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SUMMARY

Successful manufacture of specialized human cells requires process understand-
ing of directed differentiation. Here, we apply high-dimensional Design of Exper-
iments (HD-DoE) methodology to identify critical process parameters (CPPs) that
govern neural territory patterning from pluripotency—the first stage toward
specification of central nervous system (CNS) cell fates. Using computerized
experimental design, 7 developmental signaling pathways were simultaneously
perturbed in human pluripotent stem cell culture. Regionally specific genes span-
ning the anterior-posterior and dorsal-ventral axes of the developing embryo
were measured after 3 days and mathematical models describing pathway con-
trol were developed using regression analysis. High-dimensional models re-
vealed particular combinations of signaling inputs that induce expression profiles
consistent with emerging CNS territories and defined CPPs for anterior and pos-
terior neuroectoderm patterning. The results demonstrate the importance of
combinatorial control during neural induction and challenge the use of generic
neural induction strategies such as dual-SMAD inhibition, when seeking to specify
particular lineages from pluripotency.

INTRODUCTION

Degenerative diseases are often characterized by the loss of specific cell types. Although surgical replace-

ment of lost cells is a logical and feasible potential treatment for such diseases, cell-based therapies de-

mand access to large quantities of high quality pure populations of subtype-specific human cells. These

can be generated by directing the differentiation of human pluripotent stem cells (hPSCs) through targeted

activation or blockade of specific developmental signaling pathways. Because hPSCs can commit to any

lineage and are inherently renewable, they are an ideal source of large quantities of human cells (Odorico

et al., 2001).

Like pharmacological treatments, cell-based therapies must be held to rigorous standards that maximize

efficacy and safety. Protocols for directing differentiation must therefore be decidedly robust, yielding

high-purity subtype-specific cell populations. Currently, however, published protocols rarely surpass

50% purity in their final yield, require months of cell culture, and often exhibit high levels of batch variability

(Arenas et al., 2015).

Improved differentiation efficiency can be achieved by more specifically targeting the precise develop-

mental signals that induce cell fate conversions in the normal developing embryo (D’Amour et al., 2006;

Tabar and Studer, 2014; Wichterle et al., 2002). However, determining how to effectively control commit-

ment toward specific cell fates is enormously challenging because many signaling pathways operate simul-

taneously during development (Figure 1) and because those pathways interact heavily (Li and Elowitz,

2019). Although classical experimental designs, in which each pathway-modulating factor is tested inde-

pendently (one-factor-at-a-time [OFAT], Figure 2A), provide essential understanding of pathway effects

and mechanistic detail, they rarely assess interactions between more than two factors or pathways at a

time. Since leveraging interactions is often paramount for highly efficient differentiation in vitro, improving

protocol development demands a new approach.
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Wehave previously developed amulti-stage small-molecule induction protocol for differentiation of hPSCs

to pancreatic insulin-producing cells, utilizing a statistical methodology known as Design of Experiments

(DoE), applied at high dimensions (HD-DoE, Bukys et al., 2020). HD-DoE utilizes deliberate experimental

design and multivariate regression analysis to simultaneously vary a large number of pathway-modulating

Figure 1. Proximity analysis of distinct signaling organizers impacting the emerging neuroectodermal territory

(A) Diagram of the Carnegie Stage (CS) 7 human embryo based on the 3D Atlas of Human Embryology (de Bakker et al.,

2016).

(B) Regional expression of endogenous pathway activators and inhibitors in the gastrulating embryo. Expression patterns

are based on mouse expression data from in situ hybridization and scRNA-Seq studies (Table S1). For all pathways except

Retinoic Acid (RA), pathway activators were defined as protein products that have been shown to increase pathway

activity, typically by binding and activating pathway receptors. Inhibitors were defined as endogenous protein products

that have been shown to reduce pathway activity, typically by binding and inhibiting receptor activation or by binding and

sequestering pathway activators. Because RA is not a protein but ametabolite, activators for this pathway include all-trans

RA (ATRA) synthesis enzymes whereas inhibitors include enzymes that convert ATRA to other species. Regions marked by

solid colors indicate areas of activator expression and regionsmarked with the outlined diamond pattern indicate areas of

inhibitor expression. See also Table S1.

(C) Soluble factors used to modulate pathway activity in hPSC culture. The highest concentration tested for each factor is

indicated in parentheses. Abbreviations: A, anterior; BMP, bone morphogenetic protein; D, dorsal; DLL1, delta-like

protein 1; FGF, fibroblast growth factor ; L, left; g-XX, g-Secretase Inhibitor XX; JAG2, protein jagged-2; HA-SHH, high-

activity sonic hedgehog; HH, hedgehog; P, posterior; PC-ATRA, photo-converted all-transretinoic acid; Pur,

purmorphamine; R, right; RA, retinoic acid; V, ventral.
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factors and assess their effects on a large number of marker genes. Resulting polynomial models

describing pathway control of lineage-specific genes then identify factor combinations that reliably pro-

duce expression of desired markers.

Considering the broader utility of the HD-DoE approach and high demand for specific neuroectoderm-

derived cell types, this study aims to develop unbiased Stage 1 protocols that begin to direct hPSCs to-

ward regionally specific human neurons. Current neural induction protocols generally begin with a 5–

7 days’ dual-SMAD inhibition treatment to induce neuroectoderm identity (Chambers et al., 2009; Galiak-

berova and Dashinimaev, 2020). However, in the developing mouse embryo, anterior/posterior (A/P)

patterning occurs before neural induction. ATAC-seq analysis revealed differences in chromatin accessi-

bility between anterior and posterior neural progenitors (Metzis et al., 2018) and single cell RNA

sequencing (scRNA-Seq) between gastrulation and somitogenesis (E6.5 – E8.5) revealed an early split

of neuroectoderm into distinct rostral and caudal populations (Pijuan-Sala et al., 2019). In fact, general

neural markers Pax6 and Sox1 are not detected in developing neuroectoderm until after the onset of so-

mitogenesis, when A/P-patterning has already been established (Callaerts et al., 1997; Wood and Epis-

kopou, 1999).

Here, we demonstrate the use of HD-DoE to identify Stage 1 media conditions that specifically direct cells

toward anterior and posterior neuroectoderm fates across hPSC lines in only 3 days. To determine initial

combinatorial inputs underlying territory control in the developing neuroectoderm, we simultaneously var-

ied 12 soluble pathway-modulating factors that control the following classical developmental signaling

pathways: Activin/Nodal (SMAD2/3), bone morphogenetic protein (BMP; SMAD1/5/8), WNT, fibroblast

growth factor (FGF), retinoic acid (RA), hedgehog (HH), and Notch. We assessed pathway effects on

hPSC differentiation by measuring 53 lineage-specific marker genes after 3 days of treatment with DoE-

generated combinations and concentrations of pathway-modulating factors. Models of expression for

regionally specific neuroectoderm genes SIX3 and GBX2 were then optimized to develop specific 3-day

anterior and posterior neuroectoderm differentiation protocols. The HD-DoE-derived protocols specif-

ically directed differentiation and did so more consistently than a general neural induction strategy in all

4 human induced pluripotent stem cell (hiPSC) lines tested.

In addition to identifying robust protocols, HD-DoE-derived mathematical models comprehensively

describe control of marker gene expression by tested factors, providing the opportunity to more generally

explore signaling control in the human neuroectodermal fate space from pluripotency. Models estimate

main effects and interactions between tested factors on each gene, provide response surface modeling

for predictive analyses within the design space, and facilitate identification of phenotype-determining Crit-

ical Process Parameters (CPPs)—the factors that are most important for controlling the differentiation pro-

cess—a necessary step toward industrial manufacture of specialized human cells for therapy. The results of

the study were consistent with decades of developmental research, identifying BMP inhibition as critical to

inducing neuroectoderm andWNT, FGF, and RA control as essential for A/P-patterning. In contrast to pre-

vious studies, our protocols did not require SMAD2/3 pathway inhibition for neuroectoderm induction

when other pathways were controlled.

Figure 2. High-Dimensional Design of Experiments (HD-DoE) exploration of the neural differentiation space

(A) Experimental design strategies for optimization. Circles indicate experimental conditions in a hypothetical 3-factor design space. A triple circle rep-

resents a single experimental condition, tested in triplicate. Each color represents a round of experimentation. The D-Optimal diagram is simplified to

indicate that, at higher dimensions, only a fraction of the vertices are included in the design. (D-Optimal is not a practical choice for a 3-dimensional design,

because the compression factor is < 1, as shown in B).

(B) The attributes of 2-level full factorial and D-optimal designs as the number of factors increases. The number of runs required for D-Optimal designs were

determined by creating designs with the indicated number of variables in MODDE software; ‘‘+3’’ indicates the inclusion of a replicate center point.

(C) D-Optimal interaction screening design used to simultaneously test for effects of and interactions between 12 soluble pathway-modulating factors in 96

experiments. The design is constrained to exclude regions of the design space where agonist/antagonist pairs are both R50% of their maximum con-

centration. See also Table S2.

(D) Marker genes selected to assess neural patterning from pluripotency and their specificity within the human CNS at CS14. Specificity was calculated using

Preferential Expression Measure (PEM, Kryuchkova-Mostacci and Robinson-Rechavi, 2017) and normalized to the highest PEM calculated among measured

genes.

