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SUMMARY
The retinoblastoma family proteins (RBs) and E2F transcription factors are cell-autonomous regulators of cell-
cycle progression, but they also impact fate choice in addition to tumor suppression. The range ofmechanisms
involved remains to be uncovered. Here, we show that RBs, particularly RBL2/p130, repressWNT ligands such
asWNT4andWNT8A, therebydirecting ectodermspecification between neural crest to neuroepithelium.RBL2
achieves this function throughcell-cycle-dependent cooperationwithE2FsandGCN5on the regulatory regions
of WNT loci, which direct neuroepithelial versus neural crest specification by temporal fluctuations of WNT/
b-catenin and DLL/NOTCH signaling activity. Thus, the RB-E2F bona fide cell-autonomous axis controls cell
fate decisions, and RBL2 regulates field effects via WNT ligands. This reveals a non-cell-autonomous function
of RBL2-E2F in stem cell and tissue progenitor differentiation that has broader implications for cell-cycle-
dependent cell fate specification in organogenesis, adult stem cells, tissue homeostasis, and tumorigenesis.
INTRODUCTION

The retinoblastoma family of tumor suppressors (RBs: pRb,

RBL1, and RBL2) are pivotal for cell-cycle progression in

mammalian cells. They control the G1 to S phase transition by

reducing the transcriptional activity of E2F proteins (E2Fs),

thereby leading to transcriptional repression of target genes

necessary for proliferation. In turn, the phosphorylation of RBs

by cyclin D/CDK4-6 blocks interactions with E2Fs, permitting

the induction of E2F-mediated transcription.1–4 Mutations in

RBs are known to be important in causing tumorigenesis, and,

accordingly, such genetic aberrations are found in various hu-

man cancers including breast, pancreas, lung, blood, and brain

malignancies.5–11 Besides their tumor suppressive function,

RBs are also central to early mammalian development. Genetic

studies in the mouse have shown that the absence of pRb is em-

bryonic lethal between embryonic day 13 (E13) and E15 of gesta-

tion due to abnormal hematopoietic, neuronal, and eye lens

development provoked by defects in cellular differentiation.12–17

pRb regulates lineage specification of osteoblasts and adipo-

cytes by promoting the activity of developmental transcription

factors such as Runx2 in osteogenic differentiation,18,19 while it

acts with E2F to suppress peroxisome proliferator-activated re-

ceptor c subunitIZI, the master activator of adipogenesis.20,21
Ce
This is an open access article und
pRb also cooperates with the developmental transcription factor

MyoD in myogenic differentiation.22,23 Therefore, pRb seems to

direct the differentiation of different cell types by controlling the

activity of master regulators of differentiation.

In contrast, the function of the othermembers of theRB family in

differentiation is less established. RBL1�/� mice are viable and

fertile but have impaired growth and exert myeloid hyperplasia.24

More strikingly, RBL2�/� embryos die between E11 and E13 due

to disorganization in neural and dermatomyotomal structures,25

which is characterized by reduced numbers of neurons in the spi-

nal cord and the dorsal root ganglia and by decreased myocytes

in the myotome. Furthermore, biallelic loss-of-function variants of

RBL2 have been identified in humans with a neurodevelopmental

disorder.26 Thus, RBL1/2 are likely to have a function in cell fate

decision, which might not directly overlap with pRb. However,

second-site modifier genes that still exist have an epistatic rela-

tionship with RBL2, because RBL2 plays an essential role in

normal development in the Balb/cJ genetic background in mice,

but not in C57BL/6J strain. Mice lacking either RBL1 or RBL2 in

a mixed 129/Sv:C57BL/6J genetic background have no overt

phenotype and are viable and fertile.27–30 Embryos lacking both

pRb and RBL1 die in utero 2 days earlier than pRb-deficient em-

bryos and exhibit apoptosis in the liver and central nervous sys-

tem, suggesting some redundancy in function. Mutant mice
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lacking both RBL2 and RBL1 die soon after birth and exhibit

defective endochondral bone development. Taken together,

these data suggest that RBL1/p107 and RBL2/p130 have rela-

tively subtle roles in regulating the cell cycle and that a significant

degree of overlap in function exists between the proteins.27,30

Interestingly, the targeted disruption of the three Rb-related

genes in mouse embryonic stem cells (mESCs) strongly alters

their capacity of differentiation, while the absence of RB protein

function in human embryonic stem cells (hESCs) induces cell

death.31 Moreover, mouse embryonic fibroblasts with a

knockout for the three RB genes display a loss of G1 control

and cellular immortalization32,33 that can be regarded as patho-

logical self-renewal, which resembles the physiological self-

renewal processes observed in embryonic or adult tissue-spe-

cific stem cells.34 In line with its function in controlling the

self-renewal properties of stem cells or progenitors, pRb can

restrict reprogramming and tumorigenesis by inhibiting pluripo-

tency networks.35 Considered together, these reports strongly

suggest a function for RBs in cell fate decisions of stem cells

and progenitors during embryonic development and in adult or-

gans. Nonetheless, the precise mechanisms by which RB pro-

teins achieve this function remain unknown.

To further investigate these mechanisms, we decided to study

the function of RB family tumor suppressor genes in hESCs and

human induced pluripotent stem cells (hiPSCs). Pluripotent stem

cells represent a useful in vitro model to examine cell fate deci-

sions since their differentiation into the three primary germ

layers—endoderm,mesoderm, and neuroectoderm—can be pre-

cisely controlled using a combination of growth factors in defined

culture conditions.36–40 Therefore,weutilized this system to inves-

tigate the molecular function of RBs in early cell fate decisions in

both 2D cultures and the 3D organoid system,41,42 the latter being

particularly useful for early human development, which has been

challenging to investigate for ethical reasons, inaccessibility of

fetal tissue, and possible differences between human and con-

ventional model systems like mouse.

Combining this approach with functional studies and molecu-

lar analyses, we uncovered that RBL2 controls neuroectoderm

differentiation of hESCs through a paracrine mechanism, which

involves the transcriptional repression of WNT ligands by the

RBL2/pRb-E2F4/1 complex and General control non-depress-

ible 5 (GCN5) histone acetyltransferase enzyme. Besides the

classical cell-autonomous tumor suppressor function of RB-

E2F axis, our results show non-cell-autonomous effects arising

as a consequence of cell-cycle-dependent RBL2/pRb-E2F4/1

function that guides cell fate specification through temporal fluc-

tuations of WNT/b-catenin and DLL/NOTCH developmental

signaling pathways. This non-cell-autonomous function repre-

sents a function of RB-E2F tumor suppressor axis in stem cell

and tissue progenitor differentiation that has broader implica-

tions for cell fate specification in organogenesis, adult stem cells

and tissue homeostasis.

RESULTS

RBs in human PSCs
To investigate the role of RBs in early cell fate decisions, we first

studied their expression in hESCs grown in defined culture con-
2 Cell Reports 42, 113146, September 26, 2023
ditions inductive for neuroectoderm, mesoderm, and endoderm

differentiation. Immunostaining, qPCR, and western blot ana-

lyses revealed that pRb and RBL1 are co-expressed with plurip-

otency factors in hESCs, while RBL2 cDNA and protein has the

lowest expression in pluripotent cells (Figures 1A, 1B, and

S1A–S1C). Furthermore, pRb and RBL1 are expressed at rela-

tively constant levels during the differentiation of hESCs into

any of the three germ layers, while RBL2 expression at protein

level increases specifically during neuroectoderm formation,

similarly to a more modest increase for RBL1 (Figures 1A, 1B,

and S1D). Therefore, RBL2 in particular has an increased expres-

sion in neuroectoderm, suggesting a role in the neuroectoderm

germ layer.

To explore the function of RBs, we generated knockdown lines

for each RB (RB-KD: pRb-KD, RBL1-KD, RBL2-KD) (Figure 1C)

and analyzed their effects on undifferentiated cells and on

germ layer formation. Decreased RB expression did not alter

the self-renewal or the morphology of RB-KD-hESCs when

compared with control (Figure 1D). However, we noticed germ-

layer-specific changes in spontaneous background differentia-

tion propensity of RB-KDs distinctly for neuroectoderm lineage

as shown by the loss of SOX1 and PAX6 (Figure S1E). On the

other hand, endoderm (EOMES, SOX17, GOOSECOID) and

mesoderm (T, MESP1) markers showed only amodest reduction

in their background expression, which was not statistically sig-

nificant compared with Scramble control cells (data not shown).

