular surface

Next, we sought to apply this strategy to isolate specific immune cells from the mixture of
whole blood-derived peripheral blood mononuclear cell (PBMC). PBMC contains a mixture of

many specialized immune cells. While activated, these specialized cells expressed specific surface

markers. We reasoned that developing a modular surface that presents a specific ligand to bind to
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a specific cell surface marker on these immune cells would allow us to do a rapid, traceless
purification of immune cells.

Previously it has been shown that human monocytes can be activated in presence of
hematopoietic growth factor- granulocyte-macrophage colony-stimulating factor (GM-CSF) and
human T-cells can be activated in presence of phytohemagglutinin (PHA) and phorbol-12-
myristate-13-acetate (PMA) (/9). These activated blood cells express specific integrin ayf3 on the
cell surface. We envisioned that a biotinylated version of the ayf3 antagonist could be presented
on a surface to engage these specific activated blood cells and would allow isolating this
subpopulation from the mixture (Fig 4.4).

We first separated the PBMC from whole human blood using density-gradient
centrifugation. The separated PBMCs were stimulated with GM-CSF or PHA+PMA for 48 hours.
After stimulation, we tested the expression of ayf33 integrin in the PBMC by flow cytometry. We
showed that both of the stimulations significantly induced the expression of ayp; integrin in
monocytes (Fig. 4.5B) and T-cells (Fig. 4.5A), respectively. Once we had confirmed the
expression of specific integrin ovf3, we aimed to isolate these subpopulations using our modular
surface strategy. A bifunctional compound was developed previously (8) where a synthetic integrin
antagonist targeting oyf3 integrin was appended on a biotin moiety through an oligo (ethylene
glycol) ((EG)4) linker (Fig. 4.5C) (8). This biotinylated oyf3 antagonist can be presented on the
polystyrene plates coated with streptavidin. This work is currently in progress. We anticipate that
this modular surface would readily engage the o33 integrin of the activated immune cells from the
mixture and thus would allow isolating the subpopulation of the immune cells in a rapid and label-

free way.
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Fig. 4.4: Schematic plan to enrich the activated immune cells using a modular surface. A)
Separation of PBMC from the whole human blood. B) Purification of the activated monocytes
using modular surface presenting biotinylated ligand to bind specific ligand on the cell surface.
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bind specific ligand on the cell surface.
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activated T-cells upon PHA and PMA stimulation (A), and the activated monocytes upon GM-
CSF stimulation (B) express aVfB3 integrin on the surface. (C) Chemical structure of the
bifunctional compound that binds specifically to the avf3 integrin. A biotin moiety with an oligo
(ethylene glycol) ((EG)4) linker is appended to the amine 1 of the compound, specific for the
avfPs integrin. Unpaired t-test between unstim and stimulated cells were used for data analysis.
An asterisk denotes a statistically significant difference (*****p<0.000000xx, **p<0.05)
between unstim and stimulated cells.
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4.4 Discussion and future direction

Cell isolation or enrichment is a fundamental process in biomedical science, yet this
process currently remains labor-intensive and expensive. Where rapid collection of pure live cells
at the output is the final arbiter of the quality of the separation/enrichment method, existing
separation methods, such as FACS, and MACS, sometimes fall short. Even these powerful tools
require extensive and expensive labeling and the cells separation is biased by the effectiveness of
labeling. Here we presented a strategy to separate/enrich a live-cell subpopulation in a rapid, label-
free way. Unlike conventional methods for cell sorting, (20) our strategy relies only on the
presence of endogenous cell-surface markers. This method advances usability, efficiency, purity,
cell losses, and cost of the existing techniques. Developing this strategy into a benchtop practice
would significantly contribute to biomedical research.

Biocompatible materials have diverse utilities in cell-cell/matrix interactions, cellular
signaling, etc. A critical advantage of using synthetic material is that it can be tailored to a specific
application. Herein, we reveal that the synthetic modular surface can be tailored and used to
separate cellular subpopulations from a cell mixture. We showed that our small-peptide-modified
surface can engage specific glycosaminoglycan, heparan sulfate on the cell surface and thus
separate the HS-containing and HS-deficient cells. This label-free, fast method was specifically
helpful since these isolated HS-deficient live cells can be further cultured and propagated as a
human pluripotent stem cell line. We confirmed that after the separation, the cells are healthy,
maintained genetic integrity, and maintained their pluripotency. This highlights the effectiveness
of this method to separate the genetically engineered cell line after the modification. No labeling
was required to identify the cells of interest, making it convenient for the downstream handling

and further experiments, which is a caveat with other existing tools (e.g., FACS, MACS).
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Isolating and controlling the differentiation of human pluripotent stem cells is still a
challenging task in the field of stem cell biology. To separate the differentiated cells from their
pluripotent counterpart or to enrich a specific type of cell upon differentiation; complex
purification protocols, such as fluorescence or magnetic-activated cell sorting are used. Such
separations are critical because if any ‘contamination’ of undifferentiated cells is remaining, it may
cause teratoma formation (/0, 27) in the culture. Using a modular surface that can engage specific
cell-surface protein thus provides an alternative, rapid, and convenient method for isolating
differentiating cells from their undifferentiated counterpart. This is specifically important for stem
cell biology since, differentiated cells such as neuronal cells, organoids are needed to be handled
very delicately. Moreover, expanding this modular surface to present a combination of small
molecules, engaging specific adhesion molecules or growth factor receptors also has the potential
to guide the subsequent differentiation of specific cell types after sequestering. Thus, this can be a
powerful tool to modulate the functionality of cells.

We aimed to extend this strategy to other cell separation problems. Rapid, label-free
purification of immune cells remains a challenge and heavily relies on flow cytometry-based cell
sorting, which can be cumbersome and time-consuming. We identified a specific cell surface
marker, o3 integrin, expressed on surfaces of activated immune cells (monocytes and T-cells).
We developed a small-molecule-based platform that can engage these o3 positive cells and thus
be able to separate them from a mixed population. Our preliminary results show a great potential
of this strategy; however, it warrants further characterization and optimization to establish this
technique for isolating immune cells from the mixture. This work is currently in progress.

While we showed a3 integrin expression on specific immune cells, inflammatory Th17

cells also express ovfs integrin for pathogenic functions(22), moreover activated glioma (23),

152



melanoma cells (24) express ayf3 integrin which correlates to the migratory property of the
cancerous cells. In these cases, our small-molecule-based surface could also be used as a strategy
to identify the presence of specific cells in tumors or cells collected from the site of infection.
Therefore, the tailored surface could be used as a diagnostic tool even to detect the state of infection
or cancer progression. There are multiple small molecule binders selective for integrins other than
avP3 have been reported, specifically—targeting RGD recognizing integrins (o3, s, asPi, ovfPe)
(25-27). Therefore, this general, modular strategy can be readily adapted to isolate, enrich and
identify specific sets of cells from a mixed population.

The modular strategy outlined here can be readily used to isolate specific cells from a
mixture. It can be further expanded to unravel diseases state, developmental or inflammation
progression. However, to accomplish these strategies, our ability to target cell surface markers
with synthetic molecules needs to be further expanded. We anticipate that this selective ligand
binding tailored surface has significant promise as a new standard benchtop laboratory technique

that could augment or perhaps even replace existing purification protocols.

4.5 Method and Materials
4.5.1 Cell lines and cell culture

H9 (WiCell) and EXTI”- human embryonic stem cells were maintained in E§™ medium
(Stem Cell Technologies) on VIN-XF™ (Stem Cell Technologies)-coated non-tissue culture
plates. Cells were maintained at 37 °C in 5% CO,. Cells were passaged manually using EDTA (1
mM) every 4-5 days, with the addition of 5 uM Y-27632 dihydrochloride (Tocris) during the first
day.

Human blood samples were purchased from a commercial vendor, RBC (Research Blood

Components, Watertown, MA).
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4.5.2 Immunostaining, immunoblotting, and flow cytometry assay

Immunofluorescence, immunoblotting, and flow cytometry assays were performed as
described in previous chapters. The primary antibodies used are listed in Table 4.1.
4.5.3 Karyotyping

G-banded karyotyping is performed through Themo fischer scientific.
4.5.4 PBMC isolation and stimulation

Peripheral blood mononuclear cells from whole blood freshly drawn from healthy

human volunteers were isolated via centrifugation using RosetteSep and Lymphoprep reagents
(StemCell Technologies).

For cell activation studies PBMCs are stimulated with either 10 ng/ml human GM-CSF
(R&D Systems) in RPMI media or a combination of 1 pg/ml PHA and 30 nm PMA for 48 hours.
Control (unstimulated) cells were maintained in RPMI for equivalent times.
4.5.5 Synthesis of ayp3 integrin-specific bifunctional molecule

avB3 integrin-specific bifunctional molecule was synthesized following the protocol
published elsewhere (8, 28).

Table 4.1 Primary antibodies

Antigen Species  Source Dilution
Heparan sulfate Mouse  US Biological (H1890) IHH 1:200,
FC 1:200
Syndecan-4 Rabbit Abcam (ab74139) IB 1:1000
GAPDH Rabbit Cell Signaling Technologies 1B 1:20,000
OCT4 Goat R&D Systems (AF1759) IHH 1:150
SSEA-4 Mouse R&D Systems (MAB1435) IHH 1:50
NANOG Goat R&D Systems (AF1997) IHH 1:150
E-Cadherin Mouse R&D Systems (MAB1838) IHH 1:100
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