(E) Expression of selected genes across human early CNS development mapped onto corresponding diagrams adapted from the 3D Atlas of Human

Embryology (de Bakker et al., 2016). Because no reconstruction is available for CS14, expression data for that stage is mapped onto the CS15 embryo. For

CS13, data were available for forebrain and midbrain only.
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RESULTS

Proximity analysis of distinct signaling organizers impacting the emerging neuroectodermal

territory

To identify potentially critical signaling pathways for neuroectoderm formation and effectively control hu-

man cell fate from pluripotency in vitro, we first looked to the anatomical structure of the early human em-

bryo. Human embryos at various stages of development have been sectioned, scanned, and digitally re-

constructed in the 3D Atlas of Human Embryology (de Bakker et al., 2016). The earliest available

reconstruction is Carnegie Stage 7 (CS7), which occurs between 15 and 17 days after conception (Fig-

ure 1A). Because hPSCs grown in conventional culture conditions are in a state of primed pluripotency,

similar to post-implantation epiblast cells (Nakamura et al., 2016), we assume the epiblast cells at this stage

are similar to hPSCs. Because of that, the signaling pathways that are regulated in this region are likely to be

important for directing cell fate from pluripotency (Figure 1B).

At CS7, the embryo is implanted and the primitive node has appeared in the center of the epiblast layer.

The epiblast is surrounded on the ventral side by the hypoblast and on the dorsal side by the amniotic cav-

ity, which is bounded by amniotic ectoderm cells lining trophoblast-derived extraembryonic tissue (Fig-

ure 1A, Shahbazi, 2020). As gastrulation proceeds, the primitive streak forms in the posterior epiblast ex-

tending toward the node as cells migrate through the streak to the ventral side of the epiblast, creating the

three germ layers: endoderm (ventral-most), mesoderm, and ectoderm (dorsal-most).

The early human embryo differs anatomically from the equivalent stagemouse embryo (�E6.75): themouse

embryo—often called the egg cylinder—is a cup shape whereas the human embryo is a flat disc. In the egg

cylinder, the hypoblast-derived visceral endoderm surrounds the entire embryo, directly lining the epiblast

on its ventral side, whereas the trophectodoerm-derived extraembryonic ectoderm is positioned on the

dorsal side of the epiblast, contacting it directly only along the perimeter (Weinberger et al., 2016).

Fate maps from mouse embryos indicate that epiblast cells anterior to the node become ectoderm

whereas cells posterior and lateral to the node primarily become endoderm and mesoderm, respectively

(Lawson et al., 1991). Also lateral to the node are a mix of ectodermal and mesodermal fated cells, which

have been defined as neuromesodermal progenitors (NMPs) and become either paraxial mesoderm or spi-

nal cord (Tzouanacou et al., 2009). In this way, the future central nervous system (CNS; neuroectoderm)

arises from anterior and lateral epiblast cells, as indicated in Figure 1A.

During CNS cell specification, threemajor processes occur overlapping in time and space: germ layer spec-

ification, ectoderm patterning, and neural plate patterning. Based mainly on rodent investigations, and

other non-human vertebrate organisms, the signaling dynamics of these processes are well described

and predicted to operate similarly in the human anatomical and genetic context. We focused our study

on 7 signaling pathways known to be involved in early fate-defining processes (Figures 1B and 1C).

Germ layer specification is controlled primarily by SMAD2/3, SMAD1/5/8, Wnt, and FGF signaling in the

mouse embryo, where SMAD2/3 and SMAD1/5/8 signaling are required for mesendoderm formation,

and FGF and WNT signaling are involved in mesoderm induction (Kiecker et al., 2016). Ectoderm

patterning is controlled primarily by SMAD1/5/8, FGF, andWNT signals, all three of which interact to direct

neural plate, neural crest, and non-neural ectoderm fates (Patthey and Gunhaga, 2014). Anterior-posterior

patterning of the neural plate is attributed to WNT, RA, and FGF whereas dorsal-ventral patterning is

directed by SMAD1/5/8 and HH signaling (Ozair et al., 2013; Tuazon andMullins, 2015). We also considered

Notch signaling, as it has been implicated in neuroectodermal commitment (Souilhol et al., 2015).

Examining the spatial distribution of signaling activators and inhibitors provides an anatomical represen-

tation of patterning inputs. Signaling patterns have been well described and illustrated in the gastrulating

mouse embryo (Bardot and Hadjantonakis, 2020; Guzzetta et al., 2020; Kam et al., 2012; Przemeck et al.,

2003; Tam and Loebel, 2007). However, the gastrulating human embryo differs anatomically from that of

the mouse and gene expression data is not available for human embryos at this stage (CS7). To prioritize

plausible critical combinatorial inputs for neuroectodermal patterning, we aimed to visualize signaling con-

trol from human pluripotency. To do so, we compiled available expression data from mouse gastrulation

(TS9) and applied the resulting expression patterns to the previously described reconstruction of the CS7

human embryo (Figure 1B). Mouse expression data included in situ images of regionally-restricted

developmental signaling pathway modulators cross-referenced with single-cell RNA sequencing data
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(scRNA-Seq, E6.75 unless otherwise noted, Pijuan-Sala et al., 2019) (Table S1, see legend for detailed

analysis). Expression in the mouse visceral endoderm was overlaid on the human hypoblast, as it is hypo-

blast-derived and lines the ventral side of the embryo. Although there is no human equivalent of the mouse

extraembryonic ectoderm, expression detected in this tissue was overlaid on the amnion layer to represent

the trophoblast-derived extraembryonic tissue that surrounds the amniotic ectoderm on the dorsal side of

the embryo and contacts the epiblast around its perimeter.

SMAD2/3-activating ligands (Nodal, Tgfb1,Gdf1) are expressed in the epiblast with a posterior bias and in

the posterior region of the visceral endoderm (VE, corresponding to the human hypoblast). Secreted inhib-

itors are expressed in the anterior VE (AVE; Cer1, Lefty1) and throughout the epiblast (Lefty1/2), with high

levels in the primitive streak.

SMAD1/5/8-activating ligands are expressed in posterior VE (Bmp2), posterior epiblast (Bmp2), around the

node (Bmp7) and in the extraembryonic ectoderm (Bmp4, Bmp8b). Secreted inhibitors are expressed in the

epiblast (Fst), with high levels in the primitive streak, and in AVE (Chrd, Nog). Intracellular inhibitors that

target both SMAD2/3 and SMAD1/5/8 signaling pathways (Bambi, Smad7, Smad6) are also expressed in

the epiblast.

WNT ligands are expressed in posterior regions of both epiblast and VE (Wnt3), and throughout the extra-

embryonic ectoderm (Wnt6, Wnt7b). Secreted inhibitors are expressed throughout the epiblast (Frzb) and

in the AVE (Sfrp1, Sfrp2, Dkk1).

FGF ligands are expressed throughout the epiblast (Fgf5, 15), with some concentrated posteriorly (Fgf3, 4,

8, 10, 17), and in VE (Fgf5; Fgf8 restricted to AVE). Intracellular inhibitors that specifically regulate MAPK

signaling are expressed throughout the epiblast (Il17rd, Spred1, Spred2, Spry4; Spry2 with anterior bias).

Aldh1a2, the enzyme primarily responsible for producing all-trans-retinoic acid (ATRA) in vivo, is detected

in the epiblast starting around E7.0, as is its homolog, Aldh1a3, which performs the same function (Rhinn

and Dollé, 2012). Meanwhile, Cyp26a1, which encodes an enzyme that converts ATRA to other RA species,

is widely expressed in extraembryonic tissues, anterior primitive streak, and emerging mesoderm, but is

notably absent from epiblast cells (Fujii et al., 1997; Pijuan-Sala et al., 2019).

Indian hedgehog (Ihh) is expressed in VE, but no inhibitors are strongly expressed at this stage.

Notch ligands (Dll1, Jag1, Jag2) are restricted to the epiblast layer whereas a secreted inhibitor (Dll3) is

weakly expressed in extraembryonic ectoderm and epiblast, with higher levels in nascent mesoderm.

To replicate developmental signaling in vitro, we identified small molecule and recombinant protein

pathway modulators that have previously been used to control pathway activity in hPSC culture (Figure 1C).

We opted to test the 12 pathway modulators most strongly implicated in neural patterning from pluripo-

tency. The maximum concentration for each factor was selected based on manufacturer provided ED50/

IC50 values, typically in nanomolar ranges, and on previous HD-DoE experiments such that factors elicited

a measurable response, but did not induce signs of toxicity.

High-Dimensional Design of Experiments (HD-DoE) exploration of the neural differentiation

space

Optimization is commonly performed by sequential evaluation of candidate process parameters in a reduc-

tionist fashion (OFAT, Figure 2A). However, this approach yields only a small amount of information about

how the system responds to perturbations and, in complex systems where factors interact, different start-

ing conditions may result in different outcomes. Consequently, an OFAT approach is unlikely to identify a

true optimum.

Full factorial (FF) designs are equipped to detect interactions between factors. For example, in a 2-level FF

design, all possible combinations of factors are tested at 2 levels (low and high, Figure 2A). Two-level FF

designs provide complete coverage of the design space and directly estimate all possible factor interac-

tions, which can be highly useful for examining systems in fewer than 5 dimensions. However, as the number
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Figure 3. HD-DoE generates predictive models of marker gene control

(A) Distribution of marker gene expression across experiments after 3 days exposure of H9 hPSCs to perturbation matrix (Figure 2C), with daily media

exchange. Boxplots show median/IQR and outliers (>Q3 + 1.5*IQR) are show as solid circles. Expression is normalized to endogenous genes (GAPDH, TBP,

YWHAZ) such that the average expression of endogenous genes for a given treatment correspond to 10,000 and 0 indicates that the gene was not detected.

The top panel is plotted on a log scale. See also Figure S1 and Table S2.
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of factors increases, the number of experimental runs quickly becomes impractical and inefficient, growing

exponentially with each additional dimension (Figure 2B).

To explore the neural differentiation space with high dimensionality in a manageable number of experi-

ments, we employ a D-Optimal design approach (Figure 2A). D-optimal designs are fractional factorial de-

signs, comprising a subset of full factorial runs that are computationally selected to sample the design

space and maximize information about the system (Eriksson et al., 2000). In addition, because we do not

want to consider conditions that include high levels of agonist/antagonist pairs (for example, both

BMP4 and LDN-193189), we are exploring an irregular design space, which D-optimal designs are well

suited to assess. DoE experiments also include center points tested in triplicate, which provide an estimate

of pure error (i.e., reproducibility) and monitor response curvature (i.e., higher order factor effects). Multi-

variate regression analysis produces predictive mathematical models of response behavior within the

design space. These models can then be interrogated to identify conditions that produce desired gene

expression profiles and provide CPP analysis. Practically, a D-Optimal design can examine effects of 12 fac-

tors in only 96 experimental runs, compressing the corresponding full factorial design by a factor of 43,

while testing for up to 66 factor interactions (Figure 2B).

We created a D-optimal interaction screening design, testing 12 factors at low (0) and high (maximum con-

centration) levels (as exemplified, Figures 1C and 2C; Table S2). Experiments numbered 1–84 represent

vertices in the 12-dimensional design space. Experiments 85–94 represent various center-points, including

one in triplicate (92, 93, 94). Experiments 95 and 96 provide a second set of replicates and a baseline mea-

sure of gene expression in basal media.

To assess regional identity of differentiating hPSCs after exposure to HD-DoE-defined experimental con-

ditions, we selected genes known to mark specific regions and cell types in the developing vertebrate em-

bryo (Figure 2D). Because expression data is not available for gastrulating human embryos (CS7-9), markers

were selected based on their early regional expression in the gastrulating mouse embryo at corresponding

stages (TS9-12, Mitiku and Baker, 2007). To ensure that the markers are also specifically expressed in devel-

oping human CNS, we examined their specificity within the developing CNS at the earliest available time

point (Lindsay et al., 2016, CS13 – CS21; Figures 2D and 2E). Of the marker genes selected, those most spe-

cific for forebrain in the CS14 human embryo included SIX6, RAX, FOXG1 and SIX3. Midbrain-specific genes

included FOXA2, FERD3L, FOXA1, and SHH. In certain cases, genes were expressed across multiple terri-

tories: althoughOTX2 is categorized as a midbrain-specific gene, it is also strongly expressed in forebrain.

The genesmost specific for hindbrain includeHMX3, PAX2,GBX2, and PAX8, while T,MEOX1,HOXB1, and

EGR2 were most specific for spinal cord. Pan-neural markers, like PAX6 and SOX1, whose expression has

been targeted to develop widely used neural induction protocols (i.e., dual-SMAD inhibition, Chambers

et al., 2009), are not regionally specific in the developing human CNS, but are expressed in all regions.

HD-DoE generates predictive models of marker gene control

HD-DoE-defined experimental conditions (Figure 2C) were applied to hPSCs with daily media exchange for

3 days. Wemeasuredmarker gene (Figure 2D) expression after 3 days of treatment because, in dual-SMADi

neural induction, general neuroectoderm marker SOX1 is detected as early as 3 days from pluripotency

(Chambers et al., 2009). Before modeling, maker gene expression was normalized such that a value of

10,000 was equivalent to the average expression level of endogenous control genes in each sample

(Figure 3A).

Figure 3. Continued

(B) Strength and directionality of linear relationships between factor concentration and marker gene expression. Tilde (�) indicates data are transformed.

See also Table S3, Figures S2, and S3.

(C) Measures of fit for partial least-squares regression (PLSR) models of gene control. R2 is the coefficient of determination, a measure of the variance in the

response explained by the model, where R2 = 0.5 is a model with low significance. Q2 is expressed in the same units as R2, but represents the amount of

variance predicted by themodel, as calculated by cross-validation. Q2> 0.1 is a useful model andQ2> 0.5 is a goodmodel. The difference between R2 andQ2

should be < 0.3 for a good model (reference line indicated). R2 is shown on a power of two scale for visual clarity. See also Table S4.

(D) Scaled and centered coefficients for the PLSR model of HOXA2� expression (=HOXA20.5). Error bars are 95% CIs. See also Tables S3, S5, and S6.

(E) Scaled and centered coefficients of the PLSR model of PAX6� expression (=PAX60.3). Error bars are 95% confidence intervals. See also Tables S3, S5, and

S6. A83, A 83-01; BMP, BMP4; CHI, CHIR-99021; DLL, DLL1+JAG2; ER5, ER 50891; FGF, FGF2; LDN, LDN-193189; PD, PD0325901; RA, PC-ATRA; SHH, HA-

SHH+Pur; XAV, XAV939.
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Several marker genes were detected in all experimental conditions, with wide ranges of expression (Fig-

ure 3A). Of the marker genes measured, SOX2 was expressed at the highest level across the design space,

with median (Mdn) normalized expression of 14152 (IQR 9546-22501) and was detected in all experimental

conditions. CRABP1 (Mdn 6199, IQR 4344-9038),OTX2 (Mdn 3190, IQR 1875-7234), and TUBB3 (Mdn 2570,

IQR 1713-3548) also tended to be expressed at high levels and were detected in all samples, whereas HES1

(Mdn 252, IQR 190-344), SOX3 (Mdn 160, IQR 55-269), and OLIG2 (Mdn 106, IQR 59-170) were detected at

lower levels in all experimental conditions. This expression profile is generally consistent with differentia-

tion toward ectoderm lineages because these genes are broadly expressed in the early mouse embryo and

Sox2, Otx2, Tubb3 and Sox3 are specifically expressed at high levels in ectoderm-derived tissues by E8.0.

Mesendodermmarker TBX6was detected in all but one experiment (#13), at low levels (Mdn 62, IQR 46-75),

indicating only limited off-target differentiation in the experiment.

Genes whose orthologues exhibit little or no expression in early neuroectoderm (e.g. E8.0 mouse embryo,

Pijuan-Sala et al., 2019) are detected only at very low levels in a few experimental conditions. EMX2, EN1,

FERD3L, KRT5,NKX2-1, and VSX2 are expressed later in development and were not detected at high levels

in any experiments. Despite that, replicate reproducibility for these genes was high, and useful information

about their pathway control was obtained. DBX2, LHX6, NKX2-2, and PROP1 were detected at low levels

with low replicate reproducibility and were therefore excluded from further analyses.

The remaining marker genes ranged from undetectable to moderate or high levels across experiments.

Genes with the widest ranges of expression include TFAP2A (range 13986), DLX5 (10140), SIX3 (9253),

HOXB1 (8925), PAX6 (8772), andGBX2 (5942). Wide ranges of expression can indicate a high level of control

by tested factors and, therefore, often produce highly useful regressionmodels. Before further analysis, the

distribution of each marker gene was independently analyzed and transformed, if necessary (indicated by

�; see STAR Methods, Table S3 and Figure S1).

To assess the overall factor effects on marker gene expression within the 12-dimensional design space, we

examined the directionality and strength of linear relationships between individual factors and responses

(Figure 3B). The strongest positive correlation coefficients were detected between PC-ATRA and HOXA2�
(r = 0.93, 95% CI 0.89-0.95), HOXB1� (r = 0.82, 95% CI 0.74-0.88), andMEOX1� (r = 0.87, 95% CI 0.81-0.91),

all of which are known RA responsive genes (Ishikawa and Ito, 2009; Kennedy et al., 2009; Ogura and Evans,

1995). The strongest negative correlation coefficient was detected between MEK inhibitor PD0325901 and

GBX2� (r = �0.84, 95% CI -0.89 to -0.76), a known FGF responsive gene (Lin et al., 2005). Genes tended to

have opposite responses to pathway agonists and antagonists (Figure S2A).

FGF and RA pathwaymodulators weremost highly correlated with expression of marker genes (Figures S2B

and S3). PD0325901 had the strongest overall effect on marker expression, with a median absolute corre-

lation coefficient of 0.29 (IQR 0.16-0.44). PC-ATRA and FGF2 had median absolute correlation coefficient

equaling 0.28 (IQR 0.14-0.36) and 0.21 (IQR 0.17-0.35), respectively. Furthermore, FGF2 and PC-ATRA

together are strongly correlated with expression of a large number of marker genes, indicating strong ad-

ditive effects between the two pathways (Figure S3).

SMAD2/3, HH, and Notch modulators were weakly correlated with marker gene expression, indicating that

they had less of an overall effect on ectoderm differentiation from pluripotency. For instance, the ALK4/5/7

inhibitor (A 83-01) had a median absolute correlation of only 0.05 (IQR 0.03-0.08). Because hPSC mainte-

nance media contained SMAD2/3 activators (Activin A or TGFb1), it is possible that removal of the acti-

vating signal may have reduced pathway activity, such that additional inhibition during differentiation

had little effect. HH activators (HA-SHH+Pur) andNotch activators (DLL1+JAG2) also had weak correlations

with marker expression, both havingmedian absolute correlations of 0.05 (IQR 0.02-0.11, 0.02-0.10, respec-

tively). Although a correlation coefficient close to zero does not necessarily indicate that the factor has no

effect on expression of a gene, it does indicate that the linear relationship is weak.

To detect individual factor and interaction effects on expression of marker genes and to predict expression

across the design space, we used partial least squares regression (PLSR) modeling. To assess model

strength, we consider two metrics of fit: the coefficient of determination (R2), which represents the amount

of variance in the data explained by the model; and Q2, a similar calculation that represents the variation in

the data predicted from the model by cross-validation (Figure 3C). High metrics of fit indicate that variation
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in the factors tested account for a large proportion of the variance in the data, suggesting that expression

was well controlled by tested pathway-modulating factors. Variation that is not explained by the models

may be because of the activity of uncontrolled pathways and models with low metrics of fit may benefit

from further experimentation.

The strongest HD-DoE-generated model describes control of HOXA2� expression from pluripotency,

explaining 95% of the observed variance and predicting 84% (Figure 3D, Tables S4, and S5). Main factor

effects for each gene can be interpreted and compared by examining factor-specific regression coeffi-

cients, which are scaled and centered to correspond to the change in the response when the factor con-

centration increases from half-maximal to maximal and all other factors are half-maximal. For example,

when all factors are present at their half-maximal concentrations, HOXA2� (=HOXA20.5, Table S3) equals

2.7 (95% CI 2.5-3.0), corresponding to normalized HOXA2 expression of 7.4 (95% CI 6.0-9.0). By far the

largest predictor of HOXA2� was the concentration of PC-ATRA, with a regression coefficient of

2.22 G 0.26 (p< 0.001). Thus, when PC-ATRA increases from its half-maximal concentration (1 mM) to

its maximal concentration (2 mM), HOXA2� increases by 2.2 G 0.26, resulting in a normalized HOXA2

expression value of 23 (95% CI 20-28) and amounting to an approximately 3-fold increase in normalized

HOXA2 gene expression.

The model of PAX6� expression is also highly predictive (Figure 3E; Tables S4 and S5), with positive regres-

sion coefficients for LDN-193189 (1.02 G 0.26, p< 0.001), PC-ATRA (1.00 G 0.28, p< 0.001), PD0325901

(0.94 G 0.27, p< 0.001) and negative coefficients for BMP4 (-0.52 G 0.27, p< 0.001) and CHIR-99021

(-0.41G 0.27, p = 0.004). Because PAX6was one of the first neural markers used to develop neural induction

protocols (Chambers et al., 2009) it is not surprising that the pathways tested here—those known to be

involved in neural induction—largely explain the control of PAX6 expression from pluripotency.

Overall, the experiment yielded 43 significant regression models containing a total of 429 significant model

terms (160 main factor effects, 240 interaction effects, and 29 triple interaction effects; p< 0.05; Tables S5

and S6). The pathway interaction space was rich, with models averaging 3.7 main, 5.6 interaction, and 0.7

triple interaction terms detected per gene (p< 0.05). Including all regression terms, models ranged from 13

to 41 total terms, with a mean of 26.4 total terms per model.

Interpreting HD-DoE-derived PLSR models of regionally specific marker gene control

We focused the neural patterning analysis on 4 genes for which there is clear evidence of regional neural

specificity in both human and mouse embryos, and which produced highly predictive PLSR models: SIX3�
(R2 0.85, Q2 0.68), OTX2 (R2 0.86, Q2 0.67), GBX2� (R2 0.88, Q2 0.79), and HOXB1� (R2 0.83, Q2 0.60)

(Figure 3C). By E8.0, mouse neuroectoderm has split into anterior and posterior populations, where Six3

(p = 0.03) andOtx2 (p<0.001) are more strongly expressed in anterior neuroectoderm than in other tissues.

At the same time, Gbx2 and Hoxb1 are strongly expressed in posterior neuroectoderm, but not anterior

neuroectoderm. Importantly, both posterior neuroectoderm markers are also expressed in mesodermal

populations at this stage. To assess possible off-target mesodermal cell fates, we monitor expression of

T, which is strongly expressed in mesoderm populations, but not in neuroectoderm at E8.0 (Pijuan-Sala

et al., 2019).

SIX3 and OTX2 expression was confirmed by immunostaining for select HD-DoE-defined experimental

conditions (Figures 4A–4D).

The main factor effects detected in the SIX3� model were consistent with the default model of differenti-

ation, which postulates that the lack of signaling pathway activation leads to a default anterior neural fate

(reviewed in Ozair et al., 2013, Figure 4F). Effects can be compared by examining their scaled and centered

regression coefficients, where the value of the coefficient indicates the change in expression when the fac-

tor was increased from its half-maximal to maximal concentration, while other factors are half-maximal. RA,

WNT, and FGF pathway-modulating factors were the strongest predictors of SIX3 expression (Figure 4E

and Table S5). Increasing pathway activators PC-ATRA and CHIR-99021 from half-maximal to maximal con-

centrations reduced SIX3� (= SIX30.5) by 7.2 G 1.0 (p< 0.001) and 5.9 G 0.9 (p< 0.001) respectively. In

contrast, doubling the concentration of MEK inhibitor PD0325901 increased SIX3� by 4.2 G 1.0 (p<

0.001; Figure 4E). In addition, FGF2 (p< 0.001) and BMP4 (p = 0.005) reduced SIX3 expression, while

LDN-193189 increased expression (p = 0.036).
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Other regionally-specific neural patterning genes were also consistent with the default paradigm (Fig-

ure S4). Expression of a second anterior neuroectoderm marker, OTX2, was reduced with increasing

BMP (p = 0.008), RA (p< 0.001), and FGF (p< 0.001) signaling and increased with higher PD0325901 concen-

tration (p< 0.001, Figure S4). Conversely, the posterior neuroectodermmarkerGBX2� had positive regres-

sion coefficients for FGF2 (p< 0.001), CHIR-99021 (p = 0.007), and LDN-193189 (p = 0.002), indicating that

FGF andWNT signaling activation increasedGBX2 expression. A second posterior marker,HOXB1�, had a

Figure 4. Interpreting HD-DoE-derived PLSR models of gene control

(A and B) Expression of SIX3 (A) andOTX2 (B) across HD-DoE-defined experimental conditions (Figure 2C). Green points

represent conditions that are validated by immunostaining in C and (D) Blue points represent replicates. See also

Table S2.

(C and D) Representative immunofluorescence images of SIX3 (C) and OTX2 (D) after 3 days exposure to select

experimental conditions. Nuclei are stained with DAPI. Scale bars = 250 mm.

(E) Coefficients of terms included in the PLSR model of SIX3� expression control. Regression coefficients are scaled and

centered, representing the change in the response value when factors are varied from their half-maximal to maximal

concentrations and all other factors are also half-maximal. Asterisks (*) denote interaction terms between two or more

factors. Error bars are 95% confidence intervals. See also Table S5, Figures S5, and S6.

(F) Interpretation of main factor effects on SIX3 expression, based on the PLSR model shown in (E). Green lines indicate a

positive regression coefficient, purple lines indicate a negative regression coefficient. Arrows indicate activation and bar-

headed lines indicate inhibition or repression. Solid lines, p< 0.05; dotted lines, pR 0.05. See also Figure S4.

(G) Interaction plots demonstrating effects of two significant two-factor interactions on SIX3 expression. See also

Figures S5 and S6.
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positive regression coefficient for PC-ATRA (p< 0.001), indicating that it was upregulated by increased RA

signaling.

Additional PLSR regression terms account for interactions between factors—when the concentration of

one factor influences the effect of another (Figure 4G). For instance, the model of SIX3� includes 7 signif-

icant interaction terms (p< 0.05) and 8 additional interaction terms that improve Q2 (Figures S5 and S6). The

largest interaction term detected for SIX3�was between PC-ATRA and PD0325901 (Coeff.-4.4, 95% CI -6.4

to -2.5). As demonstrated in the interaction plot, in the absence of PC-ATRA (RA low), increasing

PD0325901 concentration increases SIX3�. However, when PC-ATRA is present at its maximum concentra-

tion (RA high) during differentiation, increasing PD0325901 has the opposite effect on SIX3�. We also de-

tected a synergistic interaction between LDN-193189 and PD0325901, such that SIX3� is responsive to

increasing levels of LDN-193189 when PD0325901 is also present (PD high), but not when PD0325901 is ab-

sent (PD low). In addition, a triple interaction was detected between CHIR-99021, PC-ATRA, and

PD0325901 (p = 0.006), such that the positive effect of PD0325901 on SIX3� was only observed when

CHIR-99021 and PC-ATRA were omitted from media.

HD-DoE-derived PLSR models identify media conditions that direct differentiation

specifically toward anterior and posterior neuroectoderm with built-in CPP analysis

High-dimensional predictive models of gene expression control allow identification of factor settings that

optimizemarker expression within the design space. Using PLSRmodels of SIX3� andGBX2�we identified

factor conditions predicted to achieve high levels of SIX3 and GBX2 expression just 3 days from pluripo-

tency (Figures 5A and S6).

In addition to identifying differentiation recipes, optimization analysis includes factor contribution (FC)

values for each recipe component, where high FC indicates that a small change in concentration will

have a large effect on the desired result. For instance, high FCs for CHIR-99021 (26.7), PC-ATRA (20.6),

and PD0325901 (16.5) in SIX3-optimized conditions identify these factors as CPPs, which must be well

controlled in order to achieve maximal SIX3 expression. In other words, a small change in WNT agonist,

RA agonist, or FGF antagonist concentrations will have large impacts on expression of SIX3. Again, this

is consistent with previous developmental studies that have demonstrated that anterior neural identity

cannot be achieved when posteriorizing RA, WNT, or FGF signals are activated (Figure 5B). On the other

hand, GBX2-optimized conditions have high FCs for PC-ATRA (22.9), PD0325901 (21.6), and FGF2 (17.4),

requiring high levels of RA and FGF activation to achieve maximal GBX2 expression (Figures 5A and 5B).

Having developed predictive models of control for a wide range of marker genes, we can assess predicted

expression profiles of differentiating cells at any region within the design space with statistical confidence.

The expression profile predicted for cells exposed to SIX3- and GBX2-optimized media conditions are

similar to but more regionally specific than that predicted for a general neural induction strategy (dual-

SMADi, Figure S10A). CRABP1, SOX2, and TUBB3, all of which are expressed in developing neuroecto-

derm, are expected at high levels in all three conditions. However, large differences are predicted in

regionally-patterned neuroectodermal genes after exposure to regionally specific protocols. Expression

of both GBX2 (54, 95% CI 23-127) and SIX3 (1035, 95% CI 628-1542) is predicted under dual-SMADi condi-

tions, implying a mixture of anterior and posterior neuroectodermal cells. Conversely, under optimized

conditions, the anterior and posterior marker genes are distinctly regulated. The GBX2 model predicts

very high expression after exposure to GBX2-optimized conditions (10423, 95% CI 3591-30252), but low

expression in SIX3-optimized conditions (4, 95% CI 2-11). Similarly, the SIX3� expression model predicts

Figure 5. HD-DoE-derived PLSR models identify media conditions that direct differentiation specifically toward anterior and posterior

neuroectoderm with built-in CPP analysis

(A) Pathway-modulating factor concentrations for a general neural induction strategy (dual-SMAD inhibition, dual-SMADi) compared to those optimized for

early anterior (SIX3) and posterior (GBX2) neuroectoderm marker expression within the tested design space using PLSR models. Fill color of markers

representing factor concentrations for optimized conditions correspond to their factor contribution (FC), a metric describing the predicted effect of altering

the factor concentration by G5%. A high FC indicates that a small change in factor concentration is likely to have a large effect on the response variable of

interest. Maximum factor concentrations are defined in Figure 1C. See also Figures S7–S9.

(B) Developmental pathway control of regionally optimized neuroectoderm differentiation conditions compared to a dual-SMADi strategy.

(C) Representative images of marker expression in NCRM-1 hiPSCs at the start of differentiation (Day 0) and after 3 days of exposure to dual-SMADi or

regionally-optimized neuroectoderm conditions. Scale bars = 250 mm. hiPSCs, human induced pluripotent stem cells; Opt, optimized; PLSR, partial least-

squares regression. See Figure 1C for factor and pathway abbreviations. See also Figures S10A and S10B.
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high expression after exposure to SIX3-optimized conditions (5600, 95% CI 4272-7108) and low expression

in GBX2-optimized conditions (119, 95% CI 0.5-505).

Additional anterior and posterior neuroectoderm markers—whose models were not involved in optimiza-

tion of regionally-specific conditions—follow similar patterns. Strong OTX2 expression is predicted under

SIX3-optimized conditions (10762, 95% CI 8697-12827), but not GBX2-optimized conditions (-1595, 95% CI

-3663 to 473). Conversely, posterior marker HOXB1 expression is expected under GBX2-optimized condi-

tions (939, 95% CI 455-7238), but not SIX3-optimized conditions (0.2, 95% CI -0.06 to 3). Anterior marker

HESX1 and eye-field gene RAX are likely expressed strongly in SIX3-optimized conditions whereas poste-

rior epiblast markerNKX1-2 is likely to be expressed inGBX2-optimized conditions. Note that mesodermal

marker T is expected to remain at very low levels in all three conditions. These profiles are consistent with

regionally specific neureoectoderm populations.

In fact, hiPSCs exposed to dual-SMADi for 3 days produced neuroectoderm populations with mixed ante-

rior/posterior identity whereas regionally optimized conditions more specifically directed differentiation

toward A/P-patterned neuroectodermal cell populations (Figures 5C and S10B). Two dual-SMADi ap-

proaches were assessed including factors at concentrations modeled in the HD-DoE experiment (LDN/

A83) and a protocol described in literature (LDN/SB, Surmacz et al., 2012). In the NCRM-1 line, both

dual-SMADi protocols resulted in upregulation of general neural marker SOX1 (Tukey’s HSD vs hiPSCs:

LDN/A83 p< 0.001, LDN/SB p = 0.046) and posterior marker GBX2 (Tukey’s HSD versus hiPSCs: LDN/

A83 p = 0.007, LDN/SB p = 0.033) after 3 days. LDN/A83 also upregulated anterior marker SIX3 (Tukey’s

HSD versus iPSCs p = 0.002). In contrast, differentiation conditions optimized for anterior neural marker

SIX3 yielded widespread SIX3 expression (Tukey’s HSD p< 0.05 versus all other groups) whereas those opti-

mized for posterior neural marker GBX2 produced SIX3-negative populations (Tukey’s HSD p = 0.985

versus hiPSC) with widespread upregulation of GBX2 (Tukey’s HSD p< 0.05 versus all other groups).

Both regionally optimized protocols also exhibited widespread SOX1 expression (Tukey’s HSD p< 0.001

versus hiPSCs for both conditions), indicating neuroectodermal commitment, and downregulation of

OCT4, indicating exit from pluripotency.

HD-DoE-derived protocols specifically direct differentiation toward regional neuroectoderm

populations across hiPSC lines

HD-DoE-derived protocols produced more consistent marker expression across cells lines compared to

dual-SMADi (Figures 6, S10C, and Table S7). Three days of exposure to dual-SMADi yielded highly variable

marker expression across hiPSC lines (Figures 6A and S10C). In addition, as observed in NCRM-1 cells,

NCRM-2, -4, and -5 hiPSCs treated with dual-SMADi expressed both anterior (SIX3) and posterior

(GBX2) markers of neuroectoderm.

General neural marker SOX1 was detected at higher levels in cells exposed to regionally optimized condi-

tions, compared to dual-SMADi. SOX1 expression was affected by differentiation condition and cell line

(Two-way ANOVA, p< 0.001) but no interaction was detected between condition and cell line (F(5, 17) =

2.302, p = 0.091). SOX1 intensity was higher in cells treated with regionally optimized conditions compared

to cells treated with LDN/SB (Table S7, Tukey’s HSD, SIX3-Opt diff = 12.932, 95%CI 5.093-20.772, p = 0.002;

GBX2-Opt diff = 29.558, 95% CI 20.97-38.145, p< 0.001).

In addition, HD-DoE-derived protocols more specifically directed expression of regionally specificmarkers,

splitting the anterior and posterior neuroectodermal fields across hiPSC lines. Anterior marker SIX3 is

clearly upregulated in all cell lines under SIX3-optimized conditions (Figure 6B) and absent in all cell lines

underGBX2-optimized conditions (Figure 6C). Expression of posterior marker GBX2 was affected by differ-

entiation condition (Two-way ANOVA, p = 0.001) and cell line (p< 0.001) and an interaction between con-

dition and cell line was detected (p = 0.002). GBX2 expression was lower in cells exposed to SIX3-optimized

conditions compared to LDN/SB (Tukey’s HSD, diff = -4.280, 95% CI -8.488 to -0.073, p = 0.046) and GBX2

expression was higher in cells exposed toGBX2-optimized conditions compared to SIX3-optimized condi-

tions (diff = 5.713, 95% CI 2.278-9.149, p = 0.001).

Figure 6. HD-DoE-derived protocols specifically direct differentiation toward regional neuroectoderm populations across hiPSC lines

(A–C) Marker expression after exposure of NCRM-1, -2, -4, and -5 hiPSC lines to (A) dual-SMADi (100 nM LDN-193189, 10 mM SB 431542), (B) SIX3-optimized

conditions, and (C) GBX2-optimized conditions for 3 days. Scale bars = 250 mm. See also Figure S10 C and Table S7.
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In summary, SIX3-optimized conditions induced SIX3 and SOX1 expression, consistent with anterior neuro-

ectoderm, in all 4 hiPSC lines tested (Figure 6B) whereas GBX2-optimized conditions consistently induced

GBX2, SOX1, and PAX6 in SIX3-negative populations, consistent with posterior neuroectoderm

(Figure 6C).

CPPs for directing anterior/posterior neuroectoderm patterned from pluripotency include

SMAD1/5/8, WNT, FGF, and RA pathway-modulating factors

Not only do predictive PLSR models of gene control identify conditions that produce highly reproducible,

regionally specific cell types of interest, but they also provide deep in silico analysis of gene expression

behavior across the design space. By visualizing model-predicted expression in four dimensions, we can

quickly assess the relative importance of pathway-modulating factor concentrations in optimized condi-

tions, providing deep understanding of system behavior (Figure 7). Other gene models can be examined

in the same way, providing insight into how changes in each factor are likely to affect other important line-

age-specific genes (Figure S11).

Changes in SIX3-optimized CPP concentrations are expected to have detrimental effects on SIX3 expres-

sion (Figure 7A). The model of SIX3� expression predicts that adding half-maximal CHIR-99021 to SIX3-

optimized differentiation media would reduce SIX3 expression by a factor of 2.5 to 2239 (95% CI 1493–

3135) whereas adding half-maximal PC-ATRA is expected to reduce expression by a factor of 1.9 to 2875

(95% CI, 1936–3999). Conversely, omitting PD0325901 from differentiation media would reduce SIX3

expression by a factor of 3.4 to only 1667 (95% CI 1022–2468) whereas omitting LDN-193189 would reduce

expression by a factor of 1.8 to 3114 (95% CI 2236–4138). Thus, the model indicates that SIX3 expression

depends on preventing WNT and RA signaling, while maintaining inhibition of BMP receptors and MEK.

Predicted expression of OTX2 in the SIX3-optimized region of the design space reveals similar control by

RA, SMAD1/5/8, and FGF signaling (Figure S11A). SIX3-optimized factor concentrations are also expected

to produce high OTX2 expression, consistent with anterior neuroectoderm. Like SIX3, OTX2 was sensitive

to RA signaling, with a predicted 28% reduction (to 7710, 95% CI 5431–9990) on addition of half-maximal

PC-ATR. The model also predicts omission of LDN-193189 or PD0325901 would moderately reduce OTX2

expression. In contrast, addition of half-maximal CHIR-99021 is expected to increase OTX2 expression

slightly, possibly moving the culture toward a more posterior mesencephalic identity.

RA, FGF, and SMAD1/5/8 pathway modulating factors are also CPPs for posterior neuroectoderm differen-

tiation (Figure 7B). The PLSR model of GBX2 expression predicts that reducing the concentration of PC-

ATRA to half-maximal (1mM) would reduce GBX2 expression by a factor of 5.3 to 1957 (95% CI 838–4570)

whereas eliminating PC-ATRA altogether would reduce expression 28-fold to only 367 (95% CI 136–985).

Omitting FGF2 would reduce expression almost 13-fold to 823 (95% CI 320–2120) whereas adding

100 nM MEK inhibitor PD0325901 would reduce expression by a factor of 23 to only 445 (95% CI 129–

1531). Finally, omitting LDN-193189 would reduce GBX2 approximately 5-fold to 2021 (95% CI 709–

5762). Thus, to achieve highGBX2 expression, it isimportant to provide RA and FGF activation while simul-

taneously inhibiting SMAD1/5/8 signaling.

The model of posterior neuroectoderm marker HOXB1, whose mouse orthologue is expressed at higher

levels in mesoderm (E8.0), predicts moderate, but not maximal levels under GBX2-optimized conditions

(939, 95% CI 122–7238, Figure S11B). Similar to GBX2, omission of PC-ATRA would drastically reduce

HOXB1 expression to a normalized expression value of only 5 (95% CI 0.6-32). UnlikeGBX2, however, omit-

ting FGF2, omitting LDN-193189, or adding PD0325901 would likely increase HOXB1 expression.

DISCUSSION

We have applied an HD-DoE approach to identify combinatorial signaling conditions that quickly and spe-

cifically direct expression of regionally-specific neuroectodermal genes from pluripotency. We previously

used the method, which navigates a multidimensional factor space and optimizes conditions for differen-

tiation toward specific cellular fates, to develop a small molecule induction protocol for pancreatic fate

from pluripotency (Bukys et al., 2020). The method allows for optimized protocol development and critical

process parameter identification, performed here for both anterior and posterior neuroectoderm, using

known regionally restricted marker genes. With increasing availability of scRNA-Seq data from developing

vertebrate embryos (Pijuan-Sala et al., 2019) and new lineage analysis techniques (Yao et al., 2017),
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improved identification of lineage-specific marker genes is resolving the fate space of the developing or-

ganism and may further improve HD-DoE-driven protocol development.

Directing differentiation toward neural fate from pluripotency almost invariably involves dual-SMAD inhi-

bition (Galiakberova and Dashinimaev, 2020). This paradigmatic protocol was developed using 10 mM

ALK5 receptor inhibitor (SB 431542) and 500 ng/mL recombinant Noggin protein (Chambers et al., 2009)

and was later adapted using small molecule BMP receptor inhibitors (Morizane et al., 2011; Surmacz

et al., 2012). Others have further tailored dual-SMAD inhibition to achieve regional patterning of neural

Figure 7. CPPs for directing anterior/posterior neuroectoderm patterning from pluripotency include SMAD1/5/

8, WNT, FGF, and RA pathway-modulating factors

(A and B) PLSR model-predicted behavior of (A) SIX3 expression around the SIX3-optimized set point and (B) GBX2

expression around theGBX2-optimized set point. Factors with the highest factor contributions are shown in the following

order: outer x axis, outer y axis, x axis, y axis. All other factors are at their optimized concentrations, as indicated in the

bottom-right corner of each panel. See also Figure S11.
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progenitors by including control of FGF, WNT, RA, and SHH signaling from pluripotency (Kirkeby et al.,

2012; Mariani et al., 2012; Reinhardt et al., 2013; Shi et al., 2012). However, these protocols typically require

at least a week in culture to achieve expression of marker genes. They also require concentrations of

pathway-modulating factors that are many fold greater than ED50/IC50 values, which could indicate that

off-target signaling effects may be contributing to differentiation.

The results from this study are consistent with the current understanding of CNS patterning, while also

providing additional knowledge of complex pathway interactions that must be understood and controlled

in order to more specifically direct differentiation of hPSCs. Unlike other approaches, HD-DoE allows for

direct comparison of many developmental signaling pathways simultaneously, strengthening our under-

standing of their importance in neural induction and patterning. For instance, our study reveals that

ALK5 inhibition is less important than ALK2/3 inhibition for neuroectoderm marker expression, and that

concurrent control of A/P patterning pathways is essential for imparting regional identity to the emerging

neuroectoderm. Consequently, improved territory control is attained by providing BMP signaling inhibi-

tion, while also controlling signaling activity of RA, FGF, andWNT based on desired A/P identity to achieve

rapid induction of regional neuroectodermal territory markers. The results extracted from this single HD-

DoE experiment recapitulate decades of research on neural induction and A/P control of neural patterning

(reviewed by Lupo et al., 2013).

Our previous work relating to induction of pancreatic fate revealed rapid fate conversion compared to pre-

viously published protocols. Here, we similarly demonstrated that neural territory specification is directly

attainable within only 3 days of pluripotency. It is possible that epigenetic landscape changes, which are

necessary for fate commitment, occur more effectively in hPSC culture when pathways are controlled simul-

taneously—as they are in the developing embryo—although further experimentation is needed to confirm

whether this is the case. If so, the duration of differentiation protocols may be significantly shortened with

more specific signaling control, reducing the total time, cost, and effort of manufacturing hPSC-derived cell

therapies.

In contrast to traditional OFAT approaches, the HD-DoE method addresses variation across complex

design spaces. HD-DoE simultaneously identifies both main factor effects and pathway interactions for a

large number of responses, thereby explaining complex system behavior at an unprecedented level.

Because developing organismal systems, like the human embryo, rely on combinatorial signaling to

robustly produce a large number of diverse cell types, understanding signaling interactions is key to repli-

cating development in vitro and underlies the success of the HD-DoE method. OFAT approaches rarely

identify factor interactions with statistical confidence, but, as demonstrated here, they are extremely prev-

alent and important for effectively directing cell fate.

Importantly, HD-DoE-optimized conditions exhibited more consistent marker expression across cell lines

compared to a typical neural induction approach. Strano et al. (2020) recently demonstrated that cell line-

dependent differences in directed differentiation of hPSCs to cortical neurons could be attributed to dif-

ferences in endogenousWNT signaling across cell lines and could be corrected by additional pathway con-

trol. Although further studies are needed to confirm whether this is the case, it is possible that providing

differentiation media that simultaneously controls activity of many important signaling pathways, as we

have done here, may help reduce cell-line variability often observed during hPSC differentiation. HD-

DoE is an excellent tool to quickly identify the most important signaling pathways for particular markers

and to identify permissive conditions that provide high-level pathway control.

The HD-DoE approach has the potential to revolutionize hPSC differentiation protocol development—and

other multifactorial biological optimization problems—by reducing the number of experiments necessary

to deeply understand complex systems in high dimensions. While we tested known morphogen signaling

inputs in this study, the approach can be applied to screen for effects of novel signaling pathways and

pathway-modulating factors. It will also be highly useful for developing protocols for cell types whose dif-

ferentiation control has not been well described or studied. In addition, once CPPs have been identified for

particular marker genes and/or cell types, deeper DoE designs (i.e., those specifically devised for precise

optimization and robustness testing) can be applied to further refine recipes, identify robust set points, and

calculate process capability indices of complex media formulations, facilitating production of high-purity

specific human cell populations on a large scale. By providing deep process understanding of
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developmental pathway control in differentiating hPSCs, the HD-DoE approach can aid in development of

cell-based therapies and in vitro models for a wide variety of degenerative diseases.

Limitations of the study

Models were developed by measuring, modeling, and optimizing overall mRNA expression of marker

genes in the culture. There may be differences in protein expression of markers and culture homogeneity

that are not captured in the models of expression control presented here. Depending on the intended use

of hPSC-derived cells, these may be important metrics for protocol development. Although these issues

could not be addressed in this study, HD-DoE is well-suited to assess these needs with further experimen-

tation. Protocols can be further optimized by modeling additional controllable variables (i.e., cell seeding

density, treatment time, additional pathway-modulating factors) and by modeling different response met-

rics (i.e., % positive cells to optimize for homogeneity).

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Human embryonic stem cells

B Human induced pluripotent stem cells

d METHOD DETAILS

B Expression of pathway modulators in the embryo

B Generating the HD-DoE design

B Preparing CDM2 basal differentiation medium

B Differentiating hPSCs

B RNA extraction and cDNA synthesis

B Measuring gene expression

B Immunofluorescence

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Specificity of cell fate markers in human CNS

B Gene expression analysis

B Regression modeling

B Image quantification

B Data visualization

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104133.

ACKNOWLEDGMENTS

Funding for this study was provided by the Cleveland Clinic and the Ohio Third Frontier grant number IPP

12-258. Support for the project was also provided by Trailhead Biosystems Inc., and ARMI (Advanced

Regenerative Manufacturing Institute) through the ‘‘Biomanufacturing of the Neuroectodermal Fate

Space’’ project, T0042.

AUTHOR CONTRIBUTIONS

Conceptualization, K.E.S and J.J.; Methodology, K.E.S, K.G., D.T., M.A.B., and J.J.; Validation, K.E.S.;

Formal Analysis, K.E.S and A.M.; Investigation, K.E.S. and K.G.; Resources, J.J.; Writing – Original Draft,

K.E.S.; Writing – Review & Editing, K.E.S and J.J.; Visualization, K.E.S.; Supervision, J.J.; Funding Acquisi-

tion, D.T. and J.J.

ll
OPEN ACCESS

iScience 25, 104133, April 15, 2022 19

iScience
Article

https://doi.org/10.1016/j.isci.2022.104133


DECLARATION OF INTERESTS

J. Jensen is founder and shareholder of Trailhead Biosystems Inc., Cleveland, OH, USA. D.T. andM.A.B. are

shareholders of Trailhead Biosystems Inc.

Received: December 29, 2020

Revised: June 9, 2021

Accepted: March 17, 2022

Published: April 15, 2022

SUPPORTING CITATIONS

The following references appear in the supplemental information: Albano et al., 1994; Balasubramanian

and Zhang, 2016; Becker et al., 1997; Belo et al., 1997; Bettenhausen et al., 1995; Böttcher and Niehrs,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GBX2 Thermo Fisher Scientific Cat # PA5-66953; RRID:AB_2662957

Mouse monoclonal anti-Oct-3/4 (C-10) Santa Cruz Biotechnology Cat# sc-5279; RRID:AB_628051

Rabbit monoclonal anti-OTX2 (14H14L5) Thermo Fisher Scientific Cat# 701948; RRID: AB_2608961

Rabbit polyclonal anti-Pax-6 Covance Cat# PRB-278P; RRID:AB_291612

Mouse monoclonal anti-Six3 (A-1) Santa Cruz Biotechnology Cat# sc-398797

Goat polyclonal anti-Sox-1 (C-20) Santa Cruz Biotechnology Cat# sc-17318; RRID:AB_2195365

Alexa Fluor� 488 AffiniPure Donkey Anti-Mouse

IgG (H + L)

Jackson ImmunoResearch Labs Cat# 715-545-151; RRID:AB_2341099

Alexa Fluor� 594 AffiniPure Donkey Anti-Rabbit

IgG (H + L)

Jackson ImmunoResearch Labs Cat# 711-585-152; RRID:AB_2340621

Alexa Fluor� 647 AffiniPure Donkey Anti-Goat

IgG (H + L)

Jackson ImmunoResearch Labs Cat# 705-605-147; RRID:AB_2340437

Chemicals, peptides, and recombinant proteins

Vitronectin (VTN-N) Recombinant Human Protein,

Truncated

Gibco Cat# A14700

Essential 8 (E8) Medium Gibco Cat# A1517001

Essential 8 (E8) Flex Medium Gibco Cat# A2858501

UltraPure� 0.5M EDTA, pH 8.0 Invitrogen Cat# 15575020

TrypLE Select Enzyme Gibco Cat# 12563029

RevitaCell Supplement (100X) Gibco Cat# A2644501

IMDM Gibco Cat# 12440053

Ham’s F-12 Nutrient Mix Gibco Cat# 11765047

Insulin, human Roche Cat# 11376497001

Transferrin from human serum Roche Cat# 10652202001

Chemically Defined Lipid Concentrate Gibco Cat# 11905031

1-Thioglycerol Sigma-Aldrich Cat# M6145; CAS: 96-27-5

Poly(vinyl alcohol), 87–90% hydrolyzed Sigma-Aldrich Cat# P8136; CAS: 9002-89-5

A 83-01 Sigma-Aldrich Cat# SML0788; CAS: 909910-43-6

A 83-01 Biogems Cat# 9094360

Animal-Free Recombinant Human BMP-4

(E.coli derived)

PeproTech Cat# AF-120-05ET

LDN-193189 Selleckchem Cat# S2618; CAS: 1062368-24-4

LDN-193189 Biogems Cat# 1066208

CHIR-99021 (CT99021) HCl Selleckchem Cat# S2924; CAS: 1797989-42-4

CHIR 99021 Biogems Cat# 2520691

XAV939 Sigma-Aldrich Cat# X3004; CAS: 284028-89-3

XAV939 Biogems Cat# 2848932

bFGF Recombinant Human Protein Gibco Cat# 13256029

Recombinant Human FGF-basic (154 a.a.) PeproTech Cat# 100-18B

PD0325901 (Mirdametinib) Selleckchem Cat# S1036; CAS: 391210-10-9

All-trans Retinoic Acid Sigma-Aldrich Cat# R2625; CAS: 302-79-4

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jan Jensen (jjensen@trailbio.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The published article includes all datasets generated during this study (Tables S2 and S7). Original/

source data for Figure 2D in the paper is publicly available at https://www.ebi.ac.uk/arrayexpress/

experiments/E-MTAB-4840/(E-MTAB-4840, Lindsay et al., 2016). RT-PCR and microscopy data reported

in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ER 50891 Tocris Cat# 3823; CAS: 187400-85-7

Recombinant Human Sonic Hedgehog/Shh Protein,

High Activity

R&D Systems Cat# 8908-SH

Purmorphamine Stemcell Technologies Cat# 72202; CAS: 483367-10-8

Purmorphamine Biogems Cat# 4831086

Recombinant Human DLL1 His-tag Protein, CF R&D Systems Cat# 1818-DL

Recombinant Human Jagged 2 Fc Chimera Protein, CF R&D Systems Cat# 1726-JG

g-Secretase Inhibitor XX Sigma-Aldrich Cat# 565789; CAS: 209984-56-5

SB 431542 Biogems Cat# 3014193

Critical commercial assays

MagMAX�-96 Total RNA Isolation Kit Invitrogen Cat# AM1830

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814

QuantStudio 12K Flex Real-Time PCR System with

custom designed OpenArray plates

Applied Biosystems

Experimental models: Cell lines

WA09 Human Embryonic Stem Cell Line WiCell RRID:CVCL_9773

NCRM-1 iXCells Biotechnologies NHCDR Cat# ND50028; RRID:CVCL_1E71

NCRM-4 iXCells Biotechnologies NHCDR Cat# ND50025; RRID:CVCL_1E74

NCRM-5 iXCells Biotechnologies NHCDR Cat# ND50031; RRID:CVCL_1E75

NCRM-2 iXCells Biotechnologies NHCDR Cat# ND50030; RRID:CVCL_1E72

Software and algorithms

MODDE Pro v 12.0.0.3292 Sartorius https://www.sartorius.com/en/products/process-

analytical-technology/data-analytics-software/doe-

software/modde

JMP Pro v 14.2.0 JMP Statistical Discovery LLC https://www.jmp.com/en_us/software/predictive-

analytics-software.html

ImageJ Schneider et al. (2012) https://imagej.nih.gov/ij/

R v 4.1.1 for Windows R Foundation for Statistical

Computing

https://www.R-project.org

Other

E-MTAB-4840 data Lindsay et al. (2016) https://www.ebi.ac.uk/arrayexpress/experiments/

E-MTAB-4840/
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic stem cells

The WA09 (H9, RRID:CVCL_9773) female human embryonic stem cell (hESC) line was used to assess differ-

entiation effects of factors listed in Figure 1C. Cells were grown at 37�C, in a humidified environment at 10%

O2 and 5% CO2. Cells were maintained on tissue culture plates coated with 0.5 ug/cm2 Vitronectin (VTN-N;

Gibco, A14700) in Essential 8 (E8) Medium (Gibco, A1517001) with daily media exchange, according to

manufacturer instructions. Cells were passaged as colonies using 0.5 mM EDTA when they were approxi-

mately 80% confluent, at least every 5 days, and media was supplemented overnight with 1X RevitaCell

(Gibco, A2644501) after passage. The cell line was authenticated by STR testing before use and karyotype

analysis was performed at least every 10 passages (WiCell).

Human induced pluripotent stem cells

Two male (NCRM-1, RRID:CVCL_1E71; NCRM-5, RRID:CVCL_1E75) and two female (NCRM-2,

RRID:CVCL_1E72; NCRM-4, RRID:CVCL_1E74) human induced pluripotent stem cell (hiPSC) lines were

used to validate HD-DoE-derived protocols. Cells were grown at 37�C, in a humidified environment at at-

mospheric O2 and 5%CO2. Cells weremaintained on tissue culture plates coated with 0.5 ug/cm2 Vitronec-

tin (VTN-N; Gibco, A14700) in Essential 8 Flex (E8) Medium (Gibco, A2858501), according to manufacturer

instructions. Cells were passaged as colonies using 0.5 mM EDTA when they were approximately 80%

confluent, at least every 5 days, and media was supplemented overnight with 1X RevitaCell (Gibco,

A2644501) after passage. Karyotype analysis was performed at least every 10 passages.

METHOD DETAILS

Expression of pathway modulators in the embryo

In order to model control of signaling pathway components from pluripotency in the human embryo, we

used the 3D Atlas of Human Embryology (de Bakker et al., 2016) at the earliest epiblast-patterning time

point (Carnegie Stage (CS) 7) and overlaid expression patterns from corresponding stages of mouse devel-

opment. CS7 corresponds approximately to mouse Theiler stage (TS) 9, which begins around embryonic

days (E) 6.5–6.75 (Otis and Brent, 1954). We compiled in situ hybridization data for all known endogenous

ligands and inhibitors for the pathways examined at E6.5 and E6.75, beginning with data cataloged in the

Mouse Genome Informatics Gene eXpression Database (MGI-GXD). When data was not available for a

particular component at the appropriate stage, we searched PubMed for additional data. We also supple-

mented expression data using the recently published single-cell RNA sequencing dataset of the gastrulat-

ing mouse embryo at E6.75 (Pijuan-Sala et al., 2019). Genes whose expression patterns were included met

the following conditions: 1) known or very likely to directly activate or inhibit pathway activity and 2)

expressed in a regionally-restricted manner at E6.5–6.75. For secreted agonists and inhibitors, expression

domains in both embryonic and extraembryonic tissues are depicted. For intracellular inhibitors, only em-

bryonic expression was considered, as extraembryonic expression would be unlikely to directly influence

signaling activity in embryonic cells.

Generating the HD-DoE design

The high-dimensional Design of Experiments (HD-DoE) design depicted in Figure 2C was generated using

MODDE software (Sartorius). A D-Optimal interaction screening design was used, with linear constraints

for opposing factors (defined as agonists and antagonists in Figure 1C), such that opposing factors were

never tested together above half their maximum concentrations.

Preparing CDM2 basal differentiation medium

Chemically defined medium 2 (CDM2) was used as basal differentiation medium (Loh et al., 2014). To pre-

pare CDM2, IMDM (Gibco, 12440053) and F12 (Gibco, 11765054) were mixed in equal proportions and sup-

plemented with 0.7 mg/mL recombinant human insulin (Roche, 11376497001), 15 mg/mL transferrin from hu-

man serum (Roche, 10652202001), 1% chemically defined lipid concentrate (Gibco, 11905031), 450 mM

1-thioglycerol (Sigma-Aldrich, M6145), and 1 mg/mL poly(vinyl alcohol) (PVA; Sigma-Aldrich, P8136).

PVA powder was solubilized in water at 50 mg/mL by heating to 85�C while stirring for up to 30 min until
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completely dissolved. Solution was cooled, filter-sterilized, and used within 6 months. CDM2 was sterilized

using a 22 mm low protein-binding filter, stored at 4�C, and used within 2 weeks.

Differentiating hPSCs

For differentiation, hPSCs were plated as single cells and treated for 3 days with CDM2 basal medium sup-

plemented with various combinations and concentrations of soluble pathway-modulating factors. When

colonies were approximately 80% confluent, cells were collected and dissociated to single cell suspension

using 1X TrypLE Select (Gibco, 12563029). Countess Automated Cell Counter (Invitrogen, 10227) was used

to count cells in suspension and 0.4% Trypan blue stain (Invitrogen, T10282) to assess viability. hESCs were

plated at 200,000 viable cells/cm2 and hiPSCs were plated at 100,000 cells/cm2 on 1 ug/cm2 VTN-N-coated

96-well plates in E8 medium supplemented overnight with 1X RevitaCell. Test factors (Figure 1C) were re-

constituted and stored according to manufacturer instructions (key resources table). To create the pertur-

bation matrix (PM) containing all experimental conditions defined in Figure 2C, factors were diluted in

CDM2 basal medium and pipetted at appropriate concentrations by a Tecan Freedom Evo 150 liquid

handling robot. Differentiationmedia was applied 36–48 h after single-cell plating, when cells were approx-

imately 90% confluent. Media was exchanged every 24 h.

RNA extraction and cDNA synthesis

After 3 days of treatment with the PM, RNAwas isolated from differentiated hESCs and cDNAwas prepared

for gene expression analysis. During RNA isolation, cells for each experimental condition were pooled from

three identically-treated 96-well plates to ensure sufficient RNA collection. The MagMAX-96 Total RNA

Isolation Kit (Invitrogen, AM1830) was used to isolate RNA and a Bio-Tek Epoch plate reader was used

to assess the amount and purity of RNA collected for each condition. High-Capacity cDNA Reverse Tran-

scription Kit (Applied Biosystems, 4368814) was used for cDNA synthesis.

Measuring gene expression

For each of the experimental conditions, expression of 56 carefully selected genes was measured using the

QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems). OpenArray plates were custom de-

signed to include fate-defining markers of germ layers (i.e. SOX1, T, MEOX1), general neuroectoderm

(i.e. PAX6, SOX2), non-neural ectoderm (i.e. TFAP2A), and regionally-specific CNS (i.e. SIX3,GBX2), among

others (Figure 2D and Table S3). In addition, 3 housekeeping genes were measured for normalization

(GAPDH, YWHAZ, and TBP).

Immunofluorescence

Cells were fixed using 4% paraformaldehyde or 10% formalin at room temperature for 10 min. Samples

were permeabilized and blocked using 0.2% Triton X-100 in 10% normal donkey serum with 0.2 M glycine

for 1 h at room temperature. Antibodies were diluted in 0.1% Triton X-100, 1% normal donkey serum. Pri-

mary antibodies were incubated at 4�C overnight and secondary antibodies at room temperature for 1 h.

Samples were subsequently incubated in 300 nM DAPI for 5 min at room temperature and stored in PBS.

Immunofluorescent images were acquired using Keyence All-in-One Fluorescence Microscope BZ-X710.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests, dispersion and precision measures, and p-values are embedded in Results text, while sam-

ple numbers (n) can be found in figure legends and supplemental tables. A significance level of 0.05 was

used throughout.

Specificity of cell fate markers in human CNS

RNA-seq expression data from human embryos was downloaded from the Human Developmental Biology

Resource (HDBR, E-MTAB-4840) (Lindsay et al., 2016). Expression was mapped to CNS regions of the 3D

atlas human embryo models at the appropriate stages for CS13 - CS21 to visualize expression and speci-

ficity over time (Figure 2E). Specificity across the 4 CNS tissues was calculated for CS14 using Preferential

Expression Measure (PEM) (Kryuchkova-Mostacci and Robinson-Rechavi, 2017) and normalized to the

largest PEM of the genesmeasured. Genes were sorted into groups based on which tissues had the highest

specificity score and organized in descending order of specificity by group (Figure 2D).
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Gene expression analysis

The DDCtmethod was used to quantify relative gene expression. CRT, DCRT mean, amplification score, and

Cq confidence values were exported from Expression Suite software for each treatment/gene combination.

Expression values were normalized and transformed such that 0 indicates that the gene was not detected in

the sample and 10000 corresponds to the mean expression of the endogenous control genes in that sample.

Two assays were omitted due to loading error (#73 DLX5 and FERD3L). Amplification plots for all assays with

amplification score <1.24 and/or Cq confidence <0.8 were visually inspected and 16 assays and all assays

for experiment #40 were omitted due to poor amplification.

Regression modeling

Partial Least Squares Regression (PLSR) was used to identify factors and interactions affecting marker gene

expression and to predict expression across the design space.

Genes that exhibited high variability between replicates (DBX2, LHX6, NKX2-2, and PROP1) were excluded

from analysis due to low reproducibility. EGR2, EVX1, and PAX2 had high variability between replicate ex-

periments 95 and 96, but low variability between replicates in experiments 92, 93, and 94. As experiment

95/96 contained no factors, differentiation was less controlled, cells detached more easily, and RNA quan-

tity was lower, all of which may have led to higher variability in that condition. Since the other set of repli-

cates had low variability, experiment number 96 (which had a larger residual than 95 for all genes) was

excluded for those genes.

PLSR models were refined using the Auto Tune feature in MODDE, which removes non-significant terms

one at a time and checks for an increase in the predictive ability (Q2) of the model. If Q2 increases, the

non-significant term is left out of the model and the next term is tested. After model tuning, all possible

triple interaction terms were added manually and Auto Tune was applied again.

After initial model refinement, ANOVA was used to determine whether model fit was appropriate

(Table S4). If the ANOVA lack of fit test provided evidence for lack of fit, the model was reset and response

data were transformed. Transformations were selected based upon improved correlation of the standard-

ized residuals normal probability plot, while ensuring reproducibility of replicates remained high after

transformation. The model refinement process described above was repeated for transformed responses

and models were re-assessed for lack of fit. Further adjustments to transformations were applied as

necessary.

EMX2, KRT5, NKX2-1, and SHH were undetectable in all replicate experiments, precluding those models

from ANOVA lack of fit testing (pure error = 0). These genes were log-transformed if and only if transfor-

mation improved correlation of the standardized residuals normal probability plot and were modeled as

described above.

Transformation of SIX3 is illustrated in Figure S1 and all transformations are listed in Table S3. Models that

had evidence for lack of fit after transformation and remodeling (EN1, FOXA2, LMX1A, MEOX1, NKX6-1,

and PAX8) were excluded from predictive analyses.

Image quantification

Images were quantified using ImageJ v1.53o. DAPI images were used to create masks of regions contain-

ing cells and mean fluorescence intensity of marker proteins was quantified across biological replicates in

masked regions. All images that were compared were treated identically. ANOVA with Tukey’s test was

used to test for differences between groups using the stats package in R.

Data visualization

Mapping RNA-seq expression data onto the human embryo was done using JMP Pro v14.2.0. Graphs were

created in JMP Pro v14.2.0, MODDE Pro v12.0.0.3292, and R v4.1.1.
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