We further investigated the expression of SOX1 and PAX6 to find

out if their expression is changing in pluripotent cells or the spon-

taneously differentiated cells. For this, we analyzed SOX1 and

PAX6 expression by qPCR in Tra-1-60-positive and -negative

cells using fluorescence-activated cell sorting (FACS; Fig-

ure S1F). We saw no significant changes in the expression of

these markers in Tra-1-60+ RBL2-KD cells compared with Tra-

1-60+ Scramble hESCs, whereas there was a difference in Tra-

1-60� Scramble versus RBL2-KD cells, indicating that there

indeed is a change in the background spontaneously differenti-

ating cells but not the pluripotent undifferentiated hESCs.

Since the neuroectoderm markers Sox1 and Pax6 were most

strongly decreased in RBL2-KD and to a lesser extent in RBL1-

KD and pRb-KD, this prompted us to analyze gene expression at

the genome-wide scale in undifferentiated RBL2-KDs to get a

broader understanding on transcriptional changes (Figure 1E).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analyses of transcriptomic data indicated that RBL2-KD results

in upregulation of processes involving ubiquitin-mediated prote-

olysis and apoptosis (Table S1), which have also been observed

for RB family members previously,31 and cell motion according

to gene ontology analysis. Furthermore, RBL2-KD cells showed

an elevated expression of genes involved in the WNT develop-

mental signaling pathway (Figures 1E and 1F). While the canon-

ical WNT signaling components WNT4 and WNT8A were

increased upon RBL2 loss as shown by gene enrichment

analysis, the non-canonical pathway member WNT5A was

decreased (Figures 1E and 1F), suggesting that RBL2 function

may alter the balance between canonical to non-canonical

WNT activity. In contrast to the canonical WNT pathway, the

NOTCH pathway components such as Delta-like 1 (DLL1) and

Delta-like 3 (DLL3) and a number of Hox genes were decreased
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Figure 1. Retinoblastoma family proteins have distinct effects on cell fate specification of hPSCs

(A) RBs are expressed in hPSCs at varying levels. Scale bar, 100 mm.

(B) RBL2 has a distinct expression pattern during differentiation of hPSCs to endoderm, mesoderm, and neuroectoderm.

(C) Schematic overview of RBs knockdown.

(D) Morphology of hPSCs with a stable knockdown of RBs. Representative colonies of Scramble and RB-KD hPSCs. Scale bar, 100 mm.

(E) RBL2 KD causes a change in gene expression of developmental signaling pathways and differentiation markers.

(F) RBL2 KD alters the expression of Wnt, Hox, and Notch genes in hPSC culture. qPCR analysis of markers in RBL2-KDs.

(G) Schematic overview of overexpressing RBs.

(H) RBL2 OE causes background differentiation of hPSCs opposite to RBL2 KD. qPCR analysis of developmental markers in RBL2-OE hPSC culture. All data are

shown as mean ± SD (n = 3). Statistical analysis was performed by two-way ANOVA with multiple comparisons with Tukey correction; ****padjusted < 0.0001,

***padjusted < 0.001, **padjusted < 0.01, *padjusted < 0.05. See also Figure S1.
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(Figures 1E and 1F; Table S1). The WNT and NOTCH pathways,

as well as Hox genes, are all key regulators of tissue formation

during embryogenesis,43,44 hence connecting RBL2 to develop-

mental processes in an embryonic context.

To further verify the effects of RBL2 on gene expression, we

performed stable overexpression of RBL2 (RBL2-OE) in human
PSCs (hPSCs) (Figure 1G). This indicated the opposite effects

to RBL2-KD by reducing the expression of WNT ligands in back-

ground spontaneously differentiating cells, while upregulating

NOTCH ligands and several Hox genes (Figures 1H and S1G).

Collectively, these results suggested that the expression of

human RB family tumor suppressors does not abolish the
Cell Reports 42, 113146, September 26, 2023 3
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self-renewal capacity of hESCs, while RBL2 could impact the

expression of WNT and NOTCH developmental signaling path-

ways and Hox genes in differentiating cells.
RBs have divergent functions during the differentiation
of hPSCs into the primary germ layers
Next, we investigated the role of RBs in early cell fate decisions

during neuroectoderm, mesoderm, and endoderm differentia-

tion. During endoderm differentiation, pRb-KD did not signifi-

cantly impact endoderm marker EOMES, GSC, and SOX17

expression or pluripotency markers (Figure S2A). RBL1-KD

increased SOX17 expression and NANOG, but not EOMES,

GSC, or pluripotency markers OCT4 and SOX2 (Figure S2B).

RBL2-KD increasedGSC expression, but not other markers (Fig-

ure S2C). In mesoderm differentiation, pRb-KD increased T

and modestly MESP1, as well as NANOG, but decreased

SOX2 expression (Figure S2A). RBL1-KD did not significantly

impact mesoderm differentiation (Figure S2B), while RBL2-KD

increased SOX2 in mesoderm (Figure S2C). During neuroecto-

derm, pRb-KD decreased SOX1, PAX6, and SOX2 (Figure S2A),

while RBL1-KD did not significantly impact neuroectoderm dif-

ferentiation (Figure S2B). On the other hand, RBL2-KD blocked

the induction of SOX1 and PAX6 entirely during neuroectoderm

differentiation (Figures 2A–2C, S2C, and S2E). However, the

absence of these differentiation markers was not associated

with a decrease of the neuroectoderm progenitor marker SOX2

(Figure S2C) or the upregulation of pluripotency markers

OCT4/NANOG. Thus, reduction in RBL2 expression does not

block neuroectoderm induction of hESCs but rather inhibits the

progression of this differentiation toward a neuronal fate.

Taken together, these data suggest that RB proteins are indi-

vidually dispensable for germ layer specification, which is in

agreement with genetic studies in the mouse.12–14 Nonetheless,

the aberrant neuroectoderm differentiation observed upon RBL2

knockdown (Figure S2F) resembles the phenotype in mouse

mutant for RBL2, where neural differentiation is also strongly

affected.24 Thus, our results obtained in hESCs could be

conserved in vivo during early embryonic development.
RBL2 regulates neuronal versus neural crest cell fate
during hPSC differentiation
These results prompted us to further delineate the nature of the

cells focusing on RBL2-KD hESCs differentiating toward the

neuroectoderm lineages. For that, we compared the transcrip-

tomic profiles of RBL2-KD and KD-Scr hESCs differentiated to-

ward neuroectoderm for 4 days. Enrichment analysis on the

differentially expressed genes revealed that nervous system

development was significantly suppressed by RBL2-KD (p =

4.06E�7, Figures 2E and 2F), thereby confirming at the

genome-wide level that RBL2 is essential for neuroectoderm dif-

ferentiation. To confirm the validity of the knockdown results, we

compared the effects of RBL2/p130 depletion by short hairpin

RNAs (shRNAs) and CRISPR-mediated repression of RBL2/

p130 (Figure 2E). For all selected genes, we observed similar ef-

fects upon CRISPR-mediated RBL2 repression as for shRNA-

mediated RBL2 repression (Figure S2G), indicating that the pos-

sibility of off-target effects by shRNAs in our results is negligible.
4 Cell Reports 42, 113146, September 26, 2023
Detailed examination also revealed loss of neuroectoderm

markers during differentiation of RBL2-KD cells, with a concom-

itant increase in neural crest regulators such as p75 and SOX10

(Figures 2D–2F).45–48 These observations were validated by

qPCR analyses, showing that the absence of RBL2 results in

an increase in neural crest markers between days 4 and 10 of dif-

ferentiation (Figures S3A and S3B). Therefore, the absence of

RBL2 during neuroectoderm differentiation seems to induce a

shift in the differentiation balance from neuroepithelium to neural

crest fate.

Gene enrichment analyses also unearthed that the shift to neu-

ral crest gene expression was accompanied by upregulation of

genes involved in controlling cell motion and chemotaxis

(OTX2, PPAP2A, CD9, and DCLK1; Table S1). Cell migration is

an important characteristic of neural crest cells49 but also essen-

tial for metastatic processes and for the epithelial-to-mesen-

chymal transition that attributes malignant (stem cell-like) traits

to cancer cells.50 Thus, RBL2 could control mechanisms in early

development, which may be related to its function as a tumor

suppressor. Pathway analyses revealed that the mechanisms

controlling neuroectoderm patterning were affected in RBL2-

KD cells. RBL2-KD cells display an elevated expression of genes

involved in theWNT canonical signaling pathway, such asWNT4

and WNT8A (Figures 2C and S3A–S3C; Table S1). In addition,

DLL1 and DLL3 were decreased (Figures 2E; Table S1). There-

fore, these results suggested that human RB family tumor sup-

pressor RBL2 could block neural crest specification by control-

ling the expression of WNT and NOTCH genes, which are

known to control the differentiation of the neuroectoderm germ

layer in vivo.43,44

RBL2 controls the activity of the WNT signaling pathway
during tissue specification by reducing the expression
of WNT ligands
Next, we used organoids to characterize the effects of RBL2 in

early tissue formation since it has emerged as a powerful model

system for human development and disease, enabling genetic

manipulation of 3D tissues.41,42 Organoids are stem cell-derived

miniature organs that recapitulate the cytoarchitecture of their

in vivo counterparts in 3D tissue architecture and, thus, could

reveal the impact of RBL2-KD on neural tissue specification (Fig-

ure 3A). We utilized H9 hESCs and three iPSC lines (KOLF,

SFC841-03-01, and SFC840-03-03) for generatingDOX-inducible

RBL2KD cells via Cas9-KRAB-mediated transcriptional repres-

sion,51 and neural induction by undirected differentiation in

minimal medium followed by gene expression analysis to

observe the effects of RBL2 in early neuroectodermal tissue spec-

ification (Figures 3B and 3C). Inducible knockdown of RBL2 led

to an induction of a range of neural crest developmental

genes, whereas RBL2-KD was accompanied by WNT8A and

WNT4 upregulation in hESCs and the three iPSC lines

(Figures 3B and 3C). RBL2 decreases WNT signaling activity dur-

ing neuroectoderm specification (Figures 3D and 3E). These re-

sults are in line with neuroepithelial versus neural crest specifica-

tion regulation by RBL2 in 2D conditions.

To study the relevance of spatial effects of RBL2-KD in neuro-

ectodermal patterning, we first analyzed the expression of SOX1

and PAX6 in neuroectodermal organoids at day 9 (Figures S4A
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Figure 2. RBL2 regulates cell fate specification between neuroepithelium and neural crest

(A) RBL2 is necessary for neuroectoderm formation. Immunostaining of neuroectoderm markers in Scramble and RBL2 KD cells. Scale bar, 100 mm.

(B–D) RBL2 controls the balance between neuroepithelial versus neural crest specification. (B) qPCR, (C) western blot, and (D) flow cytometry analysis of SOX1,

PAX6, p75, and SOX10 in RBL2 KD and Scramble at day 4 neuroectoderm.

(E) Loss of RBL2 in neuroectoderm specification changes the expression ofWnt and Notch pathway components andHoxA-D genes (see Table S1 for full results).

(F) Principal-component analysis (see Table S1 for full results). All data are shown as mean ± SD (n = 3). Statistical analysis was performed by two-way ANOVA

with multiple comparisons with Tukey correction; ****padjusted < 0.0001, ***padjusted < 0.001, **padjusted < 0.01, *padjusted < 0.05. See also Figures S2 and S3.
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and S4B). These results indicate a reduction of SOX1 and PAX6

expression upon RBL2-KD compared with Scramble control

(Figure S4B), suggesting that dosage of RBL2 is critical for regu-

lating neuroectodermal differentiation and/or patterning. We

observed the start of ectoderm tissue patterning with a higher

expression of RBL2 together with Tuj1 expression at day 12 of

organoid growth, indicating elevated expression in neuronal

identity-committed cells (Figures S4C and S4D). In contrast,

RBL2-KD resulted in spatial disorganization of Tuj1-expressing

cells compared with Scramble, indicating that RBL2-KD has

spatial effects on early stages of neuroectodermal tissue

patterning.
RBL2 is known to repress the transcriptional activity of E2F

factors on target genes.1 Consequently, we decided to delineate

the primary mechanisms of RBL2-mediated cell fate decisions

by focusing on the components of the WNT signaling pathway,

which were upregulated upon RBL2-KD compared with wild-

type (WT) cells. ATAC sequencing (ATAC-seq) data analysis

from hESCs and neuroectoderm indicated the presence of

E2F4 and E2F1 bindingmotifs at open chromatin regions on pro-

moters nearby WNT8A and WNT4 loci (Figure 3F). E2F1 and

E2F4 chromatin immunoprecipitation sequencing (ChIP-seq)

data analyses from cancer cells (E2F1 ChIP-seq,52,53 E2F4

ChIP-seq,54 RBL2/p13055) further indicated the binding of
Cell Reports 42, 113146, September 26, 2023 5
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Figure 3. RBL2 represses WNT ligands by binding to regulatory regions in complex with E2F4 during neuroectoderm formation

(A) Schematic depiction of using CRISPRi of RBL2 in 3D neural organoids.

(B) CRISPRi-mediated RBL2-KD regulates neural tissue specification of hESC and hiPSC organoids by regulating key developmental genes.

(C) CRISPRi-mediated RBL2-KD in hESC and hiPSC organoids leads to increased WNT8A and WNT4 expression.

(D) WNT4 and WNT8A expression is elevated in RBL2-KD cells in day 6 neuroectoderm.

(legend continued on next page)
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E2F1 and E2F4 in the proximity of WNT4 (Figure 3G) andWNT8A

(Figure 3H). Considering the similarity of E2F1 and E2F4 binding

motifs (Figure S4E), WNT4 and WNT8A have shared binding of

E2F1 and E2F4 to their promoter region. Based on the ChIP-

seq data, E2F1 is able to bind to two sites on WNT8A and two

sites on WNT4 loci. These two E2F1 binding sites (marked with

I and II in Figures 3G and 3H) are located relatively close to

each other (�1 kb) in the proximity of transcription start sites of

WNT4 and WNT8A loci. ChIP-seq data also indicate that E2F4

shares one of these binding sites with E2F1 onWNT8A promoter

and WNT4 promoter (Figures 3G and 3H). We performed ChIP-

qPCR experiments by using primers spanning the binding re-

gions, and these verified the binding of E2F1 and E2F4 on the

sites on WNT4 and WNT8A loci (Figures S4F and S4G). Our mo-

lecular model suggests a competitive binding of E2F1 and E2F4

on these sites at WNT4 and WNT8A promoters (Figure S4H).

Co-immunoprecipitation experiments in neuroectoderm cells

suggested that RBL2 can be found in protein complexes con-

taining E2F4 but much less abundantly with E2F1 (Figure 3I).

Therefore, we next investigated the binding of E2F1, E2F4, and

RBs toWNT4 andWNT8A loci in hESCs differentiating to neuro-

ectoderm in the organoid conditions. ChIP experiments followed

by qPCR demonstrated that E2F4 and E2F1 bind to the proximal

promoter regions on WNT4 and WNT8A ligand loci (Figure 3J).

Furthermore, RBL2 and pRb bind onto the same proximal pro-

moter regions of WNT ligands WNT4 and WNT8A (Figure 3K).

CDK4/6 inhibition with the small-molecule inhibitor Palbociclib

(PD-0332991) increased, whereas E2F1-KD reduced pRb bind-

ing and E2F4-KD reduced both RBL2 and pRb binding to

WNT4 andWNT8A loci (Figure 3K). We also compared the effect

of depleting pRb, RBL1/p107, and RBL2/p130 on WNT8A and

WNT4 expression as companion data for Figure 3K. The deple-

tion of pRb and RBL2/p130 leads to the upregulation of

WNT8A and WNT4 mRNA levels, whereas RBL1/p107 depletion

has weaker effects (Figure S4I). These data suggest the pres-

ence of E2F4/1-RBL2 complexes on WNT4 and WNT8A

genomic regions, and E2Fs recruit RBs onto chromatin.

Next, we generated WNT4 and WNT8A promoter-luciferase

constructs and co-transfected the resulting reporter genes into

neuroectoderm cells generated from hESCs knocked down for

RBL2 expression. WNT4 and WNT8A promoters consistently

showed higher activity in RBL2-KD cells compared with

Scramble (Figure S4J), while RBL2 overexpression resulted in
(E) RBL2-KD increases the expression of WNT4 and WNT8A during neuroectode

(F) E2F4 and E2F1 binding motifs are found on open chromatin regions near WN

(G and H) Genomic regions of WNT4 andWNT8A loci. Genomic region of WNT4 lo

with hESC and neuroectoderm differentiating cells analyzed by ATAC-seq. E2F1

(I) RBL2 forms a complex with E2Fs in neuroectoderm cells.

(J) E2F4 and E2F1 bind to promoter regions of WNT ligands in neuroectoderm a

(K) RBL2 and pRb bind to promoter regions of WNT ligands.

(L) RBL2-KD causes derepression of WNT4 and WNT8A promoters.

(M and N) RBL2 regulates the transcription of WNT4 and WNT8A through a reg

intracellular WNT4 andWNT8A protein expression upon transfections of RBL2-KD

constructs and OE constructs, and analyzed for luciferase activity.

(O) Stable RBL2-KD triggers nuclear accumulation of b-catenin protein. Scale ba

(P) Endogenous b-catenin is less phosphorylated at Ser33 in RBL2-KD cells.

(Q) All data are shown as mean ± SD (n = 3). Statistical analysis was perfor

****padjusted < 0.0001, ***padjusted < 0.001, **padjusted < 0.01, *padjusted < 0.05. See
a decrease in the reporter’s activity (Figure 3L). Similar results

were obtained when the WNT reporter genes were transfected

in WT hESCs and differentiated into neuroectoderm cells (Fig-

ure S4K). Interestingly, transfection of E2F1 was sufficient to in-

crease the endogenous levels of WNT4 and WNT8A, and WNT

signaling pathway components (Figures 3M and S4L), as well

as the activity of WNT reporter genes (Figure 3N), while overex-

pression of RBL2 repressed the corresponding activation.

Furthermore, an E2F1 mutant that is unable to bind DNA56 did

not induce the expression of these genes or promoter-luciferase

constructs (Figures 3M and 3N). Taken together, these data sug-

gest that RBL2 could repress the transcription of genes coding

for WNT ligands by inhibiting the activity of E2Fs.

To further delineate the effects of RBL2 on b-catenin, we

analyzed the activity of b-catenin during the differentiation of

RBL2-KD hESCs. Immunostaining of endogenous b-catenin

protein in RBL2 KD cells showed nuclear accumulation

compared with Scramble cells (Figure 3O). Western blot ana-

lyses indicated that b-catenin phosphorylation on serine 33

(which destabilizes the protein and decreases its transcriptional

activity) was lost in RBL2-KD neuroectoderm cells, while the to-

tal level of b-catenin was increased (Figure 3P), thereby sug-

gesting that the increase in WNT ligand expression results in

the upregulation of its downstream signaling pathway. Finally,

E2F1 and E2F4 overexpression induced WNT reporter activity,

while transient overexpression of RBL2 and pRb in the neuro-

ectoderm inhibited these effects (Figure S4N), confirming the

opposite functions of these transcription factors. Together,

these data suggest that RBL2 and pRb control WNT signaling

activity through the expression of WNT ligands during the dif-

ferentiation of hPSCs toward the neuroectoderm lineages

(Figure 3Q).

The RB family proteins participate in dual tumor suppressor

functions, one linked to cell-cycle progression and the other to

differentiation control.57 The effects of cell-cycle gene regulation

are mediated by the formation of RB/E2F/DNA complexes that

are involved in gene expression repression, while pRB can coop-

erate with certain transcription factors to transcriptionally acti-

vate genes.23,58–60 These functions are mediated by domains

that are highly conserved between pRb, p107/RBL1, and

p130/RBL2. Our experiments indicated that E2F1 and pRb/

RBL2 form a complex on Wnt pathway components FRAT1,

SFRP1, and AXIN2 loci (Figures S4O–S4R).
rm differentiation.

T loci in hESCs by ATAC-seq analysis.

cus (G) andWNT8A locus (H) showing E2F1, E2F4, b-catenin ChIP-seq binding

and E2F4 binding peaks are highlighted with numbered dashed boxes.

nalyzed by qPCR.

ion in the proximity of the transcription start site. (M) Western blot analysis of

cells. (N) RBL2-KD cells were cotransfected withWNT4 andWNT8A promoter

r, 10 mm.

med by two-way ANOVA with multiple comparisons with Tukey correction;

also Figures S4 and S5.
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Next, we investigated themechanism of howRBL2-KD affects

specific cohorts of genes and whether the p130/RBL2-binding

sites in the WNT8A and WNT4 promoters are acting in the

same way or differently from the sites found on other genes.61–64

The RB family proteins participate in dual tumor suppressor

functions, one linked to cell-cycle progression and the other to

differentiation control, and these functions can at least partially

be genetically and mechanistically dissociated.57 The functional

domains are highly conserved also in RBL1 and RBL2 pro-

teins.57,65–69 Interestingly, E2F1, pRb wt, and pRb del685 bound

to WNT4 and WNT8A loci as for cell-cycle regulatory genes

(Figures S5A and S5B). Hence, WNT ligands could provide a

link between coordination of cell-cycle progression and

differentiation.

WT RBL2 bound to loci similarly to WT pRb and pRb del685

(Figure S5C). This raised the question of the identity of the

sequence-specific transcription factor that facilitates binding of

pRb mutants (e.g., pRb del685).23,58–60,70 ATAC-seq, ChIP-

seq, and ChIP-qPCR data suggested that SOX2 cooperates

with RBL2 and pRb in promoting the expression of neuroecto-

derm differentiation factors PAX6 and SOX1 (Figures S5D and

S5E). We also found that GCN5 binds to cyclin E, cyclin D1,

DNA pol alpha, and DHFA regulatory regions to the same sites

as E2F1 and E2F4 (Figure S5F).

Taken together, these data suggest that pRb and RBL2

perform two functions, namely, regulation of cell-cycle progres-

sion through its ability to repress E2F-dependent promoters

(cell-cycle regulators and WNT4/WNT8A) and promotion of neu-

roepithelial differentiation through its ability to activate transcrip-

tion in concert with non-E2F transcription factor SOX2.

RBL2 regulates cell fate decisions during tissue
formation through WNT signaling, which in turn impacts
NOTCH activity
Our transcriptomic analyses revealed that RBL2 loss is associ-

ated with a decrease in expression of NOTCH pathway

ligands DLL1 and DLL3, as well as the downstream target

HES5 (Figures S6A–S6C), suggesting that RBL2 may promote

NOTCH ligand expression. However, RBL2 mainly functions as

a transcriptional repressor, and thus, upregulation of NOTCH
Figure 4. RBL2 directs tissue formation through changing the cellular

(A) Genomic regions of DLL1 and DLL3 loci showing E2F1, E2F4, b-catenin ChIP

(B) b-Catenin binds to promoters of Notch ligands DLL1 and DLL3 at day 4 neur

(C) WNT/b-catenin regulates the expression of DLL1 and DLL3 indirectly through

(D) WNT signaling inhibition with IWR inhibitor decreases the expression of neural

in day 3 neuroectoderm cells.

(E) Schematic overview for analyzing the paracrine effects of RBL2.

(F) Confirmation of WNT4/WNT8A depletion from the medium.

(G) RBL2 regulates the amounts ofWNT4 andWNT8A secreted into the extracellul

without WNT4/WNT8A depletion was added for 4 h to cells previously transfecte

(H) RBL2 controls cell fate decisions through paracrine effects of WNT ligands. C

from WNT4 and WNT8A was added to day 3 neuroectoderm cells and incubated

(I) RBL2 controls cell fate decisions during neuroepithelium versus neural crest f

(J) WNT4 and WNT8A depletion from medium blocks the effects of RBL2 on NOT

expressing DLL1 and DLL3 promoter constructs.

(K) RBL2 regulates cell motility. Transwell assays on neuroectoderm cells incuba

(L) Schematic overview of RBL2 function in regulating tissue microenvironment. A

two-way ANOVA with multiple comparisons with Tukey correction; ****padjusted

Figures S6 and S7.
pathway genes could occur by an indirect mechanism. Interest-

ingly, WNT/b-catenin signaling has been shown to control the

expression of DLL1 and other NOTCH genes during develop-

ment.71,72 Thus, we hypothesized that RBL2 could regulate

NOTCH signaling during neuroectoderm differentiation via the

downregulation of canonical WNT ligands. To investigate this

possibility, we analyzed b-catenin ChIP-seq data that indicated

the binding of b-catenin to DLL1 and DLL3 loci (Figure 4A) and

also in the proximity of HES5, SOX1, PAX6, p75, and SOX10

loci (Figures S6D and S6E). Next, we performed b-catenin

ChIP-QPCR in Scramble and RBL2-KD neuroectoderm cells

and observed that the presence of the WNT effector on DLL1

and DLL3 loci strongly increased with RBL2 loss (Figure 4B).

Moreover, promoter-luciferase constructs of DLL1 and DLL3

provided evidence that overexpression of b-catenin causes their

transcriptional repression in the neuroectoderm context (Fig-

ure 4C), an effect that can be reversed by the WNT inhibitor

IWR and mimicked by addition of purified WNT4 and WNT8A

to the medium (Figures 4C and S6F) and by GSK3 inhibitor

CHIR99021 (CHIR) (Figure S6G). Thus, the WNT/b-catenin

pathway appears to control the expression of NOTCH signaling

factors during neuroectoderm differentiation of hESCs.

To validate the functional interest of our observations, we

tested the effects of WNT pathway inhibitors on the expression

of NOTCH ligands and cell fate decisions during neuroectoderm

differentiation. Blocking canonical WNT signaling with IWR

caused an increase in NOTCH ligands DLL1 and DLL2 and

NOTCH target gene HES5 expression (Figures 4D, S7A, and

S7B), accompanied by an increase in neuroepithelial markers

and a decrease in neural crest markers (Figures 4D, S7A, and

S7B). The opposite results were obtained using purified WNT4

and WNT8A proteins (Figure S7B) or by inhibiting the NOTCH

signaling pathway using the gamma-secretase inhibitor DAPT

(Figure S7C). Activation of NOTCH signaling by coupling DLL1

to agarose beads increased neuroepithelial specification at the

expense of neural crest formation, while the addition of

NOTCH inhibitor DAPT blocked this effect (Figures S7D and

S7E). However, NOTCH signaling is insufficient to promote

neuroepithelial fate over the neural crest since the simultaneous

activation of NOTCH andWNT signaling still induces neural crest
microenvironment

-seq binding with hESC and neuroectoderm (NE) ATAC-seq.

oectoderm.

repressing the activity of the WNT-b-catenin pathway.

crest marker p75 and increases DLL1, DLL3, and neuroepithelial marker SOX1

ar milieu. Conditionedmedium collected fromScramble or RBL2-KD cells with/

d with a b-catenin-responsive luciferase construct.

onditioned medium from Scramble, RBL2-KD cells, or RBL2-KD cells depleted

for 24 h.

ormation through paracrine effects of WNT ligands. Scale bar, 100 mm.

CH ligands. Medium from RBL2-KD and/or RBL2-OE cells was placed on cells

ted with medium from RBL2-KD, RBL2-OE, and RBL2-KD + IWR.

ll data are shown as mean ± SD (n = 3). Statistical analysis was performed by

< 0.0001, ***padjusted < 0.001, **padjusted < 0.01, *padjusted < 0.05. See also
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Figure 5. E2Fs-GCN5 induce WNT ligands in late G1 while E2Fs-RBs repress WNTs in early G1 to guide neural crest versus neuroepithelium

specification

(A) Representative fluorescence microscopy images of FUCCI-expressing cells. Scale bar, 10 mm.

(B) Dot plot image with gates for sorting FUCCI-expressing cells.

(C) Schematics of cell sorting of FUCCI-neuroectoderm progenitor cells.

(D–G) Cells sorted into early G1, late G1, and S/G2/M phases based on FUCCI signals followed by ChIP-qPCR of E2F1 (D), E2F4 (E), pRb (F), or RBL2 (G) on

WNT8A locus or WNT4 locus and a negative control region.

(H) Schematic of small-molecule compound library screening targeting epigenetic regulatory enzymes that identified GCN5/PCAF inhibitors GSK4027 and

L-Moses.

(I) GCN5 binding to WNT8A and WNT4 loci is impacted by E2F1/4 KDs analyzed by ChIP-qPCR.

(J) GCN5 binding to WNT8A and WNT4 loci in neuroectoderm progenitor cells is reduced by pRb-OE and RBL2-OE.

(K) GCN5 inhibitors, RBL2-OE and pRb-OE, reduce H3K9ac abundance on WNT8A and WNT4 promoter regions.

(L) Cell-cycle phase-dependent fluctuation of b-catenin and NOTCH activity. FUCCI-neuroectoderm progenitor cells were transfected with TOP Flash and

4xCSL-luc constructs, FACS sorted based on FUCCI signal, and analyzed by luminometer by assaying luciferase activity.

(legend continued on next page)
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formation (Figure S7F), suggesting a role for both pathways in

differentiation.

Collectively, these results indicate that RBL2 controls the

activity of WNT signaling during neuroectoderm differentiation,

which in turn controls the expression of NOTCH pathway

ligands and ultimately, in parallel to NOTCH signaling,

regulates the specification of neural crest versus neuroepithe-

lium (Figure S7G).

RBL2 directs tissue development through paracrine
mechanisms
The results suggest that RBL2 exerts a non-cell-autonomous

effect on cell fate choice. However, RBL2 could also have a

cell-autonomous function involving additional mechanisms. To

challenge this hypothesis, we collected the supernatant of neu-

roectoderm Scramble or RBL2-KD cells and then used the re-

sulting conditioned medium to differentiate a fresh batch of

hESCs into neuroectoderm (Figure 4E). Moreover, to specifically

test the importance of WNT4 and WNT8A ligands, we depleted

these factors from conditioned medium by immunoprecipitation

(Figures 4E and 4F). Conditioned medium from RBL2-KD cells

resulted in a stronger induction of b-catenin-dependent lucif-

erase activity, while depletion of WNT4/WNT8A considerably

diminished this effect (Figure 4G) and resulted in a decrease in

the expression of known b-catenin target genes (Figure S7H),

thereby confirming that these growth factors mediate the activa-

tion of the WNT pathway. Gene expression analysis showed that

conditioned medium from RBL2-KD increased the expression of

neural crest markers (p75, SOX10), while expression of neuroec-

toderm markers (SOX1 and PAX6) and NOTCH ligands (DLL1

and DLL3) were downregulated when compared with condi-

tionedmedium from Scramble cells (Figures 4H and 4I). Interest-

ingly, these effects were attenuated by depletion of WNT4 and

WNT8A from the medium (Figure 4H). The conditioned medium

from RBL2-KD cells decreased the transcriptional activity of

DLL1 and DLL3 in the NOTCH pathway, while WNT4/WNT8A

depletion abolished this effect (Figure 4J). Finally, conditioned

medium fromRBL2-KD cells increases themigration of neuroec-

toderm cells compared with medium collected from Scramble

KD cells, whereas RBL2 OE had the opposite effect similarly to

WNT pathway inhibition with IWR (Figure 4K). The migration ca-

pacity is a characteristic of neural crest cells.

Taken together, these data suggest that RBL2 could regulate

cell fate decisions of neuroectoderm progenitors in part by con-

trolling the balance of developmental signaling molecules in the

extracellular microenvironment (Figure 4L).

E2Fs-GCN5 induce WNT ligands in late G1 while E2Fs-
RBs repress WNTs in early G1 to guide neural crest
versus neuroepithelium specification in progenitor cells
Our past research has indicated the connection between cell fate

decisions and the cell cycle in hESCs,37 and hence, we hypoth-
(M and N) The cell cycle regulates the initiation of neuroepithelial and neural cres

(O) Schematic depiction of cell-cycle-dependent activity of DLL/NOTCH and W

cycle-dependent field effects through secreted WNTs and spatiotemporal

shown as mean ± SD (n = 3). Statistical analysis was performed by two-way AN

***padjusted < 0.001, **padjusted < 0.01, *padjusted < 0.05.
esized that the regulation of cell fate decisions in neuroectoderm

progenitors specific to neural crest and neuroepithelial routes

has a cell-cycle-dependent mechanism. We utilized the Fluores-

cent Ubiquitination-based Cell Cycle Indicator (FUCCI) sys-

tem,37,39 in the context of neuroectoderm differentiation in 3D or-

ganoid conditions (Figures 5A–5C). We differentiated FUCCI-

hESCs to neuroectoderm progenitors for 4 days and sorted the

cells to early G1, late G1, and S/G2/M phases, which was fol-

lowed by ChIP-qPCR analyses of E2F1/4 (Figures 5D and 5E)

and pRb/RBL2 (Figures 5F and 5G) on WNT8A and WNT4 loci.

E2F1 and E2F4 bound to WNT8A and WNT4 loci irrespective

of the cell-cycle phase, although the enrichment was higher in

late G1 phase cells compared with early G1 and S/G2/M phases

(Figures 5D and 5E). In contrast, RBL2 and pRb showed stron-

gest binding in early G1 phase, which was particularly reduced

in late G1 phase (Figures 5F and 5G).

Next, we performed a small-molecule compound screening in

H9 OCT4-GFP cells to identify epigenetic regulators, histone, or

DNA modifying enzymes that could impact the pluripotency and

differentiation of hESCs by measuring the expression pluripo-

tency markers OCT4, SSEA4, and CD133/PROM1 the cell pop-

ulation (Figure 5H). In the screening, we used a library of 142

small-molecule compounds with verified specificity and biolog-

ical activity to a broad range of epigenetic modifying enzymes

(see supplemental information). For the screening, we plated

H9 hESCs into 96-well plates, treated the cells for 5 days with

each individual small-molecule compound, and then measured

pluripotency marker OCT4, CD133/PROM1, and SSEA4 expres-

sion, cell numbers, and cell death by DAPI signal via flow cytom-

etry (Figure 5H). Hence, the screening allows for the detection of

differential effects on the subpopulations of pluripotent hESCs

and differentiated cells.

From these analyses, we identified GCN5 inhibitors GSK4027

and L-Moses as effective compounds that reduced the per-

centage of OCT4+/CD133+/SSEA4+ cells, while the corre-

sponding inactive negative control compounds GSK4028 and

D-Moses did not have this effect (Figure 5H). GCN5 is the

shared catalytic subunit of the ATAC and SAGA complexes

that regulate histone acetylation of regulatory regions on chro-

matin that regulates gene transcription.73–75 Therefore, the loss

of pluripotency marker-expressing cells compared upon GCN5/

PCAF inhibition could indicate the possible cooperation of

GCN5 with E2Fs also during neuroectoderm differentiation.

To test this hypothesis, we performed GCN5 ChIP-qPCR in

neuroectoderm cells and found that while GCN5 binds to the

same regions on WNT8A and WNT4 loci as E2Fs and RBs,

the knockdown of E2F1 and E2F4 reduces the binding of

GCN5 to these regulator regions (Figure 5I). Hence, E2F1 and

E2F4 bind and recruit GCN5 to WNT8A and WNT4 regulatory

regions. In turn, GCN5 binding was reduced upon the overex-

pression of RBL2 and pRb, indicating a competitive binding

of RBs and GCN5 to WNT8A and WNT4 loci (Figure 5J). The
t specification by a temporal separation of signaling activities.

NT/b-catenin signaling in neuroectoderm progenitors, which can create cell-

effects on neuroepithelial versus neural crest specification. All data are

OVA with multiple comparisons with Tukey correction; ****padjusted < 0.0001,
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overexpression of RBL2 and pRb decreased the relative abun-

dance of H3K9ac on WNT8A and WNT4 loci similarly to GCN5

inhibitors GSK4027 and L-Moses (Figure 5K).

Next, we investigated the activity of WNT/b-catenin and DLL/

NOTCH signaling pathways by using the Top Flash luciferase

and the 4xCSL-luciferase constructs. For this, we transfected

the FUCCI-neuroectoderm cells with each DNA construct

together with a constitutively active control Renilla luciferase

construct, and after FACS, we measured the luciferase signals

(Figure 5L). We uncovered a cell-cycle-dependent activity for

b-catenin-dependent transcription andNOTCH-dependent tran-

scription, whereasWNT/b-catenin signaling is most active in late

G1 and G1/S transition and DLL/NOTCH signaling in early G1

phase (Figure 5L). Lastly, we investigated the propensity of day

2 neuroectoderm cells to initiate the expression of neuroepithe-

lial and neural crest genes. We sorted live FUCCI-neuroecto-

derm day 2 progenitor cells to distinct cell-cycle phases and

tracked the induction of p75 and PAX6 gene expression at

different time points. These results indicated that cells in the

late G1 phase are particularly efficient and rapid in inducing

p75 expression, whereas cells starting at other cell-cycle phases

are lagging behind in p75 induction, particularly for early G1

phase cells (Figure 5M). On the other hand, cells starting at early

G1 phase are particularly efficient in rapidly inducing PAX6

expression compared with other cell-cycle phases (Figure 5N).

These results indicate that the RB-E2F axis mediates temporal

fluctuations of WNT/b-catenin and DLL/NOTCH signaling activ-

ity during the cell cycle of neuroectoderm progenitors, which is

involved in directing cell fate decisions.

Taken together, we have identified a function for the RB-E2F

bona fide cell-autonomous cell-cycle regulatory axis in cell fate

decisions by showing that E2F-RB-GCN5 circuitry is a regulator

of field effects via WNT ligands that can impact tissue formation.

This non-cell-autonomous function reveals an unanticipated role

of RB-E2F tumor suppressor axis in stem cell and tissue progen-

itor differentiation that has broader implications for cell fate

specification in organogenesis, adult stem cells, and tissue

homeostasis.

DISCUSSION

Our data have identified a function for the tumor suppressor

RBL2 in regulating cell fate decisions during PSC differentiation.

This involves the creation of a specific extracellular signaling

environment through balancing the expression of cell-cell

signaling molecules of the WNT and NOTCH ligand families.

The paracrine regulation of tissue formation by RBL2 demon-

strates that RBL2 is not simply regulating the cell cycle as a tu-

mor suppressor in a cell-autonomous manner but could also

have a function in regulating the extracellular niche of stem cells

and progenitors. The control of extracellular signals by RBs is

directly relevant for embryonic development since RBL2

knockout mice exhibit abnormal neuronal patterning character-

ized by diminished numbers of neurons in the spinal cord

and the dorsal root ganglia.24 However, these effects seem to

depend on the mouse strain and are present in Balbc,24 but

not observed in some other mouse strains.27–30 It is possible

that RB genes have partial functional overlap in vivo, as both
12 Cell Reports 42, 113146, September 26, 2023
complexes between E2F/pRb and E2F/p130 have been shown

to form during neuronal differentiation,76 suggesting their role

in neuronal development or maintenance of terminal differentia-

tion, while pRb and p107 seem to inhibit E2F activity during lens

fiber cell differentiation.77 Furthermore, WNT signaling has been

implicated in neuronal differentiation,78–80 while WNT4 regula-

tion has been previously connected to E2F1.81,82 Nonetheless,

the molecular mechanisms that have been identified so far

have primarily focused on the direct regulation of key transcrip-

tion factors directing neurogenesis such as Dlx1/2.83

E2F4 is usually described as a transcriptional repressor,84,85

but in our experiments, it had an inductive effect of WNT ligands,

while it switches to a repressor function upon the cooperation

with RBs. E2F4 has recently been shown to be important for

the proliferation and the survival of mouse embryonic stem cells

where E2F4 acts in part as a transcriptional activator that pro-

motes the expression of cell-cycle genes and other loci by coop-

eratingwith histone acetyltransferases.86 In our screening exper-

iment for discovering epigenetic regulatory enzymes that would

control pluripotency, we identified GCN5, known as a subunit of

the ATAC complex that regulates histone acetylation.73–75 We

further showed that it cooperates with E2Fs on WNT8A and

WNT4 loci by regulating H3K9 acetylation, thus indicating a

mechanism where E2Fs bind to either GCN and RBs in a cell-cy-

cle-dependent manner, as shown by using the FUCCI system in

neuroectodermal progenitor cells. In the past we have uncov-

ered a cell-cycle-dependent regulation of cell fate choice in

hESCs by using the FUCCI system,37,39 and our current data

provide evidence for a cell-cycle-mediated cell fate decision

process in a neuroectoderm, which is a different cellular context.

These data indicate that a cell-cycle-mediated initiation of cell

fate could be a broadly occurring mechanism in progenitor cells

during development but possibly also in adult tissue-specific

stem cells.

Our results suggest that developmental anomalies could be

provoked by deregulation of morphogen gradients of key

signaling pathways such as WNT and NOTCH. This could also

be relevant for a diversity of human diseases. Indeed, several

genes, which exerted differential gene expression in ourmicroar-

ray due to RBL2 loss, including WNT4, WNT5A, DLL3, and OTX,

are known to cause human developmental abnormalities upon

deregulation (Table S2). This raises the intriguing possibility

that defects in tumor suppressor RBL2 function could affect a di-

versity of tissues where WNT and NOTCH have key functions.

Regarding the functional crosstalk between WNT and NOTCH

in vivo, these pathways form a dual signaling system that medi-

ates lateral inhibition of boundary cell specification in the zebra-

fish hindbrain,87 which has a striking similarity to mechanisms

at the dorsoventral boundary in the Drosophila wing imaginal

disc.88,89 NOTCH has been shown to inhibit mammalian

neuronal differentiation by maintaining neural progenitors90–92

and functions via HES1 and HES5, which can functionally

compensate each other in this process.93 While blocking

neuronal differentiation, NOTCH restricts differentiation to glial

differentiation,90,92,94,95 underlining its importance in controlling

tissue formation in the neuroectoderm lineage. NOTCH activa-

tion in vivo in the mouse embryonic forebrain before neurogene-

sis promotes radial glial formation, the first specialized cell type
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evident in the forebrain, while postnatally NOTCH activity results

in the formation of astrocytes.95 NOTCH seems to crosstalk

extensively with WNT in vivo, since the WNT pathway can alter

the anti-neural activity of NOTCH.96 Altogether these data under-

line the evolutionary conservation of the crosstalk of these two

important signaling pathways in neuroectoderm development.

Our analyses have so far revealed a strong phenotype only

during neuronal differentiation in RBL2-KD hESCs, but RBs

could function in diverse developing organs including hemato-

poietic stem cells, adipocytes, skeletal muscle, and osteo-

blasts.18 Functional redundancy between RBs could mask their

function during early differentiation. Accordingly, knockout of the

three RB genes in mouse ESCs limit their capacity of differentia-

tion32 while inhibition of pRb activity by overexpression of a

mutant form of the SV40 T antigen results in cell death in hESCs.

Thus, the different RB proteins can have overlapping and com-

plementary functions.

Finally, tissues in vivo contain a variety of stromal cell types

including fibroblasts, endothelial cells in the blood and lymphatic

circulatory systems, adipocytes and various bone-marrow-

derived cells including macrophages, neutrophils, and mesen-

chymal stem cells, between which there is likely to be crosstalk

and therefore an effect on tumor cells via diverse secretory and

intercellular factors.50 Furthermore, the in vivomicroenvironment

and extracellular matrix consists of various other signaling fac-

tors including cell adhesion molecules, tight junction proteins,

cytokines, and growth factors.97 It will be interesting to learn

how the other components of the tissue microenvironment are

affected by RBs during developmental processes, normal adult

tissue homeostasis, and tumorigenic processes.

Limitations of the study
The lack of genome-wide binding analyses of RBL2, E2Fs, and

GCN5 in different stages of neuroectoderm differentiation would

give a broader overview of gene regulation with timing and

dynamical mechanisms of repression and induction. This differ-

ential regulation is supported by our results on a subset of cell-

cycle regulatory genes, WNT ligands, and neuroectoderm

genes. The effects of RBL2 on cell patterning could be more

extensively studied in 3D organoids to gain insight to the spatio-

temporal effects of the cell-autonomous and non-cell-autono-

mous effects of RBL2 in human ectodermal tissue patterning.
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Antibodies

Goat anti-human Nanog R&D Systems Cat# AF1997

Mouse anti-human Oct4 Santa Cruz Biotechnology Cat# sc-5279

Goat anti-human SOX2 R&D Systems Cat# AF2018

Rabbit anti-human Eomes Abcam Cat# ab23345

Goat anti-human Brachyury R&D Systems Cat# AF2085

Goat anti-human SOX17 R&D Systems Cat# AF1924

PAX6 rabbit polyclonal Cambridge BioScience Cat# PRB-278P-100

pRb mouse monoclonal BD Pharmingen Cat# 554136 (G3-245)

RBL1/p107 (C-18) rabbit polyclonal Santa Cruz Biotechnology Cat# sc-318

RBL2/p130 (C-20) rabbit polyclonal Santa Cruz Biotechnology Cat# sc-317

SOX1 goat polyclonal R&D Systems Cat# AF3369

Actin mouse monoclonal Chemicon Cat# MAB1501

E2F1 (C-20) Santa Cruz Biotechnology Cat# sc-193

E2F4 (A-20) Santa Cruz Biotechnology Cat# sc-1082x

SOX1 goat polyclonal R&D Systems Cat# AF3369

p75 (C-20) goat polyclonal Santa Cruz Biotechnology Cat# sc-6188

WNT4 (m-70) rabbit polyclonal Santa Cruz Biotechnology Cat# sc-13962

WNT5A (H-58) rabbit polyclonal Santa Cruz Biotechnology Cat# sc 30224

WNT8A rabbit polyclonal Sigma Cat# SAB1411397

WNT7B goat polyclonal R&D Systems Cat# AF3460

HES5 rabbit polyclonal Abcam Cat# ab25374

DLL1 H-265 rabbit polyclonal Santa Cruz Biotechnology Cat# sc-9102

DLL3 H-110 rabbit polyclonal Santa Cruz Biotechnology Cat# sc-67270

P-ser33-B-cat rabbit polyclonal Santa Cruz Biotechnology Cat# sc-16743-R

B-catenin (H-102) rabbit polyclonal Santa Cruz Biotechnology Cat# sc-7199

Beta Tubulin 3/Tuj1 [GT1338] mouse

monoclonal

Stratech Cat# GTX631831-GTX

Histone H3 Abcam Cat# ab1791

Histone H3 (tri methyl K4) Abcam Cat# ab8580

Histone H3 (tri methyl K27) Diagenode Cat# C15200181 (MAb-181-050)

Histone H3 (mono methyl K4) Abcam Cat# ab8895

Histone H3 (acetyl K27) Active Motif Cat# 39135

Histone H3 (tri methyl K36) Abcam Cat# ab9050

SMAD2/3 Bio-techne Cat# AF3797

Oct-3/4 (C-10) Santa Cruz Cat# sc-5279

Actin, clone C4 Chemicon Cat# MAB1501

Goat a-mouse IgM Alexa Fluor 647 Invitrogen Cat# A21238

Donkey a-mouse IgG Alexa Fluor 647 Invitrogen Cat# A31571

Donkey a-goat Alexa Fluor 647 Invitrogen Cat# A21447

Mouse Anti-Human CD133-BV786, clone

W6B3C1

BD Biosciences Cat# BD 747640

Mouse anti-SSEA-4 Alexa Fluor 647, clone

MC813-70

BD Biosciences Cat# BD 560796

Mouse IgG1-BV786, k Isotype Control BD Biosciences Cat# BD 563330
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Mouse IgG3 Alexa Fluor 647, k Isotype

Control

BD Biosciences Cat# BD 560803

Goat IgG control R&D Systems Cat# AB-108-C

IgG from goat serum Sigma-Aldrich Cat# I5256-10MG

IgG from mouse serum Sigma-Aldrich Cat# I5381-1MG

IgG from rabbit serum Sigma-Aldrich Cat# I5006-10MG

Ki67 Abcam Cat# ab15580

Chemicals, peptides, and recombinant proteins

Activin A Qkine Cat# QK001

SB431542 Tocris Cat# 1614

Animal-free FGF-Basic TS Proteintech Cat# HZ-1285

Pierce EGS Crosslinker Thermo Fisher Scientific Cat# 21565

Formaldehyde solution Sigma-Aldrich Cat# F8775

Gemcitabine 10mM/1mL Selleck Chemicals Cat# S1714

G418 disulfate salt solution Sigma-Aldrich Cat# G8168

Puromycin Sigma-Aldrich Cat# P8833

EGS (ethylene glycol bis(succinimidyl

succinate))

ThermoFisher Cat# 21565

Formaldehyde Millipore Cat# 104003

Glycine Sigma-Aldrich Cat# G8898

dATP New England BioLabs Cat# N0440S

T4 DNA Ligase, HC (30 U/mL) ThermoFisher Cat# EL0013

T4 DNA Ligase Buffer ThermoFisher Cat# 46300018

T4 DNA Ligase Reaction Buffer New England BioLabs Cat# B0202S

DNA Polymerase I (E. coli) New England BioLabs Cat# M0209L

DynabeadsTM Protein G ThermoFisher Cat# 10009D

AMPURE XP beads Beckman Coulter Cat# A63881

DynabeadsTM M-280 Streptavidin ThermoFisher Cat# 11206D

Proteinase K Life Technologies Cat# AM2548

Phenol:chloroform:IAA ThermoFisher Cat# AM9730

2% Agarose Gel Cassettes Sage Science Cat# BDF2010

Mayers Hematoxylin Sigma-Aldrich Cat# MHS16

Alcoholic-Eosin ThermoFisher Cat# 71204

WNT4 protein RnD Systems 6076-Wn

WNT8A protein Genemed PlexBio 90007–02

WNT7B protein Abcam ab289780

Critical commercial assays

NEBNext rRNA Depletion Kit v2 (Human/

Mouse/Rat)

New England Biolabs Cat#E7400L

Nebnext Ultra II Directional RNA Library

Prep Kit for Illumina

New England Biolabs Cat# E7760S

NEBNext Ultra II DNA Library Prep Kit for

Illumina

New England Biolabs Cat# E7645L

Nebnext High-Fidelity 2X PCR Master Mix New England Biolabs Cat# M0541S

Nebnext NGS DNA Library Preparation for

Illumina

New England Biolabs Cat# E7335S

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat# E2621L

Nextera XT Index Kit v2 Set Illumina Cat# FC-131-2001

Pierce BCA Protein Assay Thermo Scientific Cat# 23228
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Pierce SuperSignal West Pico PLUS Thermo Scientific Cat# 34580

QIAGEN Plasmid Maxi Kit Qiagen Cat# 12162

QIAprep Spin Miniprep Kit Qiagen Cat# 27106

QIAquick PCR Purification Kit Qiagen Cat# 28106

Direct-zol RNA Miniprep Zymo Research Cat# R2050

Nuclear Complex Co-IP Kit Active Motif Cat# 54001

DNA Clean & Concentrator-5 Zymo research Cat# 4013

Nextera DNA sample preparation kit Illumina, Inc Cat# FC-121-1030

Dual-Luciferase� Reporter Assay System Promega Cat# E1910

PureLink� RNA Mini kit Thermo Fisher Scientific Cat# 12183018A

SuperScriptTM the First-Strand Synthesis

System for RT-PCR kit

Thermo Fisher Scientific Cat# 11904018

Power SYBR Green Master Mix Thermo Fisher Scientific Cat# 4385616

Deposited data

Gene expression data ArrayExpress Accession number: E-MTAB-3586

Experimental models: Cell lines

H9 hESCs WiCell WiCell Research Institute

KOLF2-C1 Wellcome Sanger Institute Pantazis et al.98

SFC841-03-01 OPDC/StemBANCC Dafinca et al.99

SFC840-03-03 OPDC/StemBANCC Fernandes et al.100

Recombinant DNA

OCT4-eGFP-PGK-Puro Addgene 31937; Hockemeyer et al.101

pTALEN_V2-OCT4F Provided by Prof. Francis Lynn, The

University of British Columbia

Krentz et al.102

pTALEN_V2-OCT4R Provided by Prof. Francis Lynn, The

University of British Columbia

Krentz et al.102

pCCC-Oct4 construct Provided by Prof. Francis Lynn, The

University of British Columbia

Krentz et al.102

Mission pLKO.1-puro Non-Target shRNA

Control Plasmid

Merck Cat# SHC016-1EA

pRb shRNA constructs Merck Cat# SHCLNG NM_00032

RBL1 shRNA constructs Merck Cat# SHCLNG NM_002895

RBL2 shRNA constructs Merck Cat# SHCLNG NM_005611

pRb OE Source BioScience Lifesciences Cat# B0065

RBL2 OE Source BioScience Lifesciences Cat# T8278

M50 Super 8x TOPFlash Veeman et al.103 Addgene plasmid # 12456

M51 Super 8x FOPFlash (TOPFlash mutant) Veeman et al.103 Addgene plasmid # 12457

4xCSL-luciferase Saxena et al.104 Addgene plasmid # 41726

pAAVS1-NDi-CRISPRi (Gen2) Mandegar et al.51 Addgene plasmid # 73498

pgRNA-CKB Mandegar et al.51 Addgene plasmid # 73501

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

FlowJo FLOWJO LLC https://www.flowjo.com/

STRING string-db http://string-db.org/

GraphPad Prism GraphPad Software Inc. http://www.graphpad.com/

scientific-software/prism/

Mascot, version 2.6.0 Matrix Science https://www.matrixscience.com/

ImageJ NIH https://imagej.nih.gov/ij/

FlowJo FLOWJO LLC https://www.flowjo.com/
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STRING string-db http://string-db.org/

deepTools Ramı́rez et al.105 https://deeptools.readthedocs.io/en/

develop/

Picard N/A https://broadinstitute.github.io/picard/)

MACS2 N/A https://github.com/macs3-project/MACS

FastQC N/A https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Trimmomatic Bolger et al.106 http://www.usadellab.org/cms/?

page=trimmomatic

STAR Dobin et al.107 https://github.com/alexdobin/STAR

bwa Li and Durbin108 https://github.com/lh3/bwa

bedtools Quinlan and Hall109 https://bedtools.readthedocs.io/en/latest/

Homer findMotifs.pl Heinz et al.110 http://homer.ucsd.edu/homer/motif/

IGV Thorvaldsdottir et al.111 https://software.broadinstitute.org/

software/igv/

edgeR Robinson et al.112 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

Other

3X IBLOT2 TRNS STK, PVDF, REG 3X

IB24001

Life Technologies Cat# IB24001X3

iBlotTM 2 Transfer Stacks, PVDF, mini Thermo Fisher Scientific Cat# IB24002

Invitrogen Novex NuPAGE MES SDS

Running Buffer (20X)

Thermo Fisher Scientific Cat# NP0002

Invitrogen Novex NuPAGE 4 12% Bis Tris

Protein Gels, 1.0mm, 10 well3X IBLOT2

TRNS STK, PVDF, REG 3X IB24001

Thermo Fisher Scientific Cat# NP0321BOX

Invitrogen novex NuPAGE LDS Sample

Buffer (4X) iBlotTM 2 Transfer Stacks, PVDF,

mini

Thermo Fisher Scientific Cat# NP0007

Invitrogen novex NuPAGE MOPS SDS

Running Buffer (20X) Invitrogen Novex

NuPAGE MES SDS Running Buffer (20X)

Thermo Scientific Cat# NP0001

Invitrogen SuperScript IV Reverse

Transcriptase Invitrogen

Thermo Fisher Scientific Cat# 18-090-050

Invitrogen T4 DNA Ligase Buffer Invitrogen

novex NuPAGE LDS Sample Buffer (4X)

Thermo Fisher Scientific Cat# 46-300-018

Corning Ultra-Low Attachment 75cm2

Rectangular CantedNeck Cell Culture Flask

with Vent

Scientific Laboratory Supplies Limited Cat# 3814

Corning Costar 6 Well Clear Flat Bottom

Ultra Low Attachment Multiple Well Plates

Wrapped Sterile

Scientific Laboratory Supplies Limited Cat# 3471

6-Well Ultra-Low Adherent Plate STEMCELL Technologies Cat# 100-0083

Corning 96Well Clear Flat BottomUltra Low

Attachment Microplate Wrapped with Lid

Sterile

Sigma-Aldrich Cat# 3474

Corning Primaria Surface Modified Cell

Culture Dish, 100 3 20mm (Diam x H),

58.95cm2 Cell Growth Area

Scientific Laboratory Supplies Limited Cat# 353803

Corning Primaria 6 Well Cell Clear Flat

Bottom Surface Modified Culture Plate with

Lid Sterile

Scientific Laboratory Supplies Limited Cat# 353846

(Continued on next page)
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Corning Primaria 24 Well Cell Clear Flat

Bottom Surface Modified Culture Plate with

Lid Sterile

Scientific Laboratory Supplies Limited Cat# 353847

Corning� PrimariaTM 96 Well Clear Flat

Bottom Microtest Microplate, with Lid,

Sterile

Scientific Laboratory Supplies Limited Cat# 353872

Nunc� Easy FlaskTM Non-Treated Culture

Flasks, Polystyrene, Sterile, 75 cm2

Thermo Scientific Cat# 156800

Nunc� Easy FlaskTM Non-Treated Culture

Flasks, Polystyrene, Sterile, 175 cm2

Thermo Scientific Cat# 159926

LipofectamineTM 3000 Transfection

Reagent

Thermo Fisher Scientific Cat# L3000008

Applied Biosystems Power SYBR Green

PCR Master Mix

Thermo Fisher Scientific Cat# 4368706

Power SYBR Green PCR Master Mix-1 x

5 mL

Life Technologies Cat# 4368702

Agilent High Sensitivity DNA Kit Agilent Technologies Cat# 5067-4626

Alui, Size = 5,000 units New England Biolabs Cat# R0137L

Essential 8 medium Thermo Fisher Scientific Cat# A1517001

B-27TM Supplement (50X), serum free Thermo Fisher Scientific Cat# 17504001

COMPLETE EDTA-FREE (20 TABLETS) Roche Cat# 11873580001

DMEM, high glucