Stem Cell-Based Modeling of Early Human Neural Development
by

Xufeng Xue

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Mechanical Engineering)
at the University of Michigan
2020

Doctoral Committee:

Associate Professor Jianping Fu, Chair
Associate Professor Benjamin Allen
Associate Professor Allen Liu
Professor K. Sue O’Shea



Xufeng Xue
xufeng@umich.edu

ORCID: 0000-0002-9379-8589

© Xufeng Xue 2020



Acknowledgements

I would like to first express my deepest gratitude to my advisor Prof. Jianping Fu for his
mentoring and guidance during my entire PhD study. I am always inspired by Prof. Fu’s passion
and rigorous attitude for research, and this would continue to motivate me as an independent
researcher in the future. I thank him for his hands-off advising style and continuous support to
my work, which allows me to explore different research areas and develop my creativity
independently. I truly appreciate his genuine care towards my career path and helping me

building connections.

Besides my advisor, I am truly grateful for all my mentors and collaborators. I would like
to thank the rest of my thesis committee, Prof. Allen Liu, Prof. K. Sue O’Shea, and Prof.
Benjamin Allen for their interest in my work, taking time to meet with me, providing valuable
feedback and insightful suggestions on my research. I would also like to thank my collaborators
Prof. Cheri Deng, Dr. Xiaowei Huang, Dr. Tugba Topal, Dr. Zhenzhen Fan, Dr. Shiying Liu,
Eric Hobson and Chun-Yen Sung for our memorable and meaningful work together. It’s amazing
to have so many wonderful collaborators and this really made my research life much more

pleasant and enjoyable.

I also sincerely thank my fellow lab mates: Dr. Koh Meng Aw Yong, Dr. Zeta Yu, Dr.
Yubing Sun, Dr. Yue Shao, Dr. Shinuo Weng, Dr. Yi Zheng, Dr. Zida Li, Xiang Li, Jianming
Sang, Yuanyuan Zheng, Feng Lin, Sajedeh Esfahani, Agnes Resto Irizarry, Sicong Wang,

Samuel Byung-Deuk Lee, I would like to thank them for helping me to get started in this lab,

il



sharing knowledge and skills with me, and providing generous help and insightful suggestions to
my research. I would also thank Prof. Allen Liu, Prof. Katsuo Kurabayashi and lab members of
them: Kenneth Kwun Yin Ho, Dr. Shue Wang, Yujing Song and Meng-Ting Chung, et al. for

sharing the equipment, knowledge and expertise with me.

In the end, I would like to thank my parents and wife for their endless love, unconditional
support. I thank my parents for their trust to let me to make my own life decisions and their
encouragement to help me overcome difficult times. I hope they live happy and healthy and I
hope I could spend more with them in the future. I thank my wife for taking care my life. I

couldn’t achieve this dissertation without your love and support.

il



Table of Contents

ACKNOWIEAZEIMENLS .....c.eiiiiiieeiiieiieeie ettt ettt et et e e bt e st e e bt esabeesseessseesaessbeenseesaseenseennsaans il
LSt OF FIGUIES ...etieniie ettt ettt ettt et e e st e et e e s aaeesbeessaeensaesaseenseessseenseas vii
LISt OF TADIES ...ttt ettt ettt et et esat e e b e s neeebeen X
3] A0 AN o] 013 1 T B 1< OSSPSR X
AADSTIACE ...ttt h et e a e bttt e a e bt bt e h e bt et bt e bt et e it enaes Xi
Chapter 1 INTrOAUCTION ......ceoiiiiiiiiieie ettt ettt e e et esaaeesbeessseenseesnseenseeenns 1
1.1 Current understanding of NEUTUIAtION ...........cccviiiiiiiiiiiiecie e 2
11,1 NeUural IAUCTION. ..cc..eiiiiiiie ittt ettt st esaeeeeeas 2
1.1.2 Neural plate border SpeCifiCation ..........ccueeeiiiieeiiiieeiiiecieeeeee e e eieeeereeesaee e 7

1.1.3 Neural tube dorsal-ventral patterning ............cccccveeeciieriieeriie et e s 8

1.2 Human pluripotent stem cells: a new paradigm for modeling human development...... 13
1.3 Research topics and dissertation OULHNE ............coccuvieiiiieiiiieeniie e 16
Chapter 2 Self-Organized Neuroectoderm Patterning by Human Pluripotent Stem Cells............ 19
2.1 INEEOAUCHION ..ttt ettt et sttt et sttt nae e 19
2.2 Materials and MethOdS ........c.coouiiiiiiiiiiiieieieeee e 21
2.2.1 Culture MEAIUIT ..ottt ettt sttt et e 21
2.2.2 Cell CUILUTE. ...ttt et ettt e be et e et e saeeeas 22
2.2.3 MICTOCONTACE PIINEINE. . ecuvvieeiiieeeiiieeeteeesieeesreeeseteeesereeessseessseeessseeasseesnseeessseeessseeensnes 23
2.2.4 StencCil MICTOPAtLETNING. ....veeiviieeiieeeiieeeiieeeieeerteeesaeeestaeeesaeeeeeeesseeessseeesnseeessseeensnes 24
2.2.5 IMMUNOCYLOCREIMISIIY. ...viiiiiiiiiiiieeciee ettt ettt re e e e et e e etaeesreeeenaaeessseeeenns 25

v



2.2.6 TMAZE ANALYSIS...ccuiieeiiieiiiieeieeeeieeeeieeeeiee e e et ee et e e etaeeesaeeeseeesnsaeesnsaeessneeesnseeennnes 25
2.2.7 Tracking cell migration and unbiased random walk model.............cccccecvveriirrnnnnnne. 27
2.3 ReSults and diSCUSSION. .....cccuuiiuiiiiiieiieiie ettt ettt ettt et e st e bt e st e ebeesaeeens 28

Chapter 3 Mechanics-Guided Cell Fate Patterning in a Human Pluripotent Stem Cell-Derived

Neuroectoderm MOEL ........couiiiiiiiiiii ettt 44
3.1 INErOAUCHION ittt sttt ettt et nbe s 44
3.2 Materials and MethOds .........cocuiiiiiiiiii e 46

3.2.1 Traction force MeaSUIEMENL. ........eceitieiiiiiieiieeie ettt sttt 46
3.2.2 Microfluidic cell stretching deViCe. ......c.uievviieeciiieiiieciie e 47
3.2.3 RNA isolation and quantitative reverse-transcription PCR (qQRT-PCR) analysis. ...... 48
3.2.4 Pharmacological treatment. ............ccvieeiuiieeiiieeeiie e ceree et eeeeaee e raeeeaee e es 49
3.2.5 SHALISTICS. 1utteeutieiie ettt ettt ettt et ettt e bt e e it e e bt e et e e bt e sab e e bt e s abeebeeeabeenbeenaee 49
3.3 Results and diSCUSSION. .....cc.uiiiuiiiiiiiieitieiie ettt ettt e b e st e e e saeeens 49

Chapter 4 Dorsal-Ventral Patterned Neural Cyst from Human Pluripotent Stem Cells in a

NEUIOZENIC INICHE ...oviiiiiiiie ettt ettt et e et e et e s sae et e e s abeenbeessbeenseesnseenseannns 65
4.1 INEEOAUCTION ..ttt ettt b e st e bt e s et e e bt e sabeebeesaneens 65
4.2 Materials and MEthOAS ..........ooiuiiiiiiiiiie et 67

42,1 Cell CUILUTE. ...ttt ettt ettt et e st esaaeens 67
4.2.2 Fabrication of el DEAS. .......ccciiiiiiiiiiiiecie et 68
4.2.3 Neural INAUCTION. .......eiiiiiiieiie ettt et e st st bt e s eesbeesaeeens 69
4.2.4 IMMUNOCYLOCHEIMISIIY. ...viiiiiiiiieiieeciieeeite et e et eeeee e e e e eteeeeraeesnraeeensaeessseeennnes 70
4.2.5 Confocal microscopy and image analysis..........ccceeecueerieriienienieeniee e eiee e eieeseeens 70
4.2.6 StatistiCal ANALYSIS. . ..eeeiieriiiiiieiiie ettt ettt ae et e saaaens 70
4.3 RESUILS ettt ettt ettt 71
4.3.1 3D biomimetic culture for neuroepithelial cyst development..............ccoeeveviieniiennnnn. 71
4.3.2 Dorsal-ventral patterning of neuroepithelial CyStS..........ccecveriiriiiiiiiiiiiieiieeeeee 73



4.3.3 Progressive dorsal-ventral patterning of neuroepithelial Cysts........ccccceevvercieernnennee. 77

4.3.4 Dorsal-ventral patterning of neuroepithelial cysts is dependent on RA concentration

ANA AUIATION ...ttt ettt b ettt b et e it e sbe et satesbeenbeeanesbeenee 80
4.3.5 Generation of motor neurons from neuroepithelial cysts .........c.ccevvieriiieniiniiinieninnn. 82

4.4 DISCUSSION «..eoutiiiiiienieeitertt ettt ettt ettt b ettt be et s et e s bt et e e st e sb e et e eatesbeebeenaenaeenee 83
Chapter 5 Conclusion, Perspective, and Future Work..........c.coccieiiiiiiiiniiniieiecieceeeeeee 87
5.1 Summary OF theSIS . ..ceiiiiiiiiiecii ettt et e e 87
5.2 FUUIE WOTK ..ot ettt ettt et en 88
5.2.1 Mechanobiology of in vitro human neuroectoderm development.............cccccccvveennee. 88

5.2.2 Defined co-culture platform to study the tissue interaction in regulating

NEUroeCtOdETM PALLEITIINE ...c.vieiieiiieeiieeieetie et estte et eteeeteeteesaaeesseesabeeseessseenseessseenseesnsaens 89

5.2.3 High-throughput neural teratogenicity testing system based on hPSC-derived in vitro

NEUroectoderm MOAEL.......coouiiiiriiiiiiiiiee ettt e 92
5.2.4 Controllable modeling of dorsal-ventral patterning of human neural tube.................. 93

5.3 Conclusion and PerSPECTIVE. ......eeuieruieeiierieeiieeiieetieseeerteesteebeesereeseesareeseessseeseessseans 94

F N 0] 81S) 116 (oS USRUUUSPSR 98
RETEIEIICES ...ttt ettt ettt et e st et e s b e e beeeeee 109

Vi



List of Figures

Figure 1-1 Schematics of neurulation in VIVO. ........cccueeeuieriieiiienieeiieiie et 2
Figure 1-2 Interactions between FGF, WNT and BMP signaling pathways for neural induction in
CHICK @IMDIYO. . viiiiiiieie ettt e et e et e e e tae e e saeeesaeesssaeeensseesnsaeesnseeennses 6
Figure 1-3 Dorsal-ventral patterning of chick developing spinal cord at different stages........... 10

Figure 1-4 Sequential expression of Shh, Foxa2, Nkx2.2 and Olig2 in mouse neural tube around

S T T OO OO OO PR PSPPSR 12
Figure 1-5 In vitro models of dorsal-ventral patterning of the neural tube. ............cceevevrennnnn. 16
Figure 2-1 Schematic of neural induction in vivo and in VItro. ........ccceeeeveeerieeeniieeriee e 20
Figure 2-2 Neural induction ProtoCoL. ..........cccueiiriiieiiiieeiiie et sree e 29

Figure 2-3 Morphology characterization during self-organized neuroectoderm patterning in
circular hPS Cell COLOMIES. ....ccuuiiiiiiiiiiiieieeetee ettt 30
Figure 2-4 Cell fate patterning of self-organized of hPS cell-derived neuroectoderm tissue....... 31
Figure 2-5 Self-organized neuroectoderm patterning from micropatterned circular colonies of
different hPS Cell IINES. .....ooveiiiiiiiiiiieeeee ettt 32
Figure 2-6 Differentiation potential of neuroepithelial (NE) and neural plate border (NPB) cells.

....................................................................................................................................................... 34
Figure 2-7 Effect of colony size on self-organized neuroectoderm patterning. .............ccceeeeveeenne 36
Figure 2-8 Effect of cell seeding density on self-organized neuroectoderm patterning. .............. 38
Figure 2-9 Dynamic expression of SOX10 during self-organized neuroectoderm patterning. .... 39

Figure 2-10 Dynamic expression of cell lineage markers during self-organized neuroectoderm

PALLETIIINIE. ©vvvieeiieeeieee ettt e ettt e et e e ettt eeetteeesateeesaeeesaeeensseeanssaeassaaeasseeessaeenssaeensseeansseeenssaesnseeennseens 40
Figure 2-11 Cell migration during neuroectoderm patterning. ..........ccceceevveeeereenierieeneeneneeneenne 42
Figure 3-1 Self-organization of morphogenetic factors controls neuroectoderm patterning........ 50

Figure 3-2 Mechanically guided emergent neuroectoderm patterning is mediated by BMP-Smad

T4 0F:1 11 oYU 52

vii



Figure 3-3 BMP-SMAD activity is dependent on cell shape. .........cccoveeviriiiniininieniinccienee, 53
Figure 3-4 Traction force and expression of BMP target genes depend on cell spreading area... 54
Figure 3-5 Mechanical force is sufficient for activating BMP-SMAD signaling and inducing
neural plate border cell differentiation. ..........cccveeeiiieeiiieceeee e 56
Figure 3-6 Microfluidic cell stretching device...........ooovevieiiiiiiniiniiiiieeceeee e 57
Figure 3-7 Effect of LDN dosage on graded SMAD activation in micropatterned hPS cell
COLOMIIES. .ttt ettt h e e b e e ae e e bt e s ht e e bt e s h bt eab e e s hbeembeessbeanbeesaneanbeesnbeanbeennneans 58

Figure 3-8 BMP-SMAD signaling is required for mechanically guided neuroectoderm patterning.

....................................................................................................................................................... 59
Figure 3-9 Dot plots showing qRT-PCR analysis of neural plate border (NPB) markers PAX3 and
SOXO. ettt h ettt et e teen e e ett et e ene e aeente st e st enaeenee bt enteeneenne 61
Figure 3-10 Cell shape and contractility regulates BMP-SMAD signaling and dictates NE and
NPB cell fate lineage commitment during neuroectoderm patterning............cceeeeeveereverveenneenne 61
Figure 3-11 Tight-junction integrity is not required for neuroectoderm patterning in
micropatterned hPS Cell COIONIES. .......c.eivvviiiiiiiiiie e e e 63
Figure 4-1 hESCs form neuroepithelial (NE) cysts in an engineered 3D neurogenic niche. ....... 72
Figure 4-2 Molecular characterizations for neuroepithelial Cysts..........ccccoevieriiienieniiienienieeee. 73

Figure 4-3 Self-organized, emergent dorsal-ventral patterning of neuroepithelial cysts in Gel-3D.

....................................................................................................................................................... 74
Figure 4-4 Dorsal-ventral patterning of neuroepithelial cysts from multiple hPSC lines in Gel-3D
....................................................................................................................................................... 75
Figure 4-5 NKX6.1 expression in ventral patterned neuroepithelial cysts in Gel-3D.................. 77
Figure 4-6 Dynamics of dorsal-ventral patterning of neuroepithelial cysts in Gel-3D. ............... 80
Figure 4-7 Independent effects of RA and SHH on patterning of neuroepithelial (NE) cysts in

(€ 15 E ] D OO OO SRR PSR PTUPTRO 81

viii



List of Tables

Table B-1 List of primary antibodies used for the immunocytochemistry...........ccccceceeveenennnene

Table D-1 List of primers used for the qRT-PCR analysis...........ccccoevuiiiiiiniiniiiinieeiieieeieeen.

iX



List of Appendices

Appendix A General cell bI0lOZY @SSAYS .....eccviiiriiriiiieeiiie et eeireeeiee e eeste e aeeesaaeeeaeeesaeeens 98
Appendix B List of primary antibOdies ...........ccceerureriieniieiiienieeiiesie ettt 102
Appendix C Cell StretChing aSSAY .......c.eeevvieriieiiieiieeiierie ettt et e e e eaeesaaaens 104
Appendix D List of qRT-PCR PIrimMErs .......ccoocuiiiiiiiiiiieeiieceeee et 108



Abstract

Neurulation is a key embryonic developmental process that gives rise to the formation of
the neural tube (NT), the precursor structure that eventually develops into the central nervous
system (CNS). Understanding the molecular mechanisms and morphogenetic events underlying
human neurulation is important for the prevention and treatment of neural tube defects (NTDs)
and neurodevelopmental disorders. However, animal models are limited in revealing many
fundamental aspects of neurulation that are unique to human CNS development. Furthermore,
the technical difficulty and ethical constraint in accessing neurulation-stage human embryos have

significantly limited experimental investigations of early human CNS development.

In this dissertation, I leveraged the developmental potential and self-organizing property
of human pluripotent stem cells (hPSCs) in conjunction with 2D and 3D bioengineering tools to
achieve the development of spatially patterned multicellular tissues that mimic certain aspects of
the early human neurulation, including neural induction and dorsal-ventral (DV) patterning of

NT.

In the first section, I report a micropatterned hPSC-based neuroectoderm model, wherein
pre-patterned geometrical confinement induces emergent patterning of neuroepithelial (NE) and
neural plate border (NPB) cells, mimicking neuroectoderm patterning during early neurulation.
My data support the hypothesis that in this hPS cell-based neuroectoderm patterning model, two

tissue-scale morphogenetic signals, cell shape and cytoskeletal contractile force, instruct NE /

xi



NPB patterning via BMP-SMAD signaling. This work provides evidence of tissue mechanics-
guided neuroectoderm patterning and establishes a tractable model to study signaling crosstalk

involving both biophysical and biochemical determinants in neuroectoderm patterning.

In the second section, I report a human NT development model, in which NT-like tissues,
termed NE cysts, are generated in a bioengineered neurogenic environment through self-
organization of hPSCs. DV patterning of NE cysts is achieved using retinoic acid and/or Sonic
Hedgehog, featuring sequential emergence of the ventral floor plate, p3 and pMN domains in
discrete, adjacent regions and dorsal territory that is progressively restricted to the opposite

dorsal pole.

These hPS cell-based in vitro models are important alternatives to animal models to study
the self-organizing principles involved in autonomous patterning during human neurulation.
These models could also be leveraged for developing high-throughput toxicological studies and

drug screening platforms for prevention and treatment of neural tube defects.
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Chapter 1

Introduction

Neurulation is a key embryonic developmental process that gives rise to neural tube (NT),
the precursor structure that eventually develops into the central nervous system (CNS).
Neurulation occurs soon after the gastrulation of the embryo, during which the epiblast resolves
into a trilaminar germ disc structure containing the ectoderm, mesoderm and endoderm [1].
Neurulation is initiated by a neural induction process, during which the ectoderm is specified
into a spatially patterned multicellular tissue containing the neural plate (NP) and the non-neural
ectoderm (NNE, prospective epidermis) separated by the neural plate border [2, 3]. After neural
induction, the NP folds towards the dorsal side of the embryo and fuses to form the tubular NT,
enclosing a fluid-filled lumen (Figure 1-1) [4]. The development of the NT continues with the
differentiation of distinct classes of neuronal progenitor cells located at defined positions within
the NT along both the anterior-posterior (AP) and dorsal-ventral (DV) axes. Specification of
neuronal fates in the NT is directed by secreted inductive factors (i.e., morphogens) released
from surrounding embryonic tissues. These inductive signals are transduced through
intracellular signaling events and genetic networks to activate distinct transcriptional factors that
restrict the progressive development and specification of progenitor cells in the NT towards

different classes of neuronal and glial subtypes [5-7]. Disruption of NT development leads to NT



defects (NTDs), one of the most common birth defects, affecting over 300,000 births each year
worldwide [8]. Many neurodevelopmental disorders such as autism spectrum disorder and
Down’s syndromes are also due to dysregulation of early CNS development [9, 10].
Understanding the molecular mechanisms and morphogenetic events underlying human
neurulation is thus important for the prevention of NTDs and other neurodevelopmental
disorders. Here I briefly summarize our current understanding of the developmental principles
underlying the early neural development, with a focus on neural induction, NPB specification

and DV patterning of NT.

Ectoderm

Mesoderm ——————

Endoderm —

Neural plate l

Neural plate border

Non-neural ectoderm

|Neuroectoderm formation|

Neural groove Neural tube
Somite

[Neural plate folding | | Neural tube formation |

Figure 1-1 Schematics of neurulation in vivo. After gastrulation, ectoderm becomes specified to
give rise to non-neural ectoderm (skin), neural plate border and neural plate. This process is called
neuroectoderm formation or neural induction. Then the neural plate bends towards the dorsal side
of the embryo and forms neural groove. The closure of neural groove forms a tubular structure:
neural tube.

1.1 Current understanding of neurulation

1.1.1 Neural induction



Neural induction is the first step of the development of nervous system, during which
ectoderm cells formed spatially patterned neuroepithelial (NE) cells, NPB cells and epidermis
(skin). The first work elucidating the mechanism of neural induction was conducted by Spemann
and Mangold in 1920s [11]. In this famous experiment, tissue from dorsal lip of the blastopore in
amphibian embryos were transplanted to another gastrula stage amphibian embryo. Interestingly,
the recipient embryo developed a secondary nervous system surrounding the transplanted cells.
This study suggested that dorsal lip (later called organizer) provides inductive signals that
specify neighbor ectoderm cells into neural fate. The analogous structures that are capable to
induce neural development of adjacent ectoderm were later found in other species including
chick and mouse [12, 13]. The neural inductive effect of organizer was further confirmed by in
vitro culture of embryonic tissue. When animal cap (ectoderm in Xenopus) in blastula stage
Xenopus embryos was isolated and cultured by itself, it developed into epidermis tissue. But
when cultured together with dorsal mesoderm tissue that includes organizer, animal cap explants

developed into neural tissue [14, 15].

In 1990s, several studies in Xenopus have reveal the molecular nature of the inductive
signals emitted from organizer region. Although intact animal cap explants from blastula stage
embryos gave rise to epidermis when cultured in vitro, overexpression of the negative form of
the receptors that bind activin or BMP inhibited epidermal differentiation and promoted neural
differentiation [16-19]. Dissociation of animal cap explants into single cells led to neural tissue
even in the absence of organizer cells, suggesting that signaling between ectoderm cells may
inhibit neural differentiation [20]. Neural differentiation of dissociated animal cap was inhibited
if the dissociated cells were cultured with BMP4 protein or if the effectors of BMP signaling

such as Msx1, Smadl or Smad5 were ectopically expressed in the embryos [17, 21-23].



Moreover, in gastrula stage Xenopus embryos, BMP mRNA was found to be repressed in neural
plate but expressed in epidermis [21, 24]. These experiments suggest that BMP inhibitors
secreted from organizer region induced neural differentiation of ectoderm. Consistently, several
BMP antagonists including Noggin, Chordin and Follistatin were found to be expressed in
Xenopus organizer cells [25-27]. And these proteins inhibited the epidermal differentiation and
induced neural differentiation of intact animal cap explants [25-27]. These studies further
support that neural induction was caused by the inhibition of BMP signaling. Collectively, all
these results led to the finding of “default model” of neural induction, which proposes that
ectodermal cells have a default tendency to differentiate into neural cells and BMP signaling
could inhibit neural differentiation and induce epidermal differentiation. In amphibian embryos,
ectodermal cells in the prospective neural plate region developed into neural tissue at gastrula
stage in response to BMP antagonists produced by organizer, while high BMP signaling in

prospective epidermal regions induced the cells to differentiate into epidermis.

As in amphibians, similar grafting experiments have identified that chick and mouse node
as the neural inducer [12, 13]. However, studies on chick and mouse have challenged the default
model and uncovered new signaling pathway including FGF and WNT signaling in regulating
neural induction. It is found that node is not required in neural induction, as a neural plate still
formed when node at gastrula stage was ablated in chick and mouse embryo [28, 29]. This
suggest that neural induction may be caused by other mechanism besides signals emitted from
the node. In chick, although BMP signaling was inhibited in neural plate, downregulation of p-
Smadl, a downstream effector of BMP signaling, occurs later than the expression of neural plate
markers SOX2 and SOX3, indicating BMP signaling is not required for inducing neural cells but

rather maintaining the neural fate [30-32].



FGF signaling. It’s now generally accepted that FGF signaling is required at blastula
stage for neural induction in amphibian and chick embryos [33-39]. In chick embryo, fgf3
mRNA is expressed in medial epiblast cells (prospective neuroectoderm) at blastula stage.
Inhibition of FGF signaling led to upregulation of BMP mRNA expression in medial epiblast,
and the cells differentiated into epidermis instead of neural cells [39]. FGF signaling could also
affect the transcriptional activity of BMP signaling. In particular, FGF signaling could
phosphorylate Smad1 in the linker region and inhibit Smad1 transcription activity [40]. Studies
also showed that the neural inductive effect of FGF signals also acts independently on its ability
to regulate BMP signaling. Inhibition of FGF signaling at pre-gastrula stage chick embryos led to
the loss of neural tissue, but epidermis formed normally. BMP inhibition using BMP antagonist,
rescued neural differentiation of chick medial epiblast cells exposed to low but not high
concentration of FGF inhibitors [37, 38]. Consistently, BMP antagonists cannot induce neural
fate of Xenopus animal cap if a negative FGF receptor is overexpressed [37]. Collectively, the
results suggest that FGF signaling functions during neural induction through both BMP-

dependent and BMP-independent manner.

WNT signaling. WNT signaling has been shown to induce epidermis and inhibit neural
fate by regulating the response of ectodermal cells to FGF signaling in chick [41]. In chick
blastula embryo, medial epiblast tissue (prospective neural plate) didn’t express Wnt3A4 and
Wnt8C mRNA, whereas lateral epiblast tissue (prospective epidermis) expressed both Wnt34 and
Wnt8C. B-catenin, downstream target of WNT signaling, was detect in the nuclei of lateral
epiblast but not medial epiblast in chick gastrula embryo. WNT3A and WNT8C proteins
inhibited neural differentiation and promoted epidermal differentiation of medial epiblast in

blastula epiblast explants and whole chick embryo culture, even in the presence of FGF proteins.



Also, rescue of neural differentiation in medial epiblast cells by BMP inhibitors are dependent on
the concentration of added WNT proteins or FGF inhibitors. At low concentration of WNT or
FGF inhibitors, BMP antagonist rescued neural differentiation, but at high concentration of WNT
or FGF inhibitors, medial epiblast cells still differentiated into epidermis instead of neural cells
in the presence of BMP antagonist [41]. Collectively, these results indicate that WNT signaling
regulate neural and epidermal fate specification in chick blastula embryo, possibly through
regulating the response of cells to FGF signaling (Figure 1-2). Medial epiblast cells express
FGFs but not WNTs, and thus FGF signaling induced neural fate through BMP-dependent and
BMP-independent manner. Lateral epiblast cells express FGFs and WNTs. WNT signaling
blocks the response of epiblast cells to FGFs, and thus Bmp genes are expressed. BMP signaling

promotes epidermal fate.

a Medial epiblast cell

_.-y Neural
@)oo
Fgf — FGF ——ez="""
(1)
b Lateral epiblast cell
Fgf —» FGF B
mp,
TTBwP
WNT

Figure 1-2 Interactions between FGF, WNT and BMP signaling pathways for neural induction in
chick embryo. (a) Medial epiblast cells express FGFs but not WNTs. FGF signaling is shown to
induce neural fate through BMP-dependent (solid line from FGF) and BMP-independent (dashed
line from FGF) manner. (b) Lateral epiblast cells express FGFs and WNTs. WNT signaling blocks
the response of epiblast cells to FGFs, and thus Bmp genes are expressed. BMP signaling promotes
epidermal fate and represses Fgf expression. Adapted with permission from reference [41].



1.1.2 Neural plate border specification

NPB region appears soon after neural induction between NP and NNE. NPB cells further
differentiate into neural crest cells as the NT closes [42]. Neural crest cells segregate from the
dorsal side of the NT and migrate through the embryos to generate a variety of cell types in the
peripheral nervous system [43]. Currently there are no markers expressed in the entire NPB
region. Pax3/7, Msx, Zic family proteins are expressed in NPB region in a combinatorial manner
[44-48]. The specification of NPB depends on signals from its surrounding environment. In this
section I briefly summarize our current understanding of NPB specification. I will first introduce
the inductive tissues and then summarize the major signaling pathways involved in NPB

specification.

Explants co-culture in vitro and grafting experiments in vivo have identified the
importance of NP/mesoderm and NP/NNE interaction in regulating the NPB specification. In
Xenopus and chick, grafting ectoderm into lateral epidermis in vivo induced NPB cells at the
boundary between two tissues and NPB cells were generated from both tissues [49, 50]. In vitro
juxtaposition of neural and NNE tissue led to similar results [49, 50]. The in vitro combination of
ectoderm and paraxial/intermediate mesoderm also led to the induction of NPB from ectoderm
tissue in both Xenopus and chick [51, 52]. In Xenopus, it has been identified that the dorsolateral
marginal zone (DLMZ, mesoderm in Xenopus) as the source of NPB inductive signaling at the
gastrula stage [51, 53]. However, chick medial epiblast explants at pre-gastrulation stage can
differentiate into Pax7+ NPB borders in isolation from other tissues in the absence of neural and
early mesoderm markers, suggesting neither mesoderm nor NP are required for NPB induction
[54-56]. This also indicate that the requirement of mesoderm tissue is species-specific, and

signals within ectoderm is sufficient to induce NPB in chick.



Current model of NPB specification suggests the crucial role of BMP concentration.
BMP signaling gradient, visualized by phospho-Smad1/5/8 staining, is establish at the ectoderm
during early gastrulation in chick, fish and frog embryos in vivo [32, 57, 58]. At gastrula-stage,
BMP4 appears to act as a morphogen by providing positional information in regulating ectoderm
patterning, with low BMP activity for NP development, intermediate BMP activity for NPB
development, and high BMP activity for NNE development [59, 60]. However, modulation of
BMP signaling in whole embryo and explants is inefficient to induce NPB [61]. NP tissue can be
induced to differentiate into NPB cells by activation of FGF and WNT signaling, suggesting the
involvement of FGF and WNT signaling in specifying NPB [61-64]. Multiple WNT proteins are
expressed in the ectoderm and restricted to the NNE [41]. Several FGFs are expressed in the
paraxial/intermediate mesoderm [53, 62]. In chick, induction of NPB required an early activation
of WNT signaling followed by later activation of BMP signaling, while simultaneously
activation of both signaling induced epidermis fate [55]. In contrast, in Xenopus, WNT signals
need to be inhibited for NPB induction [65]. These results suggest that the integration of WNT
and BMP signals in NPB specification is species-specific. FGF signaling is known to negatively
regulate BMP signaling [39]. FGF signaling and BMP signaling overlapped in the NPB region,
where FGF signaling is required to inhibit epidermis differentiation and BMP signaling inhibits
neural differentiation. A balance between these two signaling leads to the specification of NPB

[56, 66].

1.1.3 Neural tube dorsal-ventral patterning

After neural induction, NP folds toward the dorsal side of the embryo to form NT. The
specification of neural fate along AP and DV axes leads to the generation of various neurons and

glial cells that compose the CNS. The initial position within the NT dictates the local



environment of progenitor cells and directs the neural fate specification. Spinal cord, the
anatomically simplest region in CNS, has been used as a model to study the mechanism of NT
DV patterning. The developing spinal cord includes five ventral domains (p3, pMN, p2, p1, p0)
and six dorsal domains (dP1-6) (Figure 1-3) [6, 7, 67]. The DV patterning of spinal cord is
determined by the signals secreted from two opposite signal centers: BMP and WNT secreted
from epidermis and roof plate in regulating dorsal NT patterning, Sonic hedgehog (SHH)
secreted from notochord and floor plate in regulating ventral NT patterning. In this section I
briefly summarize our current understanding in how these signaling pathways regulate NT DV

patterning.



Figure 1-3 Dorsal-ventral patterning of chick developing spinal cord at different stages. (a&b)
Schematic representation and a reconstruction of immunostainings of transversal section of a chick
neural tube at stage Hamburger and Hamilton (HH) 16 (51-56 h of development, 26—28 somites).
(c&d) Schematic representation and a reconstruction of immunostrainings of a transversal section
of a chick neural tube at stage HH24 (4 days of development). Adapted with permission from
reference [6].

BMP signaling. Before neural tube closure, BMP2, BMP4, and BMP7 begin to be
expressed in the chick and mouse epidermal ectoderm [68, 69]. BMP signaling from epidermis is

required for the induction of roof plate, which serves as a secondary source of BMP signals to
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induce dorsal interneurons [68, 70]. Roof plate induced dorsal NT markers such as PAX3 and
MSX when cultured with intermediate NT [68]. Several studies have indicated that BMP
signaling is required for dorsal neural tube development. BMP ligands promoted the generation
of dI1 and dI3 dorsal neural progenitors in chick neural tube explants in a concentration-
dependent manner [68, 71]. Mice lacking two type-1 BMP receptors (ALK3 and ALK6) showed
impaired dorsal NT development, with dI1 missing, dI2 reduced and dI3 unchanged, suggesting
that different dorsal domains required different level of BMP signaling, with more dorsal-located
domains requiring higher BMP activity [72]. These results suggest BMP acts as a morphogen to

instruct dorsal NT cell fate in a concentration-dependent manner.

SHH signaling. S/ begins to be expressed in the notochord and then induces its own
expression in the overlaying floor plate. The timing of ventral NT domain emergence in relation
to Shh expressed in notochord and floor plate has been carefully examined in mouse NT [73]. In
mouse embryo, every somite is emerged around every 90-120 minutes, thus Somitogenesis is
used as a convenient temporal indicator. OLIG2 (a marker of pMN domain) was first expressed
in the most ventral region of NT at the six-somite stage in a few cells. At eight-somite stage,
cells in the most ventral region of NT expressed NKX2.2 (a marker of p3 domain) and lost their
expression of OLIG2, and the expression of OLIG2 expanded more dorsally. FOXA2+ (a marker
for floor plate) cells were also detected in the eight-somite stage embryo, suggesting the onset of
FOXAZ2 expression is between six-somite and eight-somite stage, but high-level expression of
FOXAZ2 was not evident until the 13-somite stage. SHH secreted by the floor plate appeared at
the 16-somite stage, shortly after high-level FOXA2 expression was established in ventral NT

(Figure 1-4). These results indicate that patterning of ventral NT progenitor domains is establish
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by the eight- to ten-somite stage as a result of SHH signaling from the notochord, before SHH

expression from the floor plate.

Foxa2

20lig2

Figure 1-4 Sequential expression of Shh, Foxa2, Nkx2.2 and Olig2 in mouse neural tube around
E8.5. (A-L) Immunostaining images of neural tube sections for indicated markers at different
somite (sm) stages. Arrows indicate notochord. Scale bar: 25 um. Adapted with permission from
reference [73].

SHH signals by binding to its receptor Patched (Ptc), a transmembrane protein. In the
absence of SHH, Ptc inhibits a second transmembrane protein, Smoothened (Smo). The binding
of Shh to Ptc relieves Smo inhibition, which in turn leads to the activation of GLI transcription
factors, the activator Glil and Gli2 and the repressor Gli3. Activation of GLI transcription
factors controls the transcription of Shh target genes, such as the homeobox (Nkx2.2, Nkx6.1,
Nkx6.2, Pax6) and bHLH (Olig2) encoding genes [67, 74]. Similar with BMP, SHH also acts as
a morphogen to regulate the cell fate in the ventral NT. It is now accepted that the graded SHH
signaling activity is mediate by a gradient of Gli activity in ventral neural tube. The level of Gli
activity is sufficient to recapitulate the patterning effect of graded SHH signaling [75, 76]. In
addition to the level, the duration of Gli activity also plays a role in regulating the cells’ response
to SHH signaling and ventral cell fate. Ventrally expressed genes take a longer time of Gli
activation to be induced than more dorsally expressed genes [75, 77]. To explain how cells

integrate the level and duration of SHH signaling, a “temporal adaption” model was proposed by
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Dessaud et al. in 2007 [77]. They first found that Gli activity in ventral NT cells gradually
decreased when the cells were exposed to a constant amount of SHH, and the duration of Gli
activation was proportional to SHH concentration. Duration and concentration of extracellular
SHH ligands were transduced into the duration and activity of intracellular Gli activity. And the
induction a specific DV domain required the maintenance of Gli activity above a threshold for a

period.

1.2 Human pluripotent stem cells: a new paradigm for modeling human
development

Due to interspecies divergence, animal models are limited in revealing many fundamental
aspects of development principles that are unique to human CNS development. Furthermore, the
technical difficulty and ethical constraints in accessing neurulation-stage human embryos have
significantly limited experimental investigations of early human CNS development and
development of human CNS disease models. Recently, human pluripotent stem cells (hPSCs),
including embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs), provide a

new paradigm for studying human development and disease modeling [78-82].

Significant progress has been achieved in directed differentiation of hPSCs into specific
neuronal subtypes by modulating dynamic chemical signals active in the early embryo [83].
Importantly, self-assembled 3D aggregate cultures of hPS cells have been successfully developed
to generate brain organoids with cell types and cytoarchitectures that resemble certain aspects of
the embryonic human brain [79, 84, 85]. The most widely used protocol to generate brain
organoids is serum-free culture of embryoid body-like aggregates (SFEBq). Yoshiki Sasai and

colleagues have developed brain organoids to recapitulate the development of cortical tissue and
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optic cup morphogenesis [78, 86]. Lancaster et al. developed a modified SFEBq method to
generate cerebral organoids using hPSCs. The cerebral organoids contain discrete brain regions
including dorsal cortex, ventral forebrain, retina, hippocampus, and midbrain, and hindbrain.
Interestingly, Lancaster et al. modeled critical disease-specific phenotypes of microcephaly using
patient-derived hiPSCs using cerebral organoids [79]. Qian et al. developed a miniature spinning
bioreactor, Spin2, to generate brain region-specific organoids, including forebrain, midbrain and
hypothalamic organoids [87]. Recently, Orly Reiner and colleagues have recapitulated the
human brain wrinkling by culturing brain organoid in a confined environment [84]. Brain
organoids have emerged as novel model systems to investigate human brain development and

disorders at the molecular, cellular, structural and functional levels.

However, it is worth noting that although hPSCs have been extensively applied to
modeling organogenesis, at the time of initiation of this dissertation, it remains undetermined
whether hPSCs can be guided to self-organize into spatially patterned structures to model neural
induction. And only a few studies have been done to model NT patterning using mouse and
human PSCs. Elly Tanaka has done pioneering work to use mouse ESC to model NT DV
patterning (Figure 1-5) [88]. When cultured in Matrigel or synthetic PEG gel under neural
induction condition, mouse ESCs differentiated into NE cells and self-organized into 3D cystic
structure, termed NE cysts, with apical surfaces facing the central lumen. NE cysts maintained a
default dorsal identity and were responsive to different inductive signals, including smoothened
agonist (SAQG) for ventralization and retinoid acid (RA) for posteriorization. More interestingly,
global treatment of RA induced DV patterning of NE cysts. Time lapse study of DV marker
expression demonstrated that FOXA2 expression preceded SHH in one pole of cysts, followed

by OLIG2, a marker for motor neuron progenitors. I want to point out that the time course of
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SHH, FOXA2 and OLIG2 expression is not consistent with mouse embryo development in vivo.
In mouse ventral neural tube patterning, SHH secreted from notochord works as a morphogen to
induce FOAX2 and OLIG?2 expression [73]. Ranga et al. developed a fully defined synthetic
ECM matrix and found that matrix rigidity, degradability, and ECM composition affects both
early apical-basal polarity and late dorsal-ventral patterning [89]. Optimizing ECM components

and rigidity increased the efficiency of DV patterning of NE cysts.

A recent work reports 3D induction of dorsal, intermediate, and ventral spinal cord-like
tissue from human PSCs in a free-floating culture condition by regulating SHH signaling
(Figure 1-5) [90]. Although global cell fate patterning is not achieved in this spinal cord-like
tissue, they observed local cell fate patterning. Multiple localized roof plate-like structures with
LMX1+ roof plate cells surrounded by MSX1/2+ dorsal neural progenitor cells emerged in
single dorsal spinal cord tissue. Multiple localized patterning of ventral cell fate with spatially
aligned floor plate/p3/pMN structures similar to in vivo spinal cord development was observed
in single ventral spinal cord tissue. However, this work fails to recapitulate correct apical-basal
polarity observed in neural tube, with apical surface facing outside the structure. Similar apical-
basal polarity has also been reported in other organoids structure from hPSCs in free-floating

culture condition [91, 92].
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Dorsal

Ventral

Figure 1-5 In vitro models of dorsal-ventral patterning of the neural tube. (a) DV-patterned
neuroepithelial cysts derived from mouse ES cells cultured in Matrigel and synthetic PEG gels.
Scale bar, 20 um. Adapted with permission from Reference [88]. (b) Human PS cell-derived

dorsal and ventral spinal cord-like tissues. Scale bar, 200 um. Adapted with permission from
Reference [90].

1.3 Research topics and dissertation outline

In this dissertation, I leveraged the developmental potential and self-organizing properties
of hPS cells in conjunction with 2D and 3D bioengineering tools to develop spatially patterned
multicellular tissues that mimic early human neurulation process, including neural induction and
DV patterning of the NT. These hPS cell-based in vitro models are important alternatives to

animal models to study the self-organizing principles involved in autonomous patterning during

human neurulation.
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In chapter 2, I developed a novel hPSC-based developmental model for human neural
induction. By providing geometrical confinement using microcontact printing, hPS cells
differentiate and self-organize into spatially organized NE and NPB cells, mimicking

neuroectoderm patterning during early neurulation.

In chapter 3, leveraging the hPSC-based neural induction models developed in chapter 2,
I implemented various mechanical stimulation and characterization tools such as
polydimethylsiloxane (PDMS) micropost array and cell stretching device in the neural induction
model to study the interaction and crosstalk between mechanical cues and classic developmental
signaling such as BMP signaling to regulate NE and NPB lineage bifurcation. I found that
increased cell shape and contractile force at the colony periphery result in nuclear accumulation
and transcriptional activation of p-SMAD 1/5, which in turn up-regulates NPB specifier genes
including PAX3, SOX9 and SOX10. Confined cell shape with limited contractile force at the

colony center leads to nuclear exclusion of p-SMAD 1/5 and NE differentiation.

In chapter 4, I report a biomimetic 3D culture system mimicking the in vivo neurogenic
niche for the development of a hPSC-based, DV patterned human NT development model. The
biomimetic 3D culture incorporates some key in vivo neurogenic niche elements, including a 3D
basal lamina extracellular matrix (ECM) to provide a permissive extracellular environment and a
soft tissue bed to reconstruct the mechanical environment of the neuroepithelium during
neurulation. This 3D biomimetic culture system allows for convenient manipulations of the
dynamic interplay between chemical and biophysical signals that are critical for the cellular
morphogenetic events and progressive neuronal fate specification during DV patterning of NT-

like tissues derived from hPSCs. Development of the biomimetic 3D culture system, together
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with extrinsic exogenous biochemical signals delivered at precise timing and concentration,
allowed me to apply hPSCs to achieve the development of a human NT development model with

DV patterning.

Finally, in chapter 5, [ summarize this dissertation work and provide perspectives on
future efforts in incorporating advanced bioengineering tools to generate controllable
experimental systems with hPSCs to advance knowledge of human neurulation and use such

systems for disease modelling and high-throughput screening.

18



Chapter 2
Self-Organized Neuroectoderm Patterning by Human Pluripotent

Stem Cells

The major content of this chapter is reproduced from my previously published paper:
“Mechanics-guided embryonic patterning of neuroectoderm tissue from human pluripotent stem

cells.” in Nature materials, 2018 [93]."

2.1 Introduction

Neural induction, as an evolutionarily conserved developmental event, initiates the
neurulation process by patterning the ectoderm into spatially organized NP, NPB, and NNE
regions (Figure 2-1). Accompanying progressive cell fate specifications during neural induction,
morphogenetic events occur as the ectoderm becomes thickened in the dorsal region to form
pseudostratified, columnar neuroepithelial (NE) cells in the prospective NP domain [94]. Classic
studies of animal models have revealed the importance of integrated signaling networks
involving NODAL, BMP, FGF and WNT signaling to regulate neural induction [2, 3, 40, 95]. In
particular, graded BMP signaling has been identified to guide ectoderm patterning, with high

BMP signaling promoting NNE differentiation, low BMP activity required for NP formation, and

T Research presented in this chapter has received assistance from Dr. Yubing Sun (cell culture, design differentiation
assay), Ms. Agnes Resto-Irizarry (imaging processing), and Mr. Ye Yuan (Cell migration assay). I would also like to
thank Dr. Jianping Fu for his supervision and Dr. Allen Liu for his comments on the research presented in this
chapter.
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intermediate BMP promoting NPB development [22, 96]. A balance between FGF and BMP
signaling is also important for establishing and maintaining the NPB region [31]. Recent studies
further demonstrate the role of WNT signaling in refining the boundary between NP and NNE by

regulating the ectoderm’s response to BMP and FGF signaling [41, 55].
In vivo In vitro
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Figure 2-1 Schematic of neural induction in vivo and in vitro. During neural induction in vivo,
cells in the ectoderm form the neural plate (NP, or neuroectoderm), neural plate border (NPB) and
epidermal ectoderm. Neural induction of circular hPS cell colonies leads to autonomously
patterned neuroectoderm tissues, with NP cells at colony central region and NPB cells at colony

periphery.
Human pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and

induced pluripotent stem cells (iPSCs), due to their pluripotency and unlimited self-renewal
capacity, provide a new paradigm for studying human development and disease modeling [78-
82]. Although extensive studies have been performed to differentiate hPSCs into a variety of
neuron subtypes, neural induction occurs with dynamic fate patterning and complicated
morphogenetic events; studying human neural induction requires in vitro models that recapitulate
spatiotemporal ectodermal lineage specification and patterning and key morphogenetic events.
Recently, our lab and others have demonstrated that by controlling and colony shape and size,

geometrical confinement could induce spatially organized cell fate patterning of hPS cells,
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mimicking embryonic patterning including gastrulation and neurulation in vivo [80, 93, 97-102].
Here I developed a novel hPS cell-based developmental model of human neural induction. By
providing geometrical confinement using microcontact printing, hPS cells differentiate and self-
organize into spatially organized NE and NPB cells, mimicking neuroectoderm regionalization

during early neurulation.

2.2  Materials and Methods
2.2.1 Culture medium

PluriQ™ Human Cell Conditioned Medium was purchased from MTI-GlobalStem. It

supports feeder-free growth of hPS cells [103].

Growth medium contained DMEM/F12 (GIBCO), 20% KnockOut Serum Replacement
(KSR; GIBCO), 0.1 mM B-mercaptoethanol (GIBCO), 2 mM glutamax (GIBCO), 1% non-
essential amino acids (GIBCO), and 4 ng mL! human recombinant basic fibroblast growth factor

(bFGF; GlobalStem).

Neural induction medium: To promote neural induction, TGF-f inhibitor SB 431542 (10
uM; Cayman Chemical) and BMP4 inhibitor LDN 193189 (500 nM; Selleckchem) were
supplemented into the growth medium. At day 3, WNT activator CHIR99021 (3 uM; Cayman

Chemical) was added to the medium and was withdrawn at day 4.

Motor neuron (MN) differentiation medium consists of N2B27 medium supplemented
with retinoic acid (RA, 1 uM; Stemcell Technologies) and smoothened agonist (SAG, 500 nM;

Stemcell Technologies). N2B27 medium contained 1:1 mixture of DMEM/F12 and neurobasal
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medium (GIBCO), 1% N2 supplement (GIBCO), 2% B-27 supplement (GIBCO), 2 mM

glutamax and 1% non-essential amino acids.

Neural crest (NC) cell differentiation medium contained N2B27 medium supplemented

with CHIR99021 (3 uM).
All culture medium was pre-equilibrated at 37 °C and 5% CO- before use.

2.2.2 Cell culture.

The H1 hES cell line (WAO1, WiCell; NIH registration number: 0043) was cultured on
mitotically inactive mouse embryonic fibroblasts (MEFs; GlobalStem) using growth medium
with daily medium exchange. The H9 hES cell line (WA09, WiCell; NIH registration number:
0062), provided by Dr. Deborah L. Gumucio, was maintained in a standard feeder-free culture
system using mTeSR1 medium (Stemcell Technologies) and lactate dehydrogenase-elevating
virus (LDEV)-free hES cell-qualified reduced growth factor basement membrane matrix
Geltrex™ (Thermo Fisher Scientific; derived from Engelbreth-Holm-Swarm tumors similarly as
Matrigel®) per the manufacturers' instructions. A hiPS cell line, a gift from Dr. Paul H.
Krebsbach, was cultured on poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)Jammonium
hydroxide] (PMEDSAH) coated tissue culture dishes in human cell conditioned medium (MTI-
GlobalStem) as described previously[104]. The hiPS cell line was derived from human foreskin
fibroblasts by over-expression of OCT4, SOX2, KLF4, and c-MYC using Sendai virus constructs

(Invitrogen).

H1 hES cells were passaged every 5 d using the STEMPRO EZPassage Disposable Stem

Cell Passaging Tool (Invitrogen). Before passaging, differentiated cells were removed manually
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using a modified pasteur pipette under a stereomicroscope (Olympus). Cells were rinsed briefly
with PBS and treated with TrypLE Select (Invitrogen) for 2 min to release MEFs. Cells were
rinsed briefly again with PBS before all cells, including hES cells and remaining MEFs, were
collected using a cell scraper (BD Biosciences). To remove contaminating MEFs, all cells were
transferred onto a 60-mm tissue culture dish (BD Biosciences) coated with gelatin (Sigma) and
incubated for 45 min. MEFs attach to the dish while hES cells remain in suspension. hES cells
in suspension were collected and centrifuged, and the resulting cell pellet was re-dispersed in
growth medium supplemented with Y27632 (10 uM; Enzo Life Sciences) before cell seeding.
For passaging H9 hES and hiPS cells, cells were dossociated using TrypLE Select before cell

seeding. The detailed cell culture methods are in Appendix A.

All protocols for the use of hPS cell lines have been approved by the Human Pluripotent
Stem Cell Research Oversight Committee at the University of Michigan. All cell lines were
authenticated as karyotypically normal by Cell Line Genetics (Madison WI). All cell lines tested
negative for mycoplasma contamination (LookOut Mycoplasma PCR Detection Kit, Sigma-

Aldrich).

2.2.3 Microcontact printing.

Soft lithography was used to generate patterned PDMS stamps from negative silicon
molds that were made using conventional microfabrication techniques including
photolithography and deep reactive-ion etching (DRIE), as described previously[105]. These
PDMS stamps were then applied for generating micropatterned hPS cell colonies and patterned
single hPS cells using microcontact printing as described previously[105]. Briefly, to generate

micropatterned hPS cell colonies and patterned single hPS cells on flat PDMS surfaces, round
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glass coverslips with a diameter of 18 mm (Fisher Scientific) were spin coated (Spin Coater;
Laurell Technologies) with a thin layer of PDMS prepolymer containing PDMS base monomer
and curing agent (10:1 w / w; Sylgard 184, Dow-Corning) before the PDMS layer was thermally
cured by baking at 110 °C for at least 24 hr. In parallel, PDMS stamps were immersed in a
vitronectin solution (20 ug mL™'; Trevigen) for 1 hr before blowing dry under nitrogen. It has
been reported that vitronectin supports self-renewal of hPS cells[106]. Vitronectin-coated
PDMS stamps were then placed in conformal contact with UV ozone-treated, surface-oxidized
PDMS layers on coverslips (ozone cleaner; Jelight), to facilitate vitronectin transfer from stamps
to coverslips. After PDMS stamps were removed, coverslips were sterilized by briefly
immersing them in 100% and 70% ethanol (Fisher Scientific). Protein adsorption to PDMS
surfaces not coated with vitronectin was prevented by immersing coverslips in 0.2% Pluronics
F127 NF solution (BASF) for 30 min. Coverslips were rinsed with PBS and transferred to
standard 12-well tissue culture plates for cell seeding. For micropatterned hPS cell colonies,
PDMS stamps containing circular patterns with diameters of 300, 400, 500 and 800 um were
used. For patterned single hPS cells with defined cell shapes, PDMS stamps containing circular

patterns with diameters of 25 and 45 pm were used.

2.2.4 Stencil micropatterning.

Stencils were prepared by punching through-holes into PDMS membranes using a 500
um biopsy puncher (Fisher Scientific). To generate PDMS membranes, a thin layer of PDMS
prepolymer containing PDMS base monomer and curing agent (10:1 w / w) was spun on a silicon
wafer at 400 rpm for 90 sec before the PDMS layer was thermally cured by baking at 60 °C for
at least 24 hr. The PDMS membrane was then peeled from the silicon wafer before punching

through-holes into the PDMS membrane. Coverslips were incubated in a vitronectin solution (20
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ng mL™) at room temperature for 1 hr before the PDMS stencil was attached to the vitronectin-

coated coverslip. The coverslip with the PDMS stencil on top was then ready for cell seeding.

2.2.5 Immunocytochemistry.

Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 15 min
and then permeabilized with 0.1% Triton X-100 (Roche Applied Science) for 20 min at room
temperature. Primary antibodies (listed in Appendix B) were used and detected by goat-anti
mouse Alexa Fluor 488 and/or goat-anti rabbit Alexa Fluor 546 secondary antibodies. Alexa
Fluor 555 conjugated phalloidin (Invitrogen) was used for visualization of actin microfilaments.

To visualize nuclei, cells were stained with 4,6-diamidino-2- phenylindole (DAPI; Invitrogen).

2.2.6 Image analysis.

Fluorescence images were recorded using either an inverted epifluorescence microscope
(Zeiss Axio Observer Z1; Carl Zeiss Microlmaging) equipped with a monochrome charge-
coupled device (CCD) camera or a spinning disc confocal microscope (Olympus). For image
analysis of micropatterned hPS cell colonies, fluorescence images were first cropped using a
custom-developed MATLAB program (MathWorks) to a uniform circular size (as defined by the
colony size) with pattern centroids aligned. Please note that due to intrinsic heterogeneous cell
seeding, some multilayered cellular structures would inevitably appear in micropatterned cell
colonies. These multilayered colonies were excluded from data analyses. Fluorescence intensity
of each pixel on cropped images was then normalized by the maximum intensity identified on
each image. These images were stacked to obtain average intensity maps. To normalize
fluorescence intensities of cell lineage markers by DAPI intensity, the intensity of cell lineage

markers for each pixel of images was divided by corresponding DAPI intensity. These DAPI-
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normalized images were stacked together to obtain average DAPI-normalized intensity maps.
To plot average intensity as a function of distance from colony centroid, average intensity maps
of circular hPS cell colonies were first divided into 100 concentric zones with equal widths. The
average pixel intensity of each concentric zone was then calculated and plotted against the mean
distance of the concentric zone from colony centroid. From average intensity plots of cell
lineage markers, values of the full width at half maximum (FWHM) were determined as the
difference between the two radial positions at which the average fluorescence intensity of
individual markers is equal to half of its maximum value. The FWHM for average DAPI
intensity plots was decided by first calculating the half width at half maximum (HWHM), which
was determined as the radial position at which the average DAPI intensity is equal to half of

its maximum value at colony centroid. FWHM for average DAPI intensity plots was then

calculated as double the HWHM.

Colony thickness and nucleus orientation of hPS cell colonies were determined manually
with ImageJ using confocal images showing X-Z sections of hPS cell colonies stained for N-
CADHERIN. Normalized nucleus dimension was further calculated as the ratio of the height to
width of a circumscribed rectangle bounding the nucleus. Projected cell areas were quantified
with the CellProfiler program using immunofluorescence images showing ZO-1 staining. Nuclei
stained by DAPI was used for identification of each cell as primary objects in CellProfiler. ZO-1
staining images were first filtered to remove background before segregating using a propagation
method to determine cell areas. To determine projected cell area for central and peripheral zones
of hPS cell colonies, a binary circular mask with a diameter of half of the actual pattern diameter
was used to crop original hPS cell colony images. Cells falling on the mask boundary were

excluded from quantification. Immunofluorescence images showing p-SMAD 1/5 staining were
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analyzed manually using ImagelJ. Cells with nuclear p-SMAD 1/5 were identified as those
showing dominant nuclear fluorescence and absence of cytoplasmic fluorescence. Conversely,
cells with cytoplasmic p-SMAD 1/5 were identified as those showing absence of nuclear
fluorescence. To quantify the spatial distribution of BMP-SMAD activation, circular colonies
were divided into 4 concentric zones with equal widths. The percentage of cells with nuclear p-
SMAD 1/5 in each zone was then calculated and plotted against the distance from the colony

centroid.

2.2.7 Tracking cell migration and unbiased random walk model.

On day 0 before cell seeding, hPS cells were labeled with CellTracker Red CMTPX Dye
(ThermoFisher Scientific) for 30 min. Labeled hPS cells were mixed with unlabeled cells at a
ratio of 1:7 before the cell mixture was seeded onto coverslips containing micropatterned circular
adhesive islands. From day 2 (¢ =0 hr) to day 4, live cell imaging was conducted using an
inverted epifluorescence microscope (Zeiss Axio Observer Z1) enclosed in an environmental
incubator (XL S1 incubator, Carl Zeiss Microlmaging) maintaining the cell culture at 37 °C and
5% COs. Both bright field and fluorescence images were recorded every 20 min for a total of 41
hr. All time-lapse images were reconstructed using the image processing software Image-Pro
Plus to generate TIFF stacks for cell migration tracking. For each image, peripheries of each
individual CellTracker labeled cells were marked manually. Positions of cell centroids were then
identified from each image to calculate end-to-end cell displacement D and radial displacement
during cell migration as a function of time. For radial displacement calculations, cells were
divided into two groups based on their radial positions relative to the colony centroid at =0 hr

(Ro) (‘central': 0 < Ro < 100 pum; 'peripheral’: 100 < Ro <200 um). If labeled hPS cells divided
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during cell migration tracking, one of the daughter cells was randomly selected to continue

tracking.

An unbiased random walk model was used to model cell migration during emergent
neuroectoderm patterning in micropatterned circular hPS cell colonies. In this model, cells are

assumed to move randomly without any preferred migration direction. Cell centroids at each
time step 7 (denoted here as D, ) can be calculated as D, =D, , + AV7 , where 4 is a random
variable following a uniform distribution on [0, 1] and 7 is a random unit direction vector.
Parameter J denotes the maximum cell centroid displacement at each time step, and it can be
obtained through least square fitting for experiment data of mean square end-to-end cell

displacement D? using the expression D> =V"’t/4.

2.3 Results and discussion

Here, I sought to develop micropatterned hPS cell colonies on two-dimensional substrates
to model neural induction. Microcontact printing was utilized to generate vitronectin-coated,
circular adhesive islands with a diameter d =400 um on flat poly-dimethylsiloxane (PDMS)
surfaces coated on glass coverslips. H1 hES cells were plated as single cells at 20,000 cells cm™
on adhesive islands to establish micropatterned colonies with a defined circular shape and size.

A differentiation medium supplemented with the dual SMAD inhibitors, SB 431542 (SB, TGF-3
inhibitor; 10 uM) and LDN 193189 (LDN, BMP4 inhibitor; 500 nM), was applied for neural
induction[107] (Figure 2-2). The B-catenin stabilizer CHIR 99021 (CHIR, 3 uM), a WNT

activator, was also supplemented for cell culture (Figure 2-2) as it promotes NPB cell
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specification under neural induction condition established by the dual SMAD inhibitors[108,

109].
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Figure 2-2 Neural induction protocol. Micropatterned hPSC colonies are first cultured in PluriQ™
Human Cell Conditioned Medium (MTI-GlobalStem) for two days before switching to neural
induction medium on day 2. Dual SMAD inhibitors SB 431542 (10 uM) and BMP4 inhibitor LDN
193189 (500 nM) were supplemented into the growth medium. At day 3, WNT activator
CHIR99021 (3 uM) was added to the medium and was withdrawn at day 4.

While cells distributed uniformly on adhesive islands 24 hr after initial cell plating,
neural induction resulted in differentiating cells gradually accumulating in colony central area,
leading to a significantly greater cell density at colony center than periphery (Figure 2-3 a). Cell
density was further analyzed based on DAPI fluorescence intensity. The full width at half
maximum (FWHM) for spatial distributions of DAPI intensity decreased continuously from 336
um at day 1 to 240 um at day 9 (Figure 2-3 b). Confocal images further showed that
micropatterned colonies at day 7 remained as a monolayer. Strikingly, quantitation of colony
thickness and nucleus shape revealed that, at this point, cells exhibited a gradual change of cell
shape from a columnar phenotype with columnar nuclei at colony center to a cuboidal
morphology with rounded nuclei at colony periphery (Figure 2-3 c-e), consistent with

characteristic neuroectoderm thickening during neural induction in vivo[94, 110].
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Figure 2-3 Morphology characterization during self-organized neuroectoderm patterning in circular
hPS cell colonies. (a) Representative phase contrast and fluorescence images showing cell
morphology and nuclei (stained by DAPI), respectively, at different days. White dashed lines mark
the colony periphery. Experiments were repeated three times with similar results. Average
intensity maps and plots show spatial distributions of DAPI intensity. Number of colonies
analyzed were pooled from n = 3 independent experiments. Data were plotted as the mean. Scale
bar, 100 um. (b) Bar plot of full width at half maximum for average normalized DAPI intensity
curves in A. (c) Representative confocal micrographs showing colonies at day 7 stained for N-
CADHERIN. Zoomed-in images show nucleus shape at colony center and periphery. Experiments
were repeated twice with similar results. Bottom plot shows colony outline (red curve) and nucleus
orientation (blue arrows). Scale bars, 50 um. (d&e) Colony thickness (d) and normalized nucleus
dimension (e) at day 7 (see Methods). Colony thickness and nucleus dimension were plotted as the
mean and the mean + s.e.m., respectively, with data pooled from n = 2 independent experiments
and 12 colonies. P value was calculated using unpaired, two-sided Student’s ¢-test.

Importantly, PAX6" neuroepithelial (NE) cells, the neural progenitor in the NP, were

found preferentially localized at the colony center on day 9, whereas PAX3", ZIC1* and MSX1*
NPB cells were concentrated at the colony periphery, forming a concentric ring-shaped tissue

sheet consistent with neuroectoderm patterning and proper regionalization of NE and NPB cells

(Figure 2-4). Interestingly, the concentric zone of PAX3" cells at colony periphery exhibited a

smaller zone width, as characterized by FWHM for spatial distribution of PAX3 intensity (92

um), compared with concentric zones of ZIC1" (128 um) and MSX1" (175 pm) cells,
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respectively (Figure 2-4). This observation is consistent with in vivo findings that ZIC1" cells
also exist in the neurogenic placode regions [111]. Emergent patterning of neuroectoderm tissues
with proper autonomous regionalization of NE and NPB cells was also achieved using another
hES cell line (H9) and a human induced pluripotent stem (hiPS) cell line under the default neural

induction condition (Figure 2-5).
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Figure 2-4 Cell fate patterning of self-organized of hPS cell-derived neuroectoderm tissue.
Representative immunofluorescence micrographs showing colonies at day 9 stained for
neuroectoderm marker PAX6 and NPB markers PAX3, ZIC1 and MSX1. White dashed lines mark
colony periphery. Average normalized DAPI intensity maps and plots are shown (see Methods).
Experiments were repeated three times with similar results. Number of colonies analyzed were
pooled from n = 3 independent experiments. Data were plotted as the mean. Scale bar, 100 pm.
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Figure 2-5 Self-organized neuroectoderm patterning from micropatterned circular colonies of
different hPS cell lines. (a) H9 hES cell line. (b) A hiPS cell line. In a & b, representative
immunofluorescence micrographs and average intensity maps are shown for colonies at day 9
stained for neuroepithelial cell marker PAX6 and neural plate border marker PAX3, ZIC1 and
MSX1. DAPI counterstained nuclei. White dashed lines mark colony periphery. Experiments
were repeated three times with similar results. Number of colonies analyzed were pooled from
n =3 independent experiments. Data were plotted as the mean. Scale bars, 100 um. hPS cells
were plated on day 0 at 20,000 cells cm™ onto circular adhesive patterns with a diameter of 400 um.

To confirm the differentiation potentials of neuroectoderm tissues after neural induction,
they were cultured continuously under a motor neuron (MN) differentiation medium[112] or a
neural crest (NC) differentiation medium[108, 109] (Figure 2-6 a). On day 0, a thin PDMS
membrane containing circular through holes (d = 500 pm) was placed onto vitronectin-coated
coverslips before seeding hPS cells. hPS cells were treated with neural induction medium till

day 9. On day 9, the PDMS membrane was peeled from coverslips, and culture medium was
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switched to MN differentiation medium containing N2B27, retinoic acid (RA, 1 uM) and the
smoothened agonist (SAG, 500 nM), or to NC cell differentiation medium containing N2B27
and CHIR 99021 (CHIR, 3 uM). Importantly, on day 16, only putative NE cells at the colony
central region could differentiate into OLIG2" MN progenitor cells, whereas only putative NPB
cells at the colony periphery were capable of differentiating into AP20" and SOX10" NC cells

(Figure 2-6).
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Figure 2-6 Differentiation potential of neuroepithelial (NE) and neural plate border (NPB) cells.
(a) Schematic showing differentiation of NE cells towards motor neuron (MN) or differentiation of
NPB cells towards neural crest (NC) cells using PDMS stencils. (b) Representative
immunofluorescence micrographs and average intensity maps showing PAX6 and PAX3 staining
at day 9. DAPI counterstained nuclei. White dashed lines mark colony periphery. Experiments
were repeated three times with similar results. Number of colonies analyzed were pooled from
n =3 independent experiments. Data were plotted as the mean. Scale bar, 100 pm. (c)
Representative immunofluorescence micrographs showing central and peripheral zones of cell
colonies cultured in MN differentiation medium at day 16 stained for MN progenitor marker
OLIG?2 and pan-neuronal markers NESTIN and MAP2. DAPI counterstained nuclei. Scale bar, 50
um. (d) Representative immunofluorescence micrographs showing central and peripheral zones of
cell colonies cultured in NC cell differentiation medium at day 16 stained for NC cell marker AP2a
and SOX10 and pan-neuronal marker NESTIN. DAPI counterstained nuclei. Scale bar, 50 pm.
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hPS cells were plated on day 0 at 20,000 cells cm™. For ¢ & d, experiments were repeated twice
with similar results.

We next sought to examine the effect of colony size on self-organized neuroectoderm
patterning. To this end, circular adhesive islands with diameters d of 300, 400, 500 and 800 um
were fabricated and compared. Neural induction resulted in the emergence of concentric, ring-
shaped neuroectoderm tissues with proper regionalization of NE and NPB cells at day 9 for all
colonies (Figure 2-7). Interestingly, the PAX6" NE circular pattern size and the concentric zone
width of PAX3" NPB cells, as characterized by FWHM for spatial distributions of PAX6 and
PAX3 intensities, respectively, appeared relatively constant for colony diameters d between 300
- 500 um (Figure 2-7 a, b & d). Notably, neural induction for colony diameter d = 800 um led
to marked cell accumulation at the colony periphery on day 9, coinciding with a notable number
of PAX3", ZIC1", and MSX1" NPB cells at colony central region (Figure 2-7 ¢). The
underlying mechanism(s) leading to different cell distributions in micropatterned colonies with d
= 800 um remains unclear, and likely involves secondary tissue morphogenesis under such sub-

optimal culture conditions [113].
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Figure 2-7 Effect of colony size on self-organized neuroectoderm patterning. (a-c) Representative
phase contrast and immunofluorescence micrographs and average intensity maps showing cell
colonies of different diameters (a: d =300 pm; b: d =500 um; ¢: d = 800 um) at day 9 stained for
neuroepithelial marker PAX6 and neural plate border (NPB) markers PAX3, ZIC1 and MSX1 as
indicated. DAPI counterstained nuclei. White dashed lines mark colony periphery. Zoomed-in
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images in ¢ are shown for boxed regions at colony central areas. Experiments were repeated three
times with the similar results. Number of colonies analyzed were pooled from n =3
independent experiments. Bottom plots show average fluorescence intensity of individual markers
as a function of distance from colony centroid. Data were plotted as the mean. Scale bars, 100 um.
(d) Bar plots showing full width at half maximum (FWHM) for average normalized fluorescence
intensity curves of PAX6 and PAX3 in a-c, respectively, as a function of colony diameter. hPS
cells were plated on day 0 at 20,000 cells cm™.

We further examined neuroectoderm patterning in circular colonies with d =400 um
under two other initial cell seeding density conditions (5,000 cells cm™ and 30,000 cells cm™).
A seeding density of 5,000 cells cm™ led to abnormal neuroectoderm regionalization. Even
though a notable number of PAX6" NE cells appeared at the colony center, PAX3", ZIC1" and
MSX1" NPB cells were evident across entire colonies without distinct spatial patterning (Figure
2-8 a). Plating cells at 30,000 cells cm™ led to development of multilayered cellular structures
by day 9, even though PAX3" NPB cells still appeared and formed a single peripheral layer
enveloping colony top surface (Figure 2-8 b). Overall, we identified micropatterned circular
colonies with 4 = 300 - 500 pm and an initial cell seeding density of 20,000 cells cm™ as the
most suitable condition for in vitro modeling of neural induction (referred to henceforth as the

'default neural induction' condition).
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Figure 2-8 Effect of cell seeding density on self-organized neuroectoderm patterning. (a)
Representative immunofluorescence micrographs and average intensity maps for cell colonies at
day 9 when hPS cells were plated on day 0 at a low density of 5,000 cells cm?. Colonies were
stained for neuroepithelial marker PAX6 and neural plate border (NPB) markers PAX3, ZIC1 and
MSXI1 as indicated. DAPI counterstained nuclei. White dashed lines mark colony periphery.
Experiments were repeated three times with similar results. Number of colonies analyzed were
pooled from n = 3 independent experiments. Data were plotted as the mean. Scale bar, 100 pum.
(b) Representative confocal images demonstrating spatial distribution of PAX3" NPB cells in cell
colonies at day 9 when hPS cells were plated on day 0 at a high density of 30,000 cells cm™.
Experiments were repeated three times with similar results. Scale bar, 100 pm. hPS cells were
seeded at day 0 on circular adhesive patterns with a diameter of 400 um.

We further conducted live-cell assays to examine the dynamics of NPB patterning using a

SOX10::EGFP bacterial artificial chromosome hES cell reporter line (H9)[108]. SOX10 is a

specifier gene for NC induction at the NPB in vertebrates[114]. Surprisingly, under the default

neural induction condition, GFP* cells emerged first at colony periphery on day 6 and

continuously increased its number there through day 7 and day 8 (Figure 2-9). This observation

was further corroborated by immunofluorescence analysis to examine initial appearances and
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spatial distributions of PAX6" NE and PAX3" NPB cells, respectively, in micropatterned
colonies at different days (Figure 2-10). PAX3" NPB cells were first observed at the colony
periphery on day 4, while PAX6" NE cell were first observed at colony center on day 6.
Together, the time course of expression of the NPB markers PAX3 and NC marker SOX10 in

micropatterned hES cell colonies is consistent with mouse embryo development in vivo[114-116].

Day:

Intensity map

— Ncolony = 60

Figure 2-9 Dynamic expression of SOX10 during self-organized neuroectoderm patterning.
Representative phase contrast and fluorescence images and average intensity maps from live cell
assays using SOX10:EGFP hES cells. White dashed lines mark colony periphery. White
arrowheads mark GFP™ cells at colony border on day 6. Experiments were repeated three times
with similar results. Number of colonies analyzed were pooled from » = 3 independent
experiments. Data were plotted as the mean. Scale bars in b-d, 100 pm.
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Figure 2-10 Dynamic expression of cell lineage markers during self-organized neuroectoderm
patterning. Cells were stained for the neuroepithelial marker PAX6 and the neural plate border
(NPB) marker PAX3 at day 2, 4, 6, and 9. DAPI counterstained nuclei. White dashed lines mark
colony periphery. White arrowheads mark appearance of PAX3* NPB cells at colony border on
day 4. Experiments were repeated three times with similar results. Average intensity maps show
spatial distributions of marker intensities. Number of colonies analyzed were pooled from n =3
independent experiments. Data were plotted as the mean. Scale bar, 100 pm.
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To examine a possible role of cell sorting in neuroectoderm patterning, live-cell imaging
was conducted for tracking cell migratory behaviors between day 2 - 4 in micropatterned
colonies. Our results revealed that migration of cells, regardless whether located at colony
central or peripheral regions, was very limited under the default neural induction condition, with
an average radial displacement <20 um between day 2 - 4 (Figure 2-11). Furthermore, cell
migratory behaviors could be simulated well using an unbiased random walk model (Figure
2-11). Thus, cell sorting was unlikely responsible for emergent regional neuroectoderm
patterning in micropatterned colonies. Together, our data support that autonomous
regionalization of NE and NPB cells during emergent neuroectoderm patterning can be attributed
to cell fate-determinant, position-dependent information perceived by differentiating cells that

dictates bifurcation dynamics of NE and NPB lineage commitments.

41



(g}

t=0hr t=1hr z 1201 Experiment 120+ Simulation
c
TQ
S = 80 80
o o
® g
w @ 401 401
o
]
2
0 v 0
1001 — Central 100 — Central
- — Peripheral — Peripheral
c
=S 11 MU 5Ot =mmmmmmmmmmmmmmees
8 E
LR
G OfemiIETIT o-a:’_f_ﬁ
", Central '
+« Central ,*
APt o Vo A 5O Fmmmmmm e —————
v
» (14
Peripheral -100 -100
— 5‘000. "6 c 25' 25'
€ £ 2 20 1
ggfﬂf‘OOO' P E’) 201
S @ C ] Q > 4
g o & 3,000 Re=0.99 =5 19 18
c. Lo ] °
§g g 200 28 1o o]
= " 3 1,000 £ 8
3 — Linear fitting g g 51 51
01 o8
x v v ¥ T o v v v r 0 v v r v
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Time (hr) Time (hr) Time (hr)

Figure 2-11 Cell migration during neuroectoderm patterning. Migration of CellTracker labeled
hPS cells was recorded every 20 min starting from day 2 (¢ = 0 hr) till day 4 (=41 hr). If labeled
cells divided during tracking, one of daughter cells was randomly selected for continuous tracking.
(a) Fluorescence micrographs showing CellTracker labeled cells at =0 hr and =1 hr. White
dashed and solid lines mark cell boundaries at =0 hr and ¢# = 1 hr, respectively. White arrows
mark cell displacements. Scale bar, 40 um. (b) Migration trajectories for two individual cells in
colony central (red) and peripheral (black) regions, respectively, between ¢ = 0 - 41 hr. D denotes
end-to-end cell displacement, and R; denotes cell radial position from colony centroid. R;- Ro
represents radial displacement during cell migration. (c&d) Experimental (¢) and simulation (d)
results showing end-to-end displacement D, radial displacement R; - Ry, and percentage of cells
switching between 'central' and 'peripheral’ regions as a function of time. For radial displacement,
cells were divided into two groups based on their radial positions at ¢ = 0 hr (Ro) ('central: 0 < Ry <
100 pm; 'peripheral': 100 < Ry <200 um). The slight difference in radial displacement R; - Ro
between 'central' and 'peripheral’ cells was due to geometric confinement from colony boundary
preventing cells from passing across. 7 = 153 from # =2 independent experiments with 7colony >
15 per experiment. Data were plotted as the mean + s.e.m. (e) Mean square end-to-end
displacement D?as a function of time. Red curve shows linear fitting.
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The micropatterned hPS cell culture system, even though efficient for deriving
neuroectoderm tissues with proper NE / NPB regionalization, does not contain non-neural
ectoderm or mesenchymal tissues, which may play important roles in instructing neuroectoderm
tissue formation in vivo [95, 117, 118]. Nonetheless, there are well documented tissue isolation
studies using in vivo models that support neural induction as an autonomous process [119]. The
origin of NPB cells is also believed to arise from neural but not epidermal ectoderm [114, 116].
Altogether, the micropatterned hPS cell culture system reported here is useful for studying self-
organizing principles involved in autonomous patterning and regionalization of neuroectoderm

tissues.

In summary, I have utilized bioengineering tools such as microcontact printing to
establish 2D colonies of hPS cells with defined shapes and sizes. Pre-patterned geometrical
confinement induces emergent patterning of hPS cells, mimicking neuroectoderm regionalization
during early neurulation. Specifically, under neural induction condition, hPS cells differentiate
and gradually self-organize into a radial symmetrical pattern of NE and NPB cells, with NE cells
localized at the colony center and NPB cells accumulating at the colony border. The hPS cell-
based neural induction model could be leveraged for developing high-throughput toxicological

studies and drug screening platforms for prevention and treatments of neural tube defects.
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Chapter 3
Mechanics-Guided Cell Fate Patterning in a Human Pluripotent

Stem Cell-Derived Neuroectoderm Model

The major content of this chapter is reproduced from my previously published paper:
“Mechanics-guided embryonic patterning of neuroectoderm tissue from human pluripotent stem

cells.” in Nature Materials, 2018 [93]."

3.1 Introduction

One of the enduring mysteries of cell and developmental biology is tissue morphogenesis
and patterning, where embryonic cells act in a coordinated fashion to shape the body plan of
multicellular animals[120-124]. During early human development, embryonic cells continue to
divide, differentiate and organize into embryonic structures through morphogenesis.
Morphogenetic events generate local mechanical perturbation and are accompanied by changes

in cell shape and force[123, 125]. It has been reported that mechanics plays an important role in

T Research presented in this chapter has received assistance from Dr. Yubing Sun (cell culture, design differentiation
assay), Ms. Agnes Resto-Irizarry (imaging processing), and Dr. Koh Meng Aw Yong, Dr. Yi Zheng, Dr. Shinuo
Weng, and Dr. Yue shao (qQRT-PCR). I would also like to thank Dr. Jianping Fu for his supervision and Dr. Allen
Liu for his comments on the research presented in this chapter.
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various developmental events including anterior-posterior patterning[126], left-right
patterning[127] and amnion development[128, 129]. Failure of stem cell differentiation and
morphogenesis, likely associated with abnormal cellular mechanical property changes, can result
in abnormal embryonic or fetal development and birth defects. For example, amniotic band
syndrome (ABS), which could result in limb defects, may be caused by weak mechanical

properties and rupture of amniotic sac or lack of amniotic fluid [130].

As a highly conserved developmental event crucial for nervous system formation, neural
induction, for example, leads to differentiation of the ectoderm into a patterned tissue, containing
the neural plate (NP) and the epidermal ectoderm separated by the neural plate border (NPB)
[110, 131]. Classic embryological studies of neural induction have unraveled the importance of
graded developmental signaling mediated by diffusible signals including bone morphogenetic
proteins (BMPs) in neuroectoderm patterning [95, 117, 118]. However, neural induction, like
any tissue-scale morphogenetic event, occurs within the milieu of biophysical determinants
including changes in shape, number, position, and force of cells [94, 131]. For example, the
ectoderm becomes thickened in the dorsal region to form pseudostratified, columnar
neuroepithelial (NE) cells in the prospective NP domain. Yet, it remains undetermined how these
tissue-scale morphogenetic changes work in concert with classic developmental signaling events
mediated by diffusible biochemical signals for proper spatial regulations of cell fate patterning
during neural induction, largely due to the lack of controllable in vitro models that are

compatible to mechanical manipulation.

Here, to understand the role of mechanical cues in neuroectoderm patterning, leveraging

the hPSC-based neural induction models that were reported in chapter 2, I implemented various
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mechanical stimulation and characterization tools such as PDMS micropost array and cell
stretching device in this in vitro neural induction model to study the interaction and crosstalk
between mechanical cues and classic developmental signaling such as BMP signaling to regulate

NE and NPB lineage bifurcation.

3.2 Materials and methods

3.2.1 Traction force measurement.

Traction force was analyzed using PDMS micropost arrays (PMAs) as described
previously[105]. Briefly, PMAs were first prepared for cell attachment using microcontact
printing to coat micropost top surfaces with vitronectin as described previously[105]. To
quantify traction forces of micropatterned hPS cell colonies or single hPS cells, microcontact
printing was used to define circular adhesive patterns of different sizes. PMAs were labeled with
A°-Dil (5 ng mL™!; Invitrogen) in distilled water for 1 hr. After microcontact printing, protein
adsorption to all PDMS surfaces not coated with vitronectin was prevented by incubating in 0.2%

Pluronics F127 NF solution (BASF) for 30 min.

Live cell imaging was conducted using an inverted epifluorescence microscope (Zeiss
Axio Observer Z1) enclosed in an environmental incubator (XL S1 incubator) maintaining cell
culture at 37 °C and 5% CO». Images of micropost tops were recorded using a 40 x (for single
cells) or 20 x (for cell colonies) objective (Carl Zeiss Microlmaging). All images were recorded
at day 4 and were analyzed using a custom-developed MATLAB program (MathWorks), as
described previously[132], to obtain traction force maps associated with each image. To
determine average traction stress maps for micropatterned hPS cell colonies, individual traction

force maps were first adjusted to the same size before being stacked together to obtain average
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traction stress maps. To plot average traction stress as a function of distance from colony
centroid, circular hPS cell colonies were first divided into 20 concentric zones with equal widths.
The average traction stress in each concentric zone was then calculated and plotted against the

mean distance of the concentric zone from colony centroid.

3.2.2 Microfluidic cell stretching device.

The microfluidic cell stretching device was comprised of a PDMS structural layer, a
PDMS inlet block, and a glass coverslip. The PDMS structural layer, which contained a
microfluidic network for applying pressures to simultaneously activate 64 pressurization
compartments to induce PDMS membrane deformation, was fabricated using soft lithography.
Briefly, PDMS prepolymer containing PDMS base monomer and curing agent (10:1 w / w) was
spin coated on a silicon mold generated using conventional microfabrication techniques
including photolithography and DRIE. The PDMS layer was thermally cured by baking at
110 °C for at least 24 hr before peeled from the silicon mold. An inlet for fluid connections was
then punched into the PDMS structural layer using a 1 mm biopsy punch (Fisher Scientific).
Both the coverslip and PDMS structural layer were briefly cleaned with 100% ethanol (Fisher
Scientific) and blown dry under nitrogen before treated with air plasma (Plasma Prep II; SPI
Supplies) and bonding together. Separately, another PDMS block was prepared, and an inlet for
fluid connection was punched into the PDMS block with a 0.5 mm biopsy punch. After both
treated with air plasma, the PDMS block and the PDMS structural layer were bonded together
with their fluid inlets aligned manually. The competed microfluidic cell stretching device was

baked at 110 °C for at least another 24 hr to ensure robust bonding between different layers.
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To apply continuous stretching to the central zone of micropatterned hPS cell colonies,
microcontact printing was performed to print circular adhesive patterns with a diameter of 400
um onto the deformable PDMS membrane on top of pressurization compartments (with a
diameter of 200 um) in a custom designed microfluidic cell stretching device. To this end, a
custom desktop aligner designed for fabrication of multilayer microfluidic devices was
used[133]. Briefly, the vitronectin-coated PDMS stamp and the microfluidic cell stretching
device were mounted onto the top and bottom layer holders of the aligner, respectively. Under
inspection with a digital microscope, the X/ Y/ 6 stage holding the bottom layer holder was
adjusted for alignment of the PDMS stamp and the microfluidic cell stretching device. After
alignment, the PDMS stamp was pressed to transfer vitronectin from the stamp to the deformable

PDMS membrane on top of pressurization compartments.

Deionized water was injected into the microfluidic cell stretching device before applying
pressure through a microfluidic pressure pump (AF1, Elveflow). Software (Elveflow Smart
Interface) was used for programming the pressure pump for continuous cell stretching with a

square-wave pattern (pulse width of 2 hr, period of 4 hr, and 50% duty cycle).

Detailed fabrication protocol is in Appendix C.

3.2.3 RNA isolation and quantitative reverse-transcription PCR (QRT-PCR) analysis.

Total RNA was isolated from cells using the RNeasy kit (Qiagen). Quantitative reverse-
transcription PCR (qQRT-PCR) was performed and monitored using a CFX Connect SYBR Green
PCR Master Mix system (Bio-Rad). Human TBP primers were used as an endogenous control
for relative quantifications. Primers are listed in Appendix D. Samples in which no expression

was detected were given an arbitrary Ct value of 40. All analyses were performed with at least 3
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biological replicates and 3 technical replicates. Relative expression levels were determined by

calculating 224t with the corresponding s.e.m.

3.2.4 Pharmacological treatment.

Blebbistatin was used to inhibit actomyosin contractility. To this end, blebbistatin (10
uM in DMSO; Cayman Chemical) was supplemented to the culture medium from day 1 till cell
fixation. To modulate BMP signaling, recombinant human BMP4 (25 ng mL!'; R&D Systems)

was supplemented to the neural induction medium.

3.2.5 Statistics.

Statistical analysis was performed using Excel (Microsoft). The significance between
two groups was analyzed by a two-tailed Student 7-test. In all cases, a P value of less than

0.05 was considered significant.

3.3 Results and discussion

Gradual accumulation of hPSCs at colony center (Figure 2-3) suggests cell
rearrangement and dynamic morphogenetic processes. Indeed, micropatterned hPSC colonies
stained for ZO-1 for visualization of cell-cell junctions revealed that at day 4 under the default
neural induction condition, cells at the colony periphery displayed a greater projected area than
at the central region (Figure 3-1 a & b). Compared with those at the colony center, cells at the
colony periphery also displayed greater intracellular cytoskeletal contractility, as revealed by
stronger staining for phosphorylated myosin and greater traction stress quantitated using PDMS
micropost force sensors[105] (Figure 3-1 a & ¢). Supplementing neural induction medium with

blebbistatin (10 pM), which inhibits myosin motor activity and thus cytoskeletal contractility,
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effectively eliminated spatial differences in projected area or traction stress between colony
peripheral and central regions at day 4 (Figure 3-1 a-c). Importantly, even though NE and NBP
cells still appeared at day 9 under blebbistatin treatment, proper neuroectoderm regionalization
was severely impaired, with abundant PAX3", ZIC1" and MSX1" NPB cells randomly

distributed across entire colonies (Figure 3-1 d).
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Figure 3-1 Self-organization of morphogenetic factors controls neuroectoderm patterning. (a)
Representative fluorescence images showing staining for ZO-1, phosphorylated myosin (p-myosin)
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and actin, as well as micropost sensors at the colony peripheral and central regions at day 4. hPS
cells were cultured in neural induction medium supplemented with either DMSO (control) or
blebbistatin (Bleb; 10 uM). Circular colonies were divided into 2 concentric zones ("central” vs.
"peripheral") with equal widths. White dashed lines mark colony periphery. Traction force vectors
were superimposed onto individual micropost force sensors. Experiments were repeated three
times with similar results. Scale bars, 40 um (fluorescence micrographs) and 10 pm (micropost
images). (b) Box-and-whisker plots showing projected cell spreading area at day 4 under different
conditions as indicated (box: 25 - 75%, bar-in-box: median, whiskers: 1% and 99%). Number of
colonies analyzed were pooled from »n = 3 independent experiments. P values were calculated
using unpaired, two-sided Student’s #-tests. (c¢) Maps showing spatial distribution of traction stress
quantitated using micropost force sensors at day 4 under culture conditions as indicated (see
Methods). Number of colonies analyzed were pooled from # = 3 independent experiments.
Data were plotted as the mean. Scale bar, 100 um. (d) Representative immunofluorescence
micrographs and average intensity maps showing colonies at day 9 stained for PAX6, PAX3, ZIC1
and MSX1. DAPI counterstained nuclei. White dashed lines mark colony periphery. Experiments
were repeated three times with similar results. Number of colonies analyzed were pooled from
n =3 independent experiments. Data in intensity maps were plotted as the mean. Scale bar, 100
pm.

Our results in Figure 3-1 suggested critical roles of morphogenetic cues in mediating
neuroectoderm patterning with proper regionalization. Neural induction in vivo has been shown
to be mediated through graded BMP signaling [22, 95, 117, 118]. Specifically, this BMP
signaling gradient provides positional information in the ectoderm, with high BMP activity
promoting epidermal differentiation, low BMP for NP development, and intermediate BMP for
NPB specification[22, 95, 117, 118]. Indeed, we observed strong correlations between spatial
regulations of cell shape, cytoskeletal contractility and BMP activity at day 4 under the default
neural induction condition. Most cells at the colony periphery showed prominent nuclear
staining of phosphorylated SMAD 1/5 (p-SMAD 1/5), a downstream target of BMP-SMAD
signaling, whereas much fewer cells at colony central area were p-SMAD 1/5 nuclear positive
(Figure 3-2). Interestingly, blebbistatin treatment or plating cells at 5,000 cells cm™ rescued
BMP activity at colony central area on day 4 (Figure 3-2), consistent with their effects on

promoting NPB differentiation at colony central region.
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Figure 3-2 Mechanically guided emergent neuroectoderm patterning is mediated by BMP-Smad
signaling. (a) Representative immunofluorescence images showing whole colonies or central and
peripheral zones of micropatterned colonies at day 4 stained for phosphorylated Smad 1/5 (p-Smad
1/5) as indicated. DAPI counterstained nuclei. hPS cells were plated at either 20,000 cells cm™
(control) or 5,000 cell cm™ (low density) and were cultured in the neural induction medium
supplemented with either DMSO or blebbistatin (Bleb) from day 1 - 4 as indicated. Red and
yellow rectangles highlight selected peripheral and central regions of colonies, respectively, where
fluorescence intensities of DAPI and p-Smad 1/5 were measured along white solid lines drawn
across these selected areas. Scale bars, 100 um (whole colony) and 40 um (peripheral and central
zones). (b) Percentage of cells with nuclear p-Smad 1/5 as a function of distance from colony
centroid under different culture conditions as indicated. Based on the distance of nuclei from
colony centroid, cells were grouped into 4 concentric zones with equal widths as indicated. Data
were obtained from images in a and plotted as the mean + s.e.m.

To specifically examine the functional roles of cell shape and cytoskeletal contractility in
regulating BMP activation, microcontact printing was applied to obtain patterned circular single
hES cells with prescribed spreading areas. Of note, cytoskeletal contractility of patterned single
hES cells correlated positively with spreading area (Figure 3-3). Importantly, the percentage of
patterned single hES cells with dominant nuclear staining of p-SMAD 1/5 also increased with
spreading area (Figure 3-3). Furthermore, qRT-PCR analysis revealed greater expression levels

of BMP target genes MSX1, ID1, and ID3 in patterned single hES cells with greater spreading
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areas (Figure 3-4 a-¢). Similar observations regarding BMP target genes were also obtained
when seeding hES cells on vitronectin-coated flat PDMS surfaces at different plating densities to

effectively modulate spreading area and cytoskeletal contractility (Figure 3-4 d-f).
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Figure 3-3 BMP-SMAD activity is dependent on cell shape. (a) Representative
immunofluorescence micrographs showing patterned circular single hPS cells with defined
spreading areas (500 um? vs. 1,600 pm?) stained for p-SMAD 1/5. White dashed lines mark cell
shape. Scale bar, 20 pm. Experiments were repeated three times with similar results. (b) Bar
plot showing percentages of cells with dominant nuclear or cytoplasmic p-SMAD 1/5 as a function
of cell spreading area. n =3 independent experiments. Data were plotted as the mean + s.e.m.
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Figure 3-4 Traction force and expression of BMP target genes depend on cell spreading area. (a)
Representative phase contrast images and traction force maps of micropatterned circular single hPS
cells with defined spreading areas (500 um? vs. 1,600 pm?). hPS cells were patterned on flat
PDMS surfaces (for immunofluorescence and qRT-PCR analyses) or PDMS micropost arrays (for
traction force measurements). Scale bar, 20 pm. Experiments were repeated twice with similar
results. (b) Dot plots showing traction force per cell as a function of cell spreading area. Data
were pooled from n = 2 independent experiments. Error bars, mean £ s.e.m. (c¢) Dot plots
showing expression of BMP4 target genes MSXI, ID1, and ID3 as a function of cell spreading area.
Error bars, the mean + s.e.m. (d) Representative immunofluorescence micrographs showing hPS
cells seeded on vitronectin coated coverslips stained for ZO-1. hPS cells were plated at either
200,000 cells cm (high density, or HD) or 10,000 cell cm™ (low density, or LD). Scale bar, 20
pm. Experiments were repeated three times with similar results. (e) Box-and-whisker plot
showing projected cell area (box: 25-75%, bar-in-box: median, and whiskers: 1% and 99%) and dot
blot showing traction force per cell as a function of cell seeding density. Error bars in dot plot, the
mean + s.e.m. Data were pooled from »n = 3 independent experiments. (f) Dot plots showing
expression of BMP4 target genes MSX1, ID1, and /D3 as a function of cell seeding density. Error
bars, the mean =+ s.e.m. For ¢ & f, cells were cultured in KSR medium supplemented with or
without the dual Smad inhibitors (DSi) for 6 hr before RNA collection. All P values were
calculated using unpaired, two-sided Student’s #-tests.
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To further investigate the causal link between cell shape and mechanical force and
neuroectoderm patterning, a custom designed microfluidic cell stretching device was developed
and implemented for stretching central regions of micropatterned hES cell colonies (Figure 3-5)
[134]. Continuous stretching with a square-wave pattern (pulse width of 2 hr and period of 4 hr)
and a 100% stretch amplitude was applied starting from day 2 under the default neural induction
condition (Figure 3-6). Indeed, mechanical stretching enhanced cytoskeletal contractility at
colony central region, as reflected by stronger staining of phosphorylated myosin and actin
filaments, as compared to unstretched controls (Figure 3-5). Furthermore, stretching of colony
central area effectively rescued nuclear p-SMAD 1/5 and thus BMP activity at colony central
region (Figure 3-5). By day 8, a significant number of PAX3" NPB cells were evident at colony
center, whereas NE differentiation was completely inhibited there (Figure 3-5). Together, these
results unambiguously demonstrate that cell shape and mechanical force can directly activate
BMP-SMAD signaling and thus repress NE but promote NPB differentiation. Our data strongly
support that mechanical self-organization during emergent neuroectoderm patterning can
effectively provide instructive signals to guide genetic and cell fate patterning at the level of

individual cells and consequently strengthen spatial patterning of NE and NPB cells.
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Figure 3-5 Mechanical force is sufficient for activating BMP-SMAD signaling and inducing neural
plate border cell differentiation. (a) Schematic of a microfluidic device to apply stretching forces
to central zones of micropatterned hPS cell colonies. (b) Representative fluorescence micrographs
showing central and peripheral zones of unstretched (control) and stretched (stretch)
micropatterned colonies at day 4 stained for phosphorylated myosin (p-myosin) and actin. DAPI
counterstained nuclei. Scale bar, 40 um. Experiments were repeated three times with the similar
results. (c¢) Representative immunofluorescence images showing central and peripheral zones of
unstretched (control) and stretched (stretch) micropatterned colonies at day 4 stained for
phosphorylated SMAD 1/5 (p-SMAD 1/5). DAPI counterstained nuclei. Scale bar, 40 um.
Experiments were repeated four times with similar results. (d) Percentage of cells with nuclear
p-SMAD 1/5 as a function of distance from colony centroid under stretch and unstretched control
conditions as indicated. Based on distance of nuclei from colony centroid, cells were grouped into
4 concentric zones with equal widths as indicated. Number of colonies analyzed were pooled
from n = 4 independent experiments. Data were plotted as the mean + s.e.m. P values were
calculated between stretch and unstretched control conditions using unpaired, two-sided Student’s
t-tests. (e) Representative immunofluorescence micrographs and average intensity maps showing
unstretched (control) and stretched (stretch) colonies at day 8 stained for PAX6 and PAX3. DAPI
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counterstained nuclei. White dashed lines mark colony periphery. Experiments were repeated
three times with similar results. Number of colonies analyzed were pooled from n =3
independent experiments. Data in intensity maps were plotted as the mean. Scale bar, 100 um.
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Figure 3-6 Microfluidic cell stretching device.  (a) Photograph of the device including a
microfluidic network to apply regulated pressures to simultaneously activate 64 pressurization
compartments (200 pm in diameter) to induce PDMS membrane deformation and, consequently,
mechanical stretching of hPS cells cultured on top of PDMS membranes. Scale bar, 5 mm. (b)
Fluorescent images of fiducial markers on the PDMS membrane before and during stretching with
AP =25 psi. Scale bar, 5 um. (c) Plot of relative PDMS membrane surface area fold change as a
function of AP. AP of 25 psi was used to achieve a 100% stretch amplitude. » =5 independent
experiments. Data were plotted as the mean + s.e.m. (d) Phase contrast and fluorescent images
showing a circular adhesive island with a diameter of 400 um aligned and printed on top of the
microfluidic pressurization compartment. For visualization, fluorescently labeled BSA was used
for printing adhesive islands. Scale bar, 200 um. (e) Immunofluorescence micrographs showing
hPS cells seeded on the deformable PDMS membrane before and during cell stretching with AP =
25 psi. hPS cells were plated on day 0 at 20,000 cells cm™, and were stained at day 4 for ZO-1
before stretching. Scale bar, 30 pm. (f) Dot plot showing normalized cell area before and during
stretching with AP = 25 psi. n = 8 independent experiments. Error bars, the mean + s.e.m. P
values were calculated using unpaired, two-sided Student’s #-tests. (g) hPS cell colony stretching
protocol. Continuous stretching with a square-wave pattern (pulse width of 2 hr and period of 4 hr)
and a 100% stretch amplitude was applied to the central zone of hPS cell colonies starting from day
2.

We next modified neural induction medium to further elucidate the role of BMP

signaling in guiding neuroectoderm patterning. Specifically, modulating LDN concentration in
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neural induction medium resulted in a dose-dependent BMP signaling response. With high-dose
LDN (1 uM), BMP-SMAD signaling was completely repressed across entire colonies at day 4
(Figure 3-7). Without LDN supplementation, most cells across entire colonies showed
prominent nuclear p-SMAD 1/5 at day 4, consistent with BMP activity-inducing properties of the
KnockOut Serum Replacement (KSR) medium used in the default neural induction
condition[135] (Figure 3-7). The results suggest that cell shape and contractility regulated cells’
response to BMP signaling in micropatterned colony. BMP signaling was dependent on cell
shape and contractility, under a proper LDN dosage (500 nM), large cells at colony periphery
could respond to BMP signaling in KSR and activate pSmad1/5, while small cells at colony

center are less sensitive and thus couldn’t activate BMP signaling.
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Figure 3-7 Effect of LDN dosage on graded SMAD activation in micropatterned hPS cell colonies.
(a) Representative immunofluorescence images showing micropatterned hPS cell colonies at day 4
stained for phosphorylated SMAD 1/5 (p-SMAD 1/5). DAPI counterstained nuclei. hPS cells
were plated on day 0 at 20,000 cells cm™ onto circular adhesive islands with a diameter of 400 um.
Cells were cultured in neural induction medium with different LDN concentrations as indicated.
Scale bar, 100 um. (b) Percentage of cells with nuclear p-SMAD 1/5 as a function of distance
from colony centroid under different LDN concentrations as indicated. Based on distance of nuclei
from colony centroid, cells were grouped into 4 concentric zones with equal widths as indicated.
Number of colonies analyzed were pooled from n = 2 independent experiments. Data were
plotted as the mean + s.e.m.
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Similarly, replacing LDN with BMP4 (25 ng mL™) in neural induction medium, a
condition that promotes BMP signaling, induced prominent nuclear accumulation of p-SMAD
1/5 across entire colonies (Figure 3-8 a&b). Consequently, by day 9 at colony center, NE
differentiation was completely inhibited, whereas NPB differentiation was drastically promoted
(Figure 3-8 ¢). In distinct contrast, replacing KSR serum in the default neural induction
condition with chemically defined Essential 6™ medium, a condition that does not promote
BMP signaling[136], inhibited nuclear localization of p-SMAD 1/5 at day 4 and promoted NE
differentiation at day 9 across entire colonies (Figure 3-8 a&b). Consistently, NPB

differentiation across entire colonies by day 9 was completely suppressed (Figure 3-8 c¢).
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Figure 3-8 BMP-SMAD signaling is required for mechanically guided neuroectoderm patterning.
(a) Representative immunofluorescence images showing colonies at day 4 stained for
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phosphorylated SMAD 1/5 (p-SMAD 1/5). The default neural induction condition (control) was
modified as following: - LDN /+ BMP4, LDN was replaced with BMP4 (BMP-HI); - KSR / + E6:
KSR was replaced with E6 (BMP-LO). CHIR was kept in culture protocols for both BMP-HI and
BMP-LO conditions. Zoomed-in image shows a magnified view of colony central area. Scale bar,
100 um. Experiments were repeated three times with similar results. (b) Percentage of cells with
nuclear p-SMAD 1/5 as a function of distance from colony centroid. Number of colonies
analyzed were pooled from n = 3 independent experiments. Data represent the mean + s.e.m. P
values were calculated between BMP-HI vs. control and BMP-LO vs. control using unpaired, two-
sided Student’s #-tests. (c) Representative fluorescence micrographs and average intensity maps
showing colonies at day 9 stained for PAX6 and PAX3. Scale bar, 100 um. Experiments were
repeated three times with similar results. Number of colonies analyzed were pooled from n =3
independent experiments. Data in intensity maps represent the mean.

We further seeded hES cells on flat PDMS surfaces uniformly coated with vitronectin at
a low (5,000 cell cm) or high (50,000 cell cm™) density conditions. Consistent with our
previous data, the high density condition significantly down-regulated expression of NPB
markers PAX3 and SOX9 compared with the low density condition (Figure 3-9). However,
exogenously activating BMP by supplementing BMP4 (25 ng mL™!) effectively rescued both
PAX3 and SOXY expression (Figure 3-9). Altogether, our data suggest that morphogenetic cues
during emergent neuroectoderm patterning may function upstream of BMP-SMAD signaling to
regulate its transcriptional activation (Figure 3-10). Geometrical confinement leads to self-
organization of morphogenetic factors including cell shape and contractility. Increased cell
shape and contractile force at colony periphery result in nuclear accumulation and transcriptional
activation of p-SMAD 1/5, which in turn up-regulates NPB specifier genes including PAX3,
SOX9 and SOX10. Confined cell shape with limited contractile force at colony center leads to
nuclear exclusion of p-SMAD 1/5 and NE differentiation. Modulating cell shape by mechanical
stretching or geometrical confinement can thus mediate BMP signaling to regulate
neuroectoderm patterning. Exogenous BMP activation can rescue inhibitory effects of confined
cell shape (or small cell spreading area) and impaired cytoskeletal contractile force on BMP

signaling.
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Figure 3-9 Dot plots showing qRT-PCR analysis of neural plate border (NPB) markers PAX3 and
SOX9. Human TBP primers were used as an endogenous control for relative quantifications. hPS
cells were plated on coverslips uniformly coated with vitronectin at either 10,000 cell cm™ (low
density, or LD) or 50,000 cell cm™ (high density, or HD), and RNAs were collected at day 9.
Default neural induction protocol was modified as following: for DSi, CHIR was not added to the
medium; for BMP4, LDN was replaced with BMP4 (25 ng mL!) and CHIR was not added to
medium. 7 =3 independent experiments. Error bars, the mean + s.e.m. P values were calculated
using unpaired, two-sided Student’s z-tests.
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Figure 3-10 Cell shape and contractility regulates BMP-SMAD signaling and dictates NE and NPB
cell fate lineage commitment during neuroectoderm patterning. Geometrical confinement leads to
self-organization of morphogenetic factors. Increased cell shape and contractile force at colony
periphery result in nuclear accumulation and transcriptional activation of p-SMAD 1/5, which in
turn up-regulates NPB specifier genes including PAX3, SOX9 and SOX10. Confined cell shape
with limited contractile force at colony center leads to nuclear exclusion of p-SMAD 1/5 and NE
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differentiation. Modulating cell shape by mechanical stretching or geometrical confinement can
thus mediate BMP signaling to regulate neuroectoderm patterning.

Our data, together with others[81, 113, 137-139], highlight the dependence of emergent
fate patterning of hPS cell colonies on both colony geometry and cell density. Etoc ef al. have
recently reported a cell density-dependent mechanism for graded BMP signaling involving
subcellular lateralization of BMP receptors and diffusion of endogenous NOGGIN[138]. To
explore whether subcellular lateralization of BMP receptors was involved in our neuroectoderm
developmental model, tight-junction integrity was disrupted during neural induction by a brief
calcium depletion followed by incubation with Y-27632 (20 uM), a ROCK (Rho-associated
protein kinase) inhibitor, a condition known to prevent tight junction formation[138, 140]
(Figure 3-11). Such treatment has been shown to allow intercellular diffusion of apically
delivered TGF-f ligands to bind basolateral receptors and thus restore downstream SMAD
activity in high-density epithelial monolayers[138, 140]. However, under conditions that
disrupted cell-cell contacts, proper neuroectoderm patterning was still achieved at day 9 in
micropatterned colonies (Figure 3-11), supporting the hypothesis that subcellular lateralization
of BMP receptors was unlikely to be responsible for establishing graded BMP signaling in our

neuroectoderm model.
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Figure 3-11 Tight-junction integrity is not required for neuroectoderm patterning in micropatterned
hPS cell colonies. (a) Tight-junction disruption protocol. Tight junction integrity was disrupted
during neural induction by 20 min calcium depletion followed by incubation with ROCK inhibitor
Y-27632 (Y27, 20 uM). Specifically, calcium depletion was conducted by treating cells with 2
mM EGTA in Hank’s balanced salt solution without calcium or magnesium (HBSS") for 20 min.
(b) Representative confocal images showing ZO-1 staining at apical surfaces of micropatterned
colonies at day 4. It is notable that ZO-1 staining became diminished at the colony central region
under the tight-junction disruption condition. Experiments were repeated twice with similar
results. Scale bar, 50 um. (¢) Representative immunofluorescence images and average intensity
maps showing colonies at day 9 stained for PAX6 and PAX3 under control and tight-junction
disruption conditions as indicated. Scale bar, 100 pm. Experiments were repeated twice with
similar results. Number of colonies analyzed were pooled from »n = 2 independent experiments.
Data in intensity maps were plotted as the mean.

In this work, we demonstrate that autonomous patterning of neuroectoderm tissue with
proper NP and NPB regionalization emerges de novo as the tissue physically takes shape and
self-assembles in pre-patterned geometrical confinements. Self-organization of morphogenetic
cues, including cell shape and cytoskeletal contractility, could directly feedback to mediate BMP
activity and thus dictate spatial regulations of NE and NPB lineage commitments during
neuroectoderm patterning. Colony geometry can directly influence patterning of cell signaling
and cell-cell communication through regulatory mechanisms involving dynamic morphogenetic
cues and diffusible signals[81, 113, 137-139]. Such signaling crosstalk in confined geometries

involving both biophysical and biochemical determinants may play an important role in
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controlling patterning networks to ensure the remarkable robustness and precision of tissue self-
organization in vivo[120-124]. We envision that hPS cell-based developmental models including
the one presented in this work can facilitate future efforts in generating theoretical frameworks
that integrate knowledge at the mechanical, cellular and gene-regulatory levels[81, 113, 137-139].
Future mechanistic investigations of tissue mechanics-guided neuroectoderm patterning will
therefore help advance fundamental understanding of neural development and disease. The hPS
cell-based neural induction model could be leveraged for developing high-throughput
toxicological studies and drug screening platforms for prevention and treatments of neural tube

defects.
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Chapter 4
Dorsal-Ventral Patterned Neural Cyst from Human Pluripotent

Stem Cells in a Neurogenic Niche

The major content of this chapter is reproduced from my previously published paper:

“Dorsal-ventral patterned neural cyst from human pluripotent stem cells in a neurogenic niche

in Science Advances, 2019 [141].*

4.1 Introduction

After neural induction, the NP folds toward the dorsal side of the embryo and fuses to
form the NT. The posterior region of the NT gives rise to the spinal cord, whereas the anterior
region becomes the brain, which together comprise the central nervous system (CNS). A very
important process during neurulation is the progressive specification of the NT along the dorsal-
ventral (DV) axis, DV patterning of the NT [5, 142], which leads to the differentiation of distinct

classes of neuronal progenitor cells located at defined positions within the NT. In recent years,

I Research presented in this chapter has received assistance from Dr. Yuanyuan Zheng (cell culture, design and
perform differentiation assay), Ms. Agnes Resto-Irizarry (imaging processing). I would also like to thank Dr. Yue
Shao, Dr. Yi Zheng, and Dr. Zida Li for their comments and Dr. Jianping Fu for his supervision on the research
presented in this chapter.
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tremendous progress has been achieved in understanding the molecular mechanism(s) of DV
patterning of the NT using model organisms. Allocation of neuronal fate in the NT is directed by
secreted inductive factors (i.e., morphogens) expressed in local surrounding tissues [5, 142].
Thus, the position of progenitor cells in the NT influences cell fate by defining the identity and
concentration of inductive signals to which they are exposed. However, in the ultimate quest to
understand the mechanism(s) of human NT development with the goal to prevent and treat
developmental defects in the human CNS, studies using model systems remain suboptimal, given
significant interspecies divergence [143]. This limitation is further compounded by limited

accessibility to the in utero post-implantation mammalian embryo for experimental studies.

Human pluripotent stem cells (hPSCs) have been successfully utilized for modelling
post-implantation human embryonic development [81, 137, 144]. These stem cell-based human
development models provide promising experimental systems to study early neural development
in humans, as neural cells derived in vitro from hPSCs display molecular and functional
properties compatible to those in the developing embryonic brain [145]. Technological advances
in three-dimensional (3D) hPSC cultures have further led to the development of self-organized,
multicellular neuronal tissues, termed brain organoids, that resemble the cerebral cortex,
midbrain, and many other brain regions [146]. Importantly, a 3D, DV patterned NT model has
recently been reported in a pioneering work with mouse ESCs [147, 148]. However, progress in
generating a stem cell-based, DV patterned human NT model has been limited. A recent work
shows 3D induction of dorsal, intermediate and ventral spinal cord-like tissues from hPSCs in a
free-floating cell aggregate culture system [149]. However, this work falls short in demonstrating
fully organized patterning of spinal cord-like tissues along the DV axis. The apical surface of

spinal cord-like tissues derived in this work faces outside external environments [149], distinctly
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different from the NT in vivo. Together, it remains elusive whether hPSCs can be utilized to
generate a human NT development model with full DV patterning. Together, it remains
unknown whether hPSCs can be utilized to generate a human NT development model with full

DV patterning.

In this chapter, I report a biomimetic 3D culture system mimicking the in vivo neurogenic
niche for the development of a hPSC-based, DV patterned human NT development model. The
biomimetic 3D culture incorporates some key in vivo neurogenic niche elements [150], including
a 3D basal lamina extracellular matrix (ECM) to provide a permissive extracellular environment
and a soft tissue bed to reconstruct the mechanical environment provided by the ventricular
surface and ECM for the neuroepithelium during neurulation. This 3D biomimetic culture system
allows for convenient manipulations of dynamic interplays between chemical and biophysical
signals that are critical for the cellular morphogenetic events and progressive neuronal fate
specification during DV patterning of NT-like tissues derived from hPSCs. Development of the
biomimetic 3D culture system, together with extrinsic exogenous biochemical signals delivered
at precise timing and concentration, allows us to employ hPSCs to achieve the development of a
human NT development model with DV patterning. Our hPSC-based in vitro NT development
model provides a valuable experimental tool for the analysis of human NT development and will
contribute to researches on NT-related diseases and potentially to drug discovery and

regenerative medicine.

4.2 Materials and methods

4.2.1 Cell culture.
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hESC line H9 (WAO09, WiCell; NIH registration number: 0062), H1 (WAO01, WiCell;
NIH registration number: 0043) and 1196a hiPSC line (from the University of Michigan
Pluripotent Stem Cell Core33) were cultured under a standard feeder-free condition in mTeSR1
medium (STEMCELL Technologies) with daily medium exchange. Cells were passaged every 5
d using dispase (STEMCELL Technologies) and the STEMPRO EZPassage Disposable Stem
Cell Passaging Tool (Invitrogen). Cell pellets re-suspended in mTeSR 1 were transferred onto a
6-well tissue culture plate (BD Biosciences) pre-coated with 1% lactate dehydrogenase-elevating
virus (LDEV)-free hESC-qualified reduced growth factor basement membrane matrix Geltrex™
(Thermo Fisher Scientific). All the cell lines used in this study had a passage number < P70, and
it was authenticated as karyotypically normal by Cell Line Genetics. H9 hESC line was tested
negative for mycoplasma contamination (LookOut Mycoplasma PCR Detection Kit, Sigma-

Aldrich).

4.2.2 Fabrication of gel beds.

Geltrex™ gel bed was generated based on a “sandwich” scheme developed recently for
inducing amniogenesis from hPSCs [81]. In brief, two 12-mm diameter round glass coverslips
were treated with air plasma (Harrick Plasma) for 2 min. One of the coverslips, which was to be
coated with the gel bed, was soaked in 0.1 mg mL-1 poly-(L-lysine) (PLL) solution (Sigma-
Aldrich) for 30 min and then in 1% glutaraldehyde solution (Electron Microscopy Sciences) for
another 30 min. The other coverslip was coated with 0.1 mg mL-1 poly-(L-lysine)-graft-poly-
(ethylene glycol) (PLL-g-PEG; SuSoS) solution for 1 h. To obtain gel beds with nominal
thickness of 20, 60, and 100 um, undiluted Geltrex (10, 30 and 50 pL, respectively) was then
sandwiched between the two coverslips on ice before being incubated at 37 °C for 30 min. The

glass coverslip coated with the Geltrex gel bed was then gently separated from the PLL-g-PEG
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coated coverslip, before being submerged in DMEM/F12 medium (Thermo Fisher Scientific)

and incubated at 37 °C overnight before plating cells at the following day.

4.2.3 Neural induction.

hESC colonies were first treated with Accutase (Sigma-Aldrich) for 10 min at 37 °C.
Cells were rinsed briefly with PBS before being collected, centrifuged and re-suspended in
mTeSR1 containing the ROCK inhibitor Y27632 (10 uM, Tocris). Singly dissociated hESCs
were plated onto coverslips at an initial cell seeding density of 50 x 10* cells cm™ and cultured
overnight. For Gel-2D and Gel-3D cultures, the coverslip was pre-coated with the Geltrex™ gel
bed, whereas for Glass-2D and Glass-3D conditions, glass coverslips were pre-coated with 1%
Geltrex solution for 1 h at room temperature. On the following day (day 1), culture medium was
switched to fresh N2B27-based neural induction medium (see below). For Gel-3D and Glass-3D
conditions, this neural induction medium contained 2% (v / v) Geltrex. Thereafter, fresh neural

induction medium with or without 2% (v / v) Geltrex supplement was exchanged daily.

N2B27-based neural induction medium comprised Advance DMEM/F12 (Gibco) :
Neurobasal medium (1 : 1; Gibco), 0.5x N2 (GIBCO), 0.5% B27 (GIBCO), 1% nonessential
amino acids (GIBCO), 2 mM L-glutamine (GIBCO) and 0.1 mM b-mercaptoethanol (Sigma).
N2B27-based neural induction medium further contained TGF-3 pathway inhibitor SB431542
(SB, 10 uM; STEMCELL Technologies) and BMP inhibitor LDN193189 (LDN, 0.1 uM;

STEMCELL Technologies).

To induce DV patterning of NE cysts, all-trans retinoic acid (RA, 1 pM; TEMCELL
Technologies), recombinant human Sonic Hedgehog (SHH, 10 nM; PeproTech), were

supplemented into neural induction medium from day 4. For motor neuron induction, the
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following chemicals were added to neural induction medium day 12: 10 ng mL™! brain-derived
neurotrophic factor (BDNF; R&D systems), 10 ng mL™! glial-derived neurotrophic factor (GDNF;
PeproTech), 10 ng mL-1 ciliary neurotrophic factor (CNTF; PeproTech) 10 ng mL"! insulin-like
growth factor-1 (IGF-1; PeproTech), 1 uM cyclic adenosine monophosphate (CAMP; Sigma),

and 0.2 ug mL! ascorbic acid (Sigma).

4.2.4 Immunocytochemistry.

Cystic tissues were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences)
at room temperature for 1 h before being permeabilized with 0.1% sodium dodecyl sulfate (SDS,
dissolved in PBS) solution at room temperature for 3 h. Cysts were then blocked in 10% goat
serum solution (Thermo Fisher Scientific) or 4% donkey serum solution (Sigma) at 4 °C
overnight. Immunostaining was performed in primary antibody solutions prepared in blocking
buffer for 24 h at 4 °C. Cysts were then washed with PBS and incubated with goat or donkey-
raised secondary antibodies at 4 °C for another 24 h. DAPI (Invitrogen) was used for
counterstaining cell nuclei. All primary antibodies, their sources and dilutions are listed in

Appendix A.

4.2.5 Confocal microscopy and image analysis.

Images were recorded using an Olympus 1x81 fluorescence microscope with a CSU-X1

spinning-disc unit (Yokogawa). 3D reconstructed cyst images were obtained using ImageJ (NIH).

4.2.6 Statistical analysis.

All data are shown as the mean + s.e.m. Statistical analysis on the qRT-PCR data was
performed using two-side unpaired student #-tests in Excel (Microsoft). P < 0.05 was considered

statistically significant
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4.3 Results

4.3.1 3D biomimetic culture for neuroepithelial cyst development

In the 3D biomimetic culture system, H9 hESCs were plated as single cells at 50 x 10°
cells cm™ onto a thick, soft gel bed of Geltrex (with thickness > 100 pm, bulk Young’s modulus
~ 900 Pa, coated on a glass coverslip), in mTeSR1 medium supplemented with the ROCK
inhibitor Y27632 (Figure 4-1 A). At 24 h (day 1), a neurogenic environment was established by
replacing mTeSR1 with a fresh neural induction medium comprising N2B27 supplemented with
SB431542 (SB, TGF-p inhibitor) and LDN 193189 (LDN, BMP4 inhibitor) [151, 152] (Figure
4-1 A). To establish a 3D neural induction environment, 2% (v / v) Geltrex was further
supplemented into the neural induction medium (hereinafter referred to as ‘Gel-3D’; Figure 4-1
A). In Gel-3D condition, while undergoing neural conversion with PAX6 expression, hESCs
self-assembled to form pseudostratified, multicellular cystic tissues enclosing a central lumen
with the ZO-1 apical surface facing inward (Figure 4-1 B). We investigated the development of
NE cysts in Gel-3D with different gel bed thicknesses (Figure 4-1 A). When the gel bed
thickness decreased from 100 um to 60 um or 20 um, which increased the effective substrate
rigidity [128], although PAX6 expression was evident in all cysts, these cysts showed a flattened
morphology with a jagged basal surface (Figure 4-1 A). In contrast, regular, spherical cystic
tissues containing multilayered NE cells with smooth outside surfaces were evident in thick gel
bed (100 um). Altogether, our data suggest that matrix rigidity might be an important factor

mediating the formation of spherical NE cystic tissues.

71



A

Neurogenesis
(o]

‘ . <
== 3D ECM, Soft tissue bed

[B%Glass | Gel bed i 3D ECM overlay|

B Gie-bed il
thickness 20 um 60 um 100 ym

X-Z section X-Y section

Figure 4-1 hESCs form neuroepithelial (NE) cysts in an engineered 3D neurogenic niche.
(A) Schematic of neural induction in a 3D in vitro culture system comprising a gel bed and
an ECM overlay (Gel-3D). (B) Confocal micrographs showing X-Y and X-Z sections of
multicellular structures cultured in Gel-3D with varying gel bed thicknesses stained for
PAX6 and ZO-1. DAPI counterstained nuclei. Scale bars, 50 pm.

Additional molecular characterizations were conducted for lumenal NE cysts derived
from H9 hESCs in Gel-3D. In addition to PAX6, NE cysts showed strong expression of SOX2
and NESTIN, another two neuroectodermal markers, at day 8. Neither SOX17, a definitive
endoderm marker, nor BRACHYURY, CDX2 or EOMES, which are primitive streak and
mesodermal markers, was detectable at day 8 (Figure 4-2), excluding mesoderm or endoderm

lineages in Gel-3D.
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Figure 4-2 Molecular characterizations for neuroepithelial cysts. Representative cystic tissues in
Gel-3D at day 8 stained for PAX6, NESTIN, SOX2, N-CAD, SOX17, BRACHYURY, CDX2 and
EOMES as indicated. DAPI counterstained nuclei. Scale bars, 50 pm.

4.3.2 Dorsal-ventral patterning of neuroepithelial cysts

To determine whether Gel-3D could support DV patterning of NE cysts, we culture
hESCs in neural induction condition for 18 days, with RA (1 uM) and SHH (10 nM)
supplemented into neural induction medium from day 4 to day 9 (Figure 4-3 A). Indeed, with
RA and SAG, a small portion of NE cysts (22 + 3.06%) displayed the key architectural feature of
DV patterning at day 18, with ventral progenitor domains aligned adjacent to an induced floor
plate (FP) region (Figure 4-3 B&C). Specifically, in these patterned NE cysts, a single FOXA2+
FP domain emerged asymmetrically at one pole of the cyst (Figure 4-3 B). Adjacent to the FP,
two NKX2.2+ p3 progenitor domains emerged in a symmetrical fashion (Figure 4-3 B). Two
OLIG2+ pMN domains also simultaneously emerged dorsal to the two NKX2.2+ p3 domains,

respectively (Figure 4-3 B). Importantly, by day 18, PAX3+ dorsal NE cells became detectable
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and were restricted to the opposite pole of the OLIG2+ pMN domain (Figure 4-3 B), suggesting

successful DV patterning of NE cysts under RA and SAG stimulation.
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Figure 4-3 Self-organized, emergent dorsal-ventral patterning of neuroepithelial cysts in Gel-3D.
(A) Schematic of patterning of NE cysts with RA and SHH from day 4 to day 9. (B&C)
Representative confocal micrographs showing RA/SHH-treated NE cysts at day 18 stained for
dorsal and ventral markers as indicated (B). C plots percentages of different patterned cysts. Data
in C&F represent the mean + s.e.m. A total of 150 cysts was pooled from » = 3 independent
experiments under RA/SHH conditions. Scale bars, 50 um.

We confirmed that spherical PAX6+ NE cysts containing single central lumens could be
derived from H1 hESC line and a hiPSC line (1196a) in Gel-3D under neural induction condition
by day 8 (Figure 4-4). With RA and 10 nM SHH treatment from day 4 to day 9, proper DV

patterned NE cysts were also achieved using H1 hESC line and 1196a hiPSC line in Gel-3D at

day 18 (Figure 4-4).
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Figure 4-4 Dorsal-ventral patterning of neuroepithelial cysts from multiple hPSC lines in Gel-3D.
(A) Schematic of neural induction protocol in Gel-3D. (B) Representative confocal micrographs
showing NE cysts generated from H1 hESC line and 1196a hiPSC line at day 8 stained for PAX6
and ZO-1. DAPI counterstained nuclei. (C) Schematic of patterning of NE cysts with RA and SHH
from day 4 to day 9. (D) Representative confocal micrographs showing RA/SHH-treated NE cysts
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from H1 hESC line and 1196a hiPSC line at day 18 stained for dorsal and ventral markers as
indicated. (E) Percentages of different patterned cysts derived from H1 hESC line and 1196a
hiPSC line. Data represent the mean + s.e.m. For H1 hESC line, ncy: = 118 and 124 for
PAX3/0OLIG2 staining and NKX2.2/OLIG2/FOXAZ2 staining, respectively. For 1196a hiPSC line,
Heyst = 142 and 134 for PAX3/OLIG2 staining and NKX2.2/OLIG2/FOXA?2 staining, respectively.
n =3 independent experiments. Scale bars in B and D, 50 pm.

We next examined expression of other lineage markers associated with different ventral
NT domains in NE cysts obtained under treatment with RA and 10 nM SHH (Figure 4-5).
DBXI1 (marker for p0 domain), DBX2 (marker for p0 and pl domains), or NKX6.2 (marker for
pl domain) was not detectable at day 18 (data not shown). It is likely that induction of these
more dorsally localized domains might require other morphogen signals such as BMP or WNT,
which are secreted by tissues adjacent to the NT in vivo. Interestingly, around 20% of NE cysts
showed localized expression of NKX6.1 (Figure 4-5), a marker for the p3, pMN and p2 domains
[67, 153]. The OLIG2+ pMN domain enclosed in the NKX6.1+ domain was observed in 22.27%
+ 4.24% of NE cysts (Figure 4-5). We further observed mutually exclusive expression of

NKX6.1 domain and FOXA2 domain in 13.6% + 2.86% of NE cysts (Figure 4-5).
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Figure 4-5 NKX6.1 expression in ventral patterned neuroepithelial cysts in Gel-3D. (A) Schematic
of patterning of neuroepithelial (NE) cysts with RA and SHH from day 4 to day 9. (B)
Representative confocal micrographs showing RA/SHH-treated NE cysts at day 18 stained for
NKX6.1, OLIG2 and FOXAZ2. Scale bars, 50 um. (C) Percentages of different patterned cysts.
Data represent the mean + s.e.m. ncy = 153 from # = 3 independent experiments.

4.3.3 Progressive dorsal-ventral patterning of neuroepithelial cysts

We next studied dynamic, progressive DV patterning of NE cysts by tracking
spatiotemporal expression of dorsal and ventral markers, with NE cysts stimulated with RA (1
uM) and SHH (10 nM) from day 4 to day 9 (Figure 4-6). At day 9, all NE cysts contained
PAX3+ dorsal cells but without any OLIG2+ pMN progenitor cells detectable (Figure 4-6
A&B). OLIG2+ cells started to emerge at day 12 in cyst regions where PAX3 expression was
absent (Figure 4-6 A). From day 14 to day 18, the percentage of NE cysts containing OLIG2+

cells continued to increase, whereas the PAX3 domain continuously became more restricted
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(Figure 4-6 A). In a subset of NE cysts where OLIG2+ cells emerged as a cluster (the putative
pMN domain) towards the prospective ventral pole of the cyst, concurrent, progressive
restriction of the PAX3+ domain towards the opposite dorsal pole was evident (Figure 4-6 A),
suggesting dynamic progression of DV patterning regulated by RA and SHH through dual
effects on ventralization and antagonizing dorsalization [6]. PAX3-OLIG2 DV polarity was
established in 3.33% + 1.33% of cysts at day 12, and this value increased at day 14 and day 16

and reached 26.52 + 5.34% at day 18 (Figure 4-6 A&B).

We next tracked NKX2.2 and FOXA2 expression. At day 9, NKX2.2 was not detectable;
but 65.35 % £ 2.79% NE cysts contained sparsely distributed FOXA2+ FP progenitor cells
(Figure 4-6 C&D). At day 12, NKX2.2 remained undetectable; however, the percentage of NE
cysts containing FOXA2+ cells decreased to 26.67% + 1.76% (Figure 4-6 C&D). Notably,
FOXAZ2+ cells appeared as a cluster (the putative FP domain) at the presumptive ventral pole at
day 12 (Figure 4-6 C&D). NKX2.2 became detectable from day 14 onwards, and its expression
was evident only in cysts containing FOXA2+ cells (there was < 4% cysts containing only
NKX2.2+ cells at day 14; Figure 4-6 C&D). Importantly, 17.62% + 2.23% of NE cysts at day
14 displayed localized NKX2.2 domains dorsal to the FOXA2+ FP region (Figure 4-6 C&D),
suggesting dynamic patterning of ventral domains. The percentage of such ventral patterned NE

cysts increased to 46.18% = 1.95% at day 18 (Figure 4-6 C&D).
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Figure 4-6 Dynamics of dorsal-ventral patterning of neuroepithelial cysts in Gel-3D. (A)
Representative confocal micrographs showing cysts stained for PAX3 and OLIG2 at different days
as indicated. (B) Pie charts showing percentages of different types of cysts at different days as
indicated. Cysts were grouped into 5 categories as indicated (PAX3+0OLIG2-, PAX3-OLIG2-,
PAX3+OLIG2+ patterned, PAX3+0OLIG2+ unpatterned, PAX3-OLIG2+). (C) Representative
confocal micrographs showing cysts stained for NKX2.2 and FOXA?2 at different days as indicated.
(D) Pie charts showing percentages of different types of cysts at different days as indicated. Cysts
were grouped into 5 categories as indicated (NKX2.2-FOXA2+, NKX2.2-FOXA2-,
NKX2.2+FOXA2+ patterned, NKX2.2+FOXA2+ unpatterned, NKX2.2+FOXA2-). Data in B & D
represent the mean. A total of 150 cysts was counted from »n = 3 independent experiments at each
time point. Scale bars in A & C, 50 pm.

4.3.4 Dorsal-ventral patterning of neuroepithelial cysts is dependent on RA concentration

and duration

We next examined the role of RA in the DV patterning of NE cysts. When only 1 uM RA
was supplemented in neural induction medium from day 4 to day 9, 28.19% + 2.31% of NE cysts
achieved proper ventral patterning at day 18, with two NKX2.2+ p3 domains positioned dorsal to
a single FOXA2+ FP domain (Figure 4-7 A&B). However, only 1.95% + 0.05% of NE cysts
showed PAX3-OLIG2 DV polarity, with PAX3+ dorsal cells located at the opposite pole of the
OLIG2+ pMN domain (Figure 4-6 A&B). When RA concentration was reduced to 0.1 uM, no
patterned NE cyst was detectable (Figure 4-6 A&B). When stimulation with 1 uM RA was
prolonged from day 4 to day 18, no patterned NE cyst was detectable either at day 18 (Figure
4-6 C). FOXA2+ FP progenitor cells appeared uniformly at the cyst basal surface (Figure 4-6 C).
With treated with 0.1 pM RA from Day 4 to day 18, 8.86% + 1.18% of NE cysts showed PAX3-
OLIG2 DV polarity (Figure 4-6 C&D). However, ventral patterning of NE cysts was not
achieved, as even though OLIG2+ pMN domains adjacent to FOXA2+ FP domain was evident
in 27.08% + 4.45% of NE cysts, the NKX2.2 p3 domain was not detectable in any cyst (Figure

4-6 C&D). These results suggest that prolonged global RA stimulation might not be optimal for
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DV patterning. Together, these data suggest that optimal DV patterning of NE cysts depends on

both RA concentration and the timing and duration of RA stimulation.
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Figure 4-7 Independent effects of RA and SHH on patterning of neuroepithelial (NE) cysts in Gel-
3D. (A) Effect of RA stimulation (1 uM or 0.1 uM) alone from day 4 to day 9. Representative
confocal micrographs show cysts at day 18 stained for dorsal and ventral markers as indicated. (B)
Percentages of different patterned cysts as a function of RA dose. Data represent the mean + s.e.m.
A total of 150 cysts was counted from » =3 independent experiments at each RA dose. (C) Effect
of RA stimulation (1 uM or 0.1 uM) alone from day 4 to day 18. Representative confocal
micrographs show cysts at day 18 stained for dorsal and ventral markers as indicated. (D)
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Percentages of different patterned cysts as a function of RA dose. Data represent the mean + s.e.m.
50 cysts were counted from each independent experiment. n =3 independent experiments at each
RA dose. Scale bars in A & C, 50 um.

4.3.5 Generation of motor neurons from neuroepithelial cysts

After DV patterning of the NT, different progenitor domains of the NT will continue to
develop and specify region-specific neuronal subtypes in each domain. The OLIG2+ pMN
domain will give rise to MNs, which are localized at the ventral part of NT in vivo. We thus
sought to specify OLIG2+ pMN progenitor cells in NE cysts into MNs. To this end, We added
neurotrophic factors BDNF (brain-derived neurotrophic factor; 10 ng mL™"), GDNF (glial-
derived neurotrophic factor; 10 ng mL™!), CNTF (ciliary neurotrophic factor, 10 ng mL™), IGF-1
(insulin-like growth factor-1; 10 ng mL™!), cAMP (cyclic adenosine monophosphate; 1 uM) and
AA (ascorbic acid; 0.2 pg mL™") into neural induction medium from day 12 onwards (Figure 4-8
A). BDNF is a member of neurotrophin family and is required for the differentiation and survival
of specific neuronal subpopulations [154]. GDNF increases proliferation of MN progenitor cells,
promotes neuronal differentiation and survival [155]. CNTF is important for the survival of
MNs[156]. IGF-1 has been shown to promote differentiation and survival of MNs [157]. When
these growth factors are used together in vitro, they have been shown to be effective in driving
hPSC-derived neural progenitor cells into MNs [158]. Excitingly, at day 25, about 17% of NE
cysts contained HB9+ and ISLET1/2+ MNss at the cyst basal region adjacent to the OLIG+ pMN
domain (Figure 4-8 B&C), suggesting that HB9+ and ISLET1/2+ MNs were developed from

the pMN domain in NE cysts.
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Figure 4-8 Induction of spinal motor neurons (MNs) from neuroepithelial (NE) cysts in Gel-3D.
(A&B) Induction of spinal MNs with RA and SHH supplemented from day 4 to day 9 and
neurotrophic factors brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor
(GDNF), ciliary neurotrophic factor (CNTF), insulin-like growth factor-1 (IGF-1), cyclic adenosine
monophosphate (CAMP) and ascorbic acid (AA) from day 12 to day 25. Representative confocal
micrographs in F show cysts at day 25 stained for FOXA2, OLIG2, HB8 and ISLET1/2. DAPI
counterstained nuclei. The zoomed-in image shows a magnified view of the area highlighted by the
white square. Scale bars, 50 um. (C) Percentage of different patterned cysts. Data represent the
mean £ s.e.m. ncyst = 126 and 134 for HBY staining and ISLET1/2 staining, respectively. n =3
independent experiments.

4.4 Discussion

As the embryonic precursor to the CNS, the NT generates distinct classes of neuronal
progenitor cells located at defined positions within the NT through intricate patterning events.
Considerable progress has been made in determining the signaling activities and genetic
networks that control region-specific neuronal fate patterning in the NT [5, 142, 159]. It is now
appreciated that acquisition of a specific neuronal fate depends on the position of precursor NE
cells within the NT, which defines their exposure to inductive morphogens that gradually
constrain their developmental potential in each local domain. Morphogens instructing DV

patterning of the NT include WNTs, BMPs and SHH, with WNT and BMP emanated from the
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dorsal ectoderm and roof plate favoring dorsal identities and SHH secreted from the notochord
inducing ventral identity [5, 142, 159]. In this work, we have established the neurogenic Gel-3D
culture that promotes hPSCs to self-organize into spherical, lumenal NE cysts, mimicking the
development of the NT tissue in vivo. The intrinsic lumenogenic property of hPSCs prompt the
cells to undergo lumenogenesis in Gel-3D to form a central apical lumen [160]. Under the neural
induction environment, hPSCs in the lumenal cyst exit pluripotency and progress long the neural
lineage while continuing to divide. By day 9, NE cysts emerge in Gel-3D, featuring a single
central lumen with correct apicobasal polarity, displaying interkinetic nuclear migration and
pseudostratification, and expressing early neuroectodermal markers including PAX6, SOX2,
SOX1, NESTIN and N-CAD. NE cysts at day 9 appear to correspond to an early stage of the
neural plate formation in the dorsal ectoderm germ layer. Our data show that both ECM
dimensionality and matrix rigidity are critical extracellular microenvironmental factors for
proper development of NE cysts from hESCs. In particular, a 3D culture environment is required

for the development of 3D cystic NE tissues enclosing a central lumen.

Under proper DV patterning conditions, NE cells within lumenal cysts differentiate into
region-specific progenitors in discrete local domains and achieve cell fate patterning along the
DV axis. Importantly, progressive development of NE cysts features sequential emergence of
neural progenitor domains, with the ventral FP, P3 and pMN domains emerging progressively in
discrete, non-overlapping regions and the PAX3+ dorsal territory progressively restricted to the
opposite, prospective dorsal pole. The OLIG2+ pMN domain in DV patterned NE cysts can be

further specified into ISLET1/2+HB9+ MNEs.

In the Gel-3D culture, DV patterning of hESC-derived NE cysts appears to initiate after

removal of exogenous morphogen signals. This observation may be related to the hysteresis
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property of SHH signaling, in which intracellular SHH signaling remains active after withdrawal
of exogenous morphogens [161]. Previous studies using mouse NT explants suggest that the
transcriptional network for ventral patterning of the NT can produce hysteresis, providing NE
cells in the NT with a memory of SHH signaling even when extracellular signaling gradients
recede [162]. Our data further suggest a role of intracellular SHH signaling in the ventralizing
effect of RA. This observation is consistent with previous studies of the effect of RA on NE
tissues derived from mouse ESCs, which have shown induction of SHH by RA administration
and consequently expression of ventral NT markers [147]. In vivo, both the notochord and FP
secrete RA [159], and it has been suspected that RA may act as a permissive signal for SHH-
mediated ventral patterning of the NT [147]. Thus, it is likely that supplementation of RA in our
system promotes SHH signaling, which in turn induces the specification of FOXA2+ FP

progenitor cells.

It remains puzzling how global applications of exogenous morphogens lead to the
formation of a local FOXA2+ FP domain. Our temporal immunofluorescence data suggest that at
the initial phase of DV patterning, FOXA2+ FP progenitor cells emerge in a scattered fashion at
the basal surface of NE cysts. Soon thereafter, FOXA2 expression become restricted to a local,
prospective FP region at the putative ventral pole of NE cysts. This observation suggests a likely
involvement of a self-enhancing activator/inhibitor signaling system, leading to a single localized

FP region formation. This hypothesis remains to be validated in the future.

In this work, we have successfully derived DV patterned NT-like tissues from hPSCs.
Nonetheless, it remains a significant challenge (and thus a future goal) to obtain NT-like tissues
containing all progenitor domains along the DV axis. In vivo, DV patterning of the NT involves

multiple morphogen gradients emanated from neighboring signaling centers located at different
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anatomical regions. Our current Gel-3D system applies global administrations of exogenous
morphogens. It remains a future goal to integrate neural induction of hPSCs with advanced
microfluidic systems to introduce well defined, dynamic parallel and antiparallel morphogen
gradients to achieve full DV patterning of NT-like tissues. Our DV patterned NT development
model offers great opportunities for experimental control of key parameters and quantitative
measurements, providing a significantly advantageous experimental platform for advancing our
understanding of the emergent self-organizing principles and patterning mechanisms that provide
robustness and reliability to NT DV patterning, a long-standing question in biology. Patterned
NT-like tissues derived from hPSCs are also useful for the development of stem-cell based
regenerative therapies, disease models and screening applications for diagnosis, prevention and
treatment of neurological disorders resulted from impairments of the development and growth of

the CNS system.
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Chapter 5

Conclusion, Perspective, and Future Work

5.1 Summary of thesis

In this dissertation, I leveraged the developmental potential and self-organization
property of hPS cells in conjunction with 2D and 3D bioengineering tools to achieve the
development of spatially patterned multicellular tissues that mimic certain aspects of human

neural induction and DV patterning of the NT.

In chapter 2 and 3, I utilized bioengineering tools such as microcontact printing to
establish 2D colonies of hPS cells with defined shapes and sizes. Pre-patterned geometrical
confinement induces emergent patterning of hPS cells, mimicking neuroectoderm regionalization
during early neurulation. Specifically, hPS cells differentiate and gradually self-organize into a
radial symmetrical pattern of NE and NPB cells, with NE cells localized at the colony center and
NPB cells accumulating at the colony border. Mechanistic investigations reveal that while hPS
cells respond to neural induction signals, they self-organize and display graded mechanical
properties, including cell shape and contractile force, along the colony radial axis. Self-
organization of cell shape and cytoskeletal contractility feedbacks to regulate graded BMP
activity and thus instruct neuroepithelial (NE) / neural plate border (NPB) patterning. This work

provides evidence of tissue mechanics-guided neuroectoderm patterning and establishes a
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tractable model to study signaling crosstalk involving both biophysical and biochemical
determinants in neuroectoderm patterning. The hPS cell-based neural induction model could be
leveraged for developing high-throughput toxicological studies and drug screening platforms for

prevention and treatments of neural tube defects.

In chapter 4, I established the neurogenic Gel-3D culture that promotes hPSCs to self-
organize into spherical, lumenal NE cysts, mimicking the development of the NT tissue in vivo.
Under proper DV patterning conditions, NE cells within lumenal cysts differentiate into region-
specific progenitors in discrete local domains and achieve cell fate patterning along the DV axis.
Importantly, progressive development of NE cysts features sequential emergence of neural
progenitor domains, with the ventral FP, P3 and pMN domains emerging progressively in
discrete, non-overlapping regions and the PAX3+ dorsal territory progressively restricted to the
opposite, prospective dorsal pole. The OLIG2+ pMN domain in DV patterned NE cysts can be
further specified into ISLET1/2+HB9+ MNs. Our DV patterned NT development model offers
great opportunities for experimental control of key parameters and quantitative measurements,
providing a significantly advantageous experimental platform for advancing our understanding
of the emergent self-organizing principles and patterning mechanisms that provide robustness

and reliability to NT DV patterning, a long-standing question in biology.

5.2 Future work

5.2.1 Mechanobiology of in vitro human neuroectoderm development

In this dissertation, I clearly demonstrated that mechanical cues including cell shape and
contractility regulates the cell fate decision during in vitro neuroectoderm development by

regulating BMP-SMAD signaling. I am interested in investigating the mechano-regulation of
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BMP signaling in the tissue level. YAP/TAZ is mechanosensitive transcriptional regulator that
respond to mechanical cues such as extracellular matrix rigidity, cell spread area, and
cytoskeletal contractility by dynamically shuttling in and out of the nucleus [163-165].
Specifically, active YAP/TAZ localizes in the nucleus of mechanosensitive adherent cells seeded
on rigid substrates, whereas YAP/TAZ moves out of the nucleus and remains in the cytoplasm
for cells cultured on soft substrates. In parallel, mechanosensitive adherent cells cultured on large
micropatterned adhesive islands exhibit greater cytoskeletal contractile force and nuclear
localization of YAP/TAZ, whereas cells confined to small adhesive islands show limited
cytoskeletal contractile force and inactive YAP/TAZ retained in the cytoplasm. Importantly,
neurogenic differentiation of hPSCs has been shown to be sensitive to substrate rigidity and
dependent on Hippo/Y AP signaling. Soft substrate promoted NE differentiation of hPSCs and
cytoplasmic retention of YAP/TAZ [165, 166]. TAZ knockdown induced NE differentiation on
rigid culture dish [167]. Given the prevalence of cell spreading area and contractility in
regulating YAP/TAZ activity, as well as the fact that Smad nuclear/cytoplasmic shuttling and
neurogenic differentiation is regulated by YAP/TAZ activity, it is worthy of studying in the
future if YAP/TAZ plays a key role in regulating the mechanosensitive BMP activity in the

neuroectoderm model.

5.2.2 Defined co-culture platform to study the tissue interaction in regulating

neuroectoderm patterning

The NPB is located at the boundary of the neural plate and non-neural ectoderm and will
give rise to future neural crest cells and placodes. Studies from model animals showed that NPB
induction is through the interaction of NP/NNE or NP/mesoderm through the gradients of

inductive signals such as NNE-secreted BMP and WNT and paraxial/intermediate mesoderm-
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secreted FGF [116, 168]. The requirement of these signaling for NPB specification seems
species-specific. For example, in chick, induction of NPB required an early activation of WNT
signaling followed by later activation of BMP signaling [55]. In contrast, in Xenopus, WNT

signals need to be inhibited for NPB induction [65].

The neuroectoderm model reported in chapter 2 leverages the autonomous self-
organization properties of hPSCs to form spatially organized NP and NBP cells. Although
endogenous BMP4 or NOGGIN gradients were excluded in regulating NP/NPB patterning in
neuroectoderm model, it’s unclear whether chemical gradients such as BMP, FGF and WNT
gradients can also induce spatial patterning of cell fate during neural induction, and whether cell
shape and force act downstream of biochemical gradient or work independently to determine
lineage specification. It’s interesting to develop a micro-engineering platform that could generate
radial chemical gradients in the micropatterned colony. This can be achieved by incorporating
micropatterned micro-pore array with the multi-layer microfluidic device. We can fabricate
micro-pores (~ 0.2 um diameter) in a circular micropattern (400 um diameter) array format in a
PDMS membrane, with micro-pores only in the periphery of the circular micropattern. Thus, by
culturing the micropattern hPSC colony (400 pm diameter) on the membrane and align
peripheral region of hPSC colony above the micro-pore, we could generate the chemical
gradients in the micropatterned hPSC colony by providing the chemicals underneath the
membrane. We could also modulate the mechanical environment by changing the membrane
stiffness. Using such integrative platform with the capability to modulate chemical and
mechanical environment, we could perform quantitative analysis of the interactions between

biochemical and biomechanical cues in neural development.
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To study the tissue-tissue interaction between NP and NNE, a defined co-culture platform,
which could control the position of NNE and NP cells derived from hPSCs in a reproducible
manner, is required. Micropatterning-based co-culture platforms by using PDMS stencils or
micro-contact printing are very promising to generate such in vitro ectoderm models by precisely
plating NNE cells in a concentric ring-shaped colony surrounding micropatterned neuroectoderm
cells [169]. Integration of co-culture platforms with biosensors targeting intracellular chemical
signaling activity could provide a strategy to map and investigate the signaling dynamics during
NC induction. I envision controllable and reproducible co-culture platforms that could advance
our understanding of human NPB development by dissecting tissue interactions at the molecular

and signaling levels.

Recently, Toh and colleagues have reported another micropatterned ectoderm patterning
model that further incorporates mesoendoderm lineages with neuroepithelial cells and displays
morphogenetic events resembling NP folding (SSRN doi: 10.2139/ssrn.3231850). A short
mesoendoderm induction followed by neuroectoderm induction allows hPS cells at the colony
border to differentiate into mesoendoderm cells and cells at the colony center to differentiate into
NE cells. Apical constriction, marked by enriched ACTIN and p-MYOSIN at apical surfaces,
induces tissue folding at the colony border toward colony center. A critical role of
mesoendoderm cells involving TGF-f signaling is identified for folding of micropatterned
ectoderm tissues. How TGF-f signaling regulates tissue folding was not studied in this work.
Although border of the micropatterned colony folded, cells at the edge of folded tissue didn’t
fuse together and form hollow sphere. In vertebrate, neural tube fusion involves the formation of
filopodia or lamellipodia from NPB or NNE, which serves as the first attachment points during

neural tube folding [4]. In this study, the tip of folded structures was T mesoderm cells and no
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actin-rich structures were formed in these cells. To model neural tube closure, it is interesting to
co-culture our neuroectoderm model with hPSC-derived mesoderm cells and study if the NPB

cells could induce neural tube folding and closure.

5.2.3 High-throughput neural teratogenicity testing system based on hPSC-derived in vitro

neuroectoderm model

Birth defect is a structural defect in the body due to abnormal embryonic or fetal
development, which affects one in every 33 babies in the United States[170]. As an example,
neural tube defects are induced by the incidence that the neural tube fails to close by the end of
first month of pregnancy and affect 300,000 births each year worldwide [171]. Though the
specific causes of these birth defects are largely unknown, it is clear that the occurrence is related
to genetic predisposition as well as environmental factors, including exposure to teratogenic
agents especially through medications [171]. For example, thalidomide, which is a
immunomodulatory drug used as treatment of certain cancers, caused about 10000 cases of
malformation of limbs in 1950s due to its usage during pregnancy [172]. It is therefore necessary
to have methods that can assess the toxicological safety and evaluate chemical-induced

teratogenicity of chemical agents.

In addition to animal embryo models, human pluripotent stem (hPSs) cells have the
potential to generate teratogenic testing models using human-derived tissues in vitro. Indeed, by
leveraging hPSCs technology, Kameoka et al. reported the teratogen screening by directing the
neural differentiation of hPSCs [173]. Colleoni et al. reported that the generation of neural
rosettes through embryoid body can be used as a neural teratogenicity assay [174]. Neural

progenitor cells have also been used by Breier et al. for teratogen screening [175]. However,
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these studies simply used hPS cell differentiated neural cells, failing to mimic key structures and
processes during neural development, compromising applicability of their finding to human

development.

A number of transcription factors are implicated for regulating NT closure, including
Pax3 and Zic genes. Pax3, which is expressed in the NPB during neural tube folding, plays a
crucial role during NT closure; Pax3 mutant mouse embryos display spina bifida [176]. Several
Zic family proteins such as Zic2, Zic3 and Zic5 are implicated in NT closure. Loss of function of

Zic2 and Zic3 disrupts NT closure in mice, leading to variable defects [177, 178].

In the future, this neuroectoderm model with Pax6+ NE cells in the colony center and
Pax3+ and ZIC1+ NPB cells in the colony periphery could be leveraged to develop a high
throughput neural teratogenicity assay which can capture both biochemical and morphological
changes during neuroectoderm formation in detail under potential teratogen treatment. The
candidate features to examine include the expression and band width of Pax3 and Zicl. The first
step is to validate the assay’s efficacy to differentiate teratogenic reagents (valproic acid,
thalidomide, and mianserin) and non-teratogenic reagents (penicillin G and folic acid). By
collecting large amounts of data on teratogens, we could use machine learning to assess the

teratogenic potential of drugs with unknown teratogenic effect.

5.2.4 Controllable modeling of dorsal-ventral patterning of human neural tube

Current in vitro DV patterned neural tube models rely on autonomous cell differentiation
and spontaneous symmetry breaking in a homogenous cellular environment, so efficiency of
generating DV patterned neural cysts is low and fully organized cell fate patterning of neural

cysts with all domains along DV axis has not been achieved. Vertebrate neural tube DV
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patterning is controlled by morphogen gradients such as BMP and SHH gradients emanating
from epidermis and notochord. In ventral neural tube development, cell fate patterning is dictated
by both concentration and duration of SHH exposure[77]. How these two parameters influence
cell fate decision during ventral neural tube patterning remains unclear. Controllable and
reproducible stem cell-based in vitro models are needed to understand how graded signaling
gradient is interpreted. Microfluidics, due to its ability to generate chemical gradients in a
controllable manner, can serve as ideal tools for modeling neural tube DV patterning. We have
recently developed a microfluidic embryological model that recapitulates key landmarks during
human post-implantation development[82]. Development of novel microfluidic devices that are
capable to precisely control size and position of NE cysts and generate antiparallel BMP and
SHH gradients could lead to DV patterned neural cysts in a reproducible manner. Integration of
such microfluidic neural tube DV model with lineage or signaling reporter cell lines and live-cell
imaging could advance our understanding of interaction of BMP and SHH gradient in

determining gene expression in molecular, cellular and tissue level.

5.3 Conclusion and perspective

In the dissertation, I developed hPS cell-based, neural development models simulating
neural induction and NT DV patterning. In conjunction with lineage and signaling reporter lines,
these models will offer promising trackable systems to study pattern formation, morphogenesis,
cell differentiation, and growth. These models are also useful for elucidating intracellular
signaling dynamics and gene regulatory networks and their cross-talk with mechanotransduction
during embryonic development and for studying classic developmental biology questions, such

as symmetry breaking, scaling and induction. In principle, these synthetic models can be
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integrated with multi-well plate formats to achieve highly parallelized assays compatible with
existing automation workflows and screening infrastructure. By employing advanced
bioengineering approaches to control dynamic cell-cell and cell-extracellular matrix interactions
and soluble environments, new models of neural development, such as those simulating neural
fold development and their fusion into the NT and AP / DV patterning of the NT, will likely
emerge in the coming years. Successful development of these new models will hinge on refined
understanding of the intricate interactions and interdependencies between soluble factors and
insoluble biophysical signals and their roles in progressive neural development. It is also
important to recognize that embryonic development is a long-term process in which dynamic
changes of cell-cell and cell-extracellular matrix interactions abound. How we can generate in
vitro culture environments to mimic the dynamic nature and complexity of the in vivo

neurogenic niche remains a significant challenge.

The existing stem cell-based neural development models largely rely on the autonomous
self-organizing property of human PS cells to form patterned multicellular structures de novo
through spontaneous symmetry breaking. It can be envisioned that different bioengineering
strategies can be incorporated into this emerging area to provide precise controls of different
aspects of cell culture microenvironments. These bioengineering tools, which span different
scales, from molecular to cellular to organ levels, allow researchers to generate dynamic culture
environments, with the molecular, structural, hydrodynamic, and mechanical cues well
controlled in conjunction with their spatial and temporal levels and combinations. Some of the
techniques have already been successfully implemented in the examples discussed above,
including microcontact printing and synthetic hydrogels. Others useful for controlling dynamic

chemical signals and their gradients, intracellular signaling, and cell-cell interactions, such as
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microfluidics, optogenetics, and bioengineered tissue co-culture systems, are expected to find
important applications in this area, by triggering symmetry breaking and providing dynamic
chemical signals to induce the development of local signaling centers critical for progressive cell
fate specification and tissue patterning. Another important area we expect new discoveries from
these synthetic models is the study of feedback regulation by morphogenetic cues (such as
geometric confinement, cell polarity, cell shape, and cytoskeletal contractility) on classic
developmental signaling pathways to promote the robustness of embryonic patterning and tissue

morphogenesis during neural development.

I conclude this dissertation by discussing how advanced bioengineering tools would
enable generation of new model of neural development. (1) Microfluidics. The existing models
only allow temporal control of introduction of chemical factors. Microfluidics can serve as ideal
tools to provide spatiotemporal control of chemical factor introduction. Development of novel
microfluidic devices capable to precisely control colony position and generate morphogen
gradients could lead to new models of neural development such as AP / DV patterning of NT. (2)
Synthetic biomaterials. Currently, the NT in vitro models are grown in a 3D environment in
Matrigel, a poorly defined animal-derived matrices, and this causes variation of the outcomes
from different batches. Synthetic hydrogel with tunable ECM compositions and mechanical
properties would be beneficial to provide highly controllable cellular environment. Defined
hydrogel would also allow us to study the role of individual ECM components in different stages
of neural development. (3) Co-culture platform. A defined co-culture platform, which could
control the position of different cell types differentiated from hPS cells in a reproducible manner,
is desired to study the tissue-tissue interaction during neural development. For example, co-

culture of NE cells with NNE cells or mesoderm cells could answer some key questions of NC
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induction such as complex signaling crosstalk between NP and NNE/mesoderm to induce NC.
Micropatterning-based co-culture platforms by using PDMS stencils or micro-contact printing
are very promising to generate such system by precisely controlling spatiotemporal distribution
of two or more cell types [179]. (4) Colony shape control. While micropatterning have been used
to control colony shape and size, it is challenging to precisely control the tissue size and shape in
a 3D environment. In the future, controlling tissue size and shape by integrating 3D culture with
geometrical confinement using micro-contact printing or micro-wells could generate more
homogeneous NE cysts and complex in vitro tissues with different shapes such as tubular

structure to model NT development.
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Appendices

Appendix A

General cell biology assays

Cell culture

H1 hES cell line (WAO1, WiCell; NIH registration number: 0043) was cultured on
mitotically inactive mouse embryonic fibroblasts (MEFs; GlobalStem) using growth medium
containing contained DMEM/F12 (GIBCO), 20% KnockOut Serum Replacement (KSR;
GIBCO), 0.1 mM B-mercaptoethanol (GIBCO), 2 mM glutamax (GIBCO), 1% non-essential
amino acids (GIBCO), and 4 ng mL"! human recombinant basic fibroblast growth factor (bFGF;

GlobalStem). Cell culture medium is replenished every day.

H1 hES cells were passaged every 5 d using the STEMPRO EZPassage Disposable Stem
Cell Passaging Tool (Invitrogen). Before passaging, differentiated cells were removed manually
using a modified pasteur pipette under a stereomicroscope (Olympus). Cells were rinsed briefly
with PBS and treated with TrypLE Select (Invitrogen) for 2 min to release MEFs. Cells were
rinsed briefly again with PBS before all cells, including hES cells and remaining MEFs, were
collected using a cell scraper (BD Biosciences). To remove contaminating MEFs, all cells were

transferred onto a 60-mm tissue culture dish (BD Biosciences) coated with gelatin (Sigma) and
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incubated for 45 min. MEFs would attach to the dish while hES cells still remained in
suspension. hES cells in suspension were collected and centrifuged, and the resulting cell pellet
was re-dispersed in growth medium supplemented with Y27632 (10 uM; Enzo Life Sciences)
before cell seeding. For passaging H9 hES and hiPS cells, cells were digested using TrypLE

Select before cell seeding.

hESC line H9 (WAO09, WiCell; NIH registration number: 0062) and 1196a hiPSC line
(from the University of Michigan Pluripotent Stem Cell Core33) were cultured under a standard
feeder-free condition in mTeSR1 medium (STEMCELL Technologies) with daily medium
exchange. Cells were passaged every 5 d using dispase (STEMCELL Technologies) and the
STEMPRO EZPassage Disposable Stem Cell Passaging Tool (Invitrogen). Cell pellets re-
suspended in mTeSR 1 were transferred onto a 6-well tissue culture plate (BD Biosciences) pre-
coated with 1% lactate dehydrogenase-elevating virus (LDEV)-free hESC-qualified reduced
growth factor basement membrane matrix Geltrex™ (Thermo Fisher Scientific). All the cell
lines used in this study had a passage number < P70, and it was authenticated as karyotypically
normal by Cell Line Genetics. H9 hESC line was tested negative for mycoplasma contamination

(LookOut Mycoplasma PCR Detection Kit, Sigma-Aldrich).

All protocols for the use of hPS cell lines have been approved by the Human Pluripotent
Stem Cell Research Oversight Committee at the University of Michigan. All the cell lines used
in this study had a passage number < P70 and were authenticated as karyotypically normal by
Cell Line Genetics. All cell lines were tested negative for mycoplasma contamination (LookOut

Mycoplasma PCR Detection Kit, Sigma-Aldrich).

Immunocytochemistry
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For immunocytochemistry for 2D cell cultures, cells were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) for 15 min and then permeabilized with 0.1%
Triton X-100 (Roche Applied Science) for 20 min at room temperature. Primary antibodies were
used and detected by goat-anti mouse Alexa Fluor 488 and/or goat-anti rabbit Alexa Fluor 546
secondary antibodies for 1 hour at room tmperature. To visualize nuclei, cells were stained with
4,6-diamidino-2- phenylindole (DAPI; Invitrogen). Samples were then labeled with goat-raised

secondary antibodies (1:500) at room temperature for another hour.

For immunocytochemistry for 3D cell culture, Cystic tissues were fixed in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences) at room temperature for 1 h before
being permeabilized with 0.1% sodium dodecyl sulfate (SDS, dissolved in PBS) solution at room
temperature for 3 h. Cysts were then blocked in 10% goat serum solution (Thermo Fisher
Scientific) or 4% donkey serum solution (Sigma) at 4 °C overnight. Immunostaining was
performed in primary antibody solutions prepared in blocking buffer for 24 h at 4 °C. Cysts were
then washed with PBS and incubated with goat or donkey-raised secondary antibodies at 4 °C for

another 24 h. DAPI (Invitrogen) was used for counterstaining cell nuclei.

RNA isolation and quantitative reverse-transcription PCR (qRT-PCR) analysis

Total RNA was isolated from cells using RNeasy kit (Qiagen). Quantitative reverse-
transcription PCR (qQRT-PCR) was performed and monitored using a CFX Connect SYBR Green
PCR Master Mix system (Bio-Rad). Human TBP primers were used as an endogenous control
for relative quantifications. Samples in which no expression was detected were given an

arbitrary Ct value of 40. All analyses were performed with at least 3 biological replicates and 3
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technical replicates. Relative expression levels were determined by calculating 2 24" with the

corresponding s.e.m.
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Appendix B

List of primary antibodies

Table B-1 List of primary antibodies used for the immunocytochemistry

Protein
70-1

PAX6

PAX6

PAX3

PAX3

ZI1C1

MSX1

p- SMAD 1/5
p-MLC
GAPDH
N-CADHERIN
E-CADHERIN
SOX10

AP2a

SOX2

NESTIN

Vendor
Invitrogen

Abcam

Covance

Novus

R&D Systems

Novus

Novus

Millipore

Cell Signaling

Santa-Cruz Biotechnology
Abcam

BD Biosciences

Cell Signaling

Santa-Cruz Biotechnology
Stemgent

Santa Cruz Biotech.

Catalog number

33-9100

ab78545

PRB-278P

NBP1-32944

MAB2457-SP

NB600-488

NBP2-30052

AB3848

36718

sc-25778

ab12221

610181

893568

sc-12726

09-0024

sc-23927

102

Dilution

1:50 (ICC)
1:200 (ICC)

1:500 (ICC)

1:200 (ICC)
1:200 (ICC)
1:200 (ICC)
1:200 (ICC)
1:100 (ICC)
1:50 (ICC)

1:200 (WB)
1:100 (ICC)
1:100 (ICC)
1:100 (ICC)
1:100 (ICC)
1:500 (ICC)

1:500 (ICC)



SOX1

OCT4

OLIG2

OLIG2
NKX2.2
FOXA2
FOXA2
FOXA2
NKXe6.1
ISLET1/2

HB9
BIII-TUBULIN
MAP2
BRACHYURY
SOX17

CDX2

EOMES

Millipore

Santa Cruz Biotech.
Santa Cruz Biotech.
R&D Systems
DSHB

Santa Cruz Biotech.
Seven Hills Bioreagents
R&D Systems
DSHB

Santa Cruz Biotech.
Santa Cruz Biotech.
BioLegend

Sigma Aldrich
Santa Cruz Biotech.
R&D System
Biogenex

Abcam

AB15766

sc-5279

sc-48817

AF2418-SP

74.5A5

sc-101060

WRAB-1200

AF2400-SP

F55A12

sc-30200

sc-22542

MRB-435P

M1406-.2ML

sc-374321

AF1924

MU392A-5UC

ab23345
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1:200 (ICC)

1:200 (ICC)
1:500 (ICC)
1:200 (ICC)
1:200 (ICC)
1:100 (ICC)
1:500 (ICC)
1:500 (ICC)
1:200 (ICC)
1:100 (ICC)
1:100 (ICC)
1:1000 (ICC)
1:500 (ICC)
1:50 (ICC)
1:50 (ICC)
1:100 (ICC)

1:100 (ICC)



Appendix C

Cell stretching assay

B1. Silicon master fabrication
1. Photolithography

1.1. Spin coat photoresist SPR220 on silicon wafer for 1 min and soft bake at 110 °C for 3

min using ACS 200 cluster tool.
1.2. Exposure the photoresist for 12 seconds using MA/BA-6 Mask/Bond Aligner.

1.3. Develop the photoresist using AZ 300 Developer for 40 seconds using ACS 200 cluster

tool.
2. Deep reactive ion etching (DRIE)

2.1. Etch the silicon wafer with spin coated photoresist using STS Pegasus 4 for 12 min. The

etching depth is around 60 pm.
2.2. Strip the residual photoresist using YES Plasma Stripper
3. Silicon master silanization

3.1. Oxygen plasma treat silicon master for 1.5 min to activate surface.
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3.2. Place silicon master in a dessicator and spread 100 ul Silane (tridecafluoro- 1, 1, 2, 2,-

tetrahydrooctyl)-1-trichlorosilane (Sigma Aldrich) in the dessicator.

3.3. Vacuum chamber to evaporate silane and coat silicon master with silane for 3 hours.

B2. Stretching device fabrication

The microfluidic cell stretching device was comprised of a PDMS structural layer, a
PDMS inlet block, and a glass coverslip. The PDMS structural layer contained a microfluidic
network for applying pressures to simultaneously activate 64 pressurization compartments to

induce PDMS membrane deformation, was fabricated using soft lithography.

1. Device fabrication

1.1. PDMS prepolymer containing PDMS base monomer and curing agent (10:1 w / w) was
spin coated on silicon master for 500 rpm, 30 seconds and then 900 rpm, 90 seconds.

The PDMS layer was thermally cured by baking at 110 °C for at least 24 hr

1.2. before peeled off from the silicon mold. An inlet for fluid connections was then
punched into the PDMS structural layer using a 1 mm biopsy punch (Fisher Scientific).
Both the coverslip and PDMS structural layer were briefly cleaned with 100% ethanol
(Fisher Scientific) and blown dry under nitrogen before treated with air plasma (Plasma

Prep II; SPI Supplies) and bonding together.

1.3. Another PDMS block was prepared, and an inlet for fluid connection was punched into

the PDMS block with a 0.5 mm biopsy punch. After both treated with air plasma, the
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PDMS block and the PDMS structural layer were bonded together with their fluid inlets

aligned manually.

1.4. The competed microfluidic cell stretching device was baked at 110 °C for at least

another 24 hr to ensure robust bonding between different layers.

2. Microcontact printing

To apply continuous stretching to the central zone of micropatterned hPS cell colonies,
microcontact printing was performed to print circular adhesive patterns with a diameter of 400
um onto the deformable PDMS membrane on top of pressurization compartments (with a
diameter of 200 um) in a custom designed microfluidic cell stretching device. To this end, a
custom desktop aligner designed for fabrication of multilayer microfluidic devices was

used[133].

2.1 Vitronectin-coated PDMS stamp and the microfluidic cell stretching device were

mounted onto the top and bottom layer holders of the aligner, respectively.

2.2 Under inspection with a digital microscope, the X/ Y/ 6 stage holding the bottom layer
holder was carefully adjusted for alignment of the PDMS stamp and the microfluidic cell
stretching device. After alignment, the PDMS stamp was gently pressed to transfer
vitronectin from the stamp to the deformable PDMS membrane on top of pressurization

compartments.

B3. Cell stretching assay
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Deionized water was injected into the microfluidic cell stretching device before applying
pressure through a microfluidic pressure pump (AF1, Elveflow). Software (Elveflow Smart
Interface) was used for programming the pressure pump for continuous cell stretching with a

square-wave pattern (pulse width of 2 hr, period of 4 hr, and 50% duty cycle).
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Appendix D

List of qRT-PCR primers

Table D-1 List of primers used for the qRT-PCR analysis.

Gene Forward Reverse
MSX1 AGGTTGAAGGGACCTCTCTCTTA CTTCCAAAGGGATGTTTGAGAGC
ID1 CAGCCAGTCGCCAAGAAT ACAGACAGCGCACCACCT
ID3 CTTAGCCAGGTGGAAATCCTACA CTCGGCTGTCTGGATGGGAA
PAX3 TACAGGTCTGGTTTAGCAAC GATCTGACACAGCTTGTGGA

SO0X9 GCTCTGGAGACTTCTGAACGAGA GAAGATGGCGTTGGGGGAGAT
TBP TGCCCGAAACGCCGAATATAATC GTCTGGACTGTTCTTCACTCTTGG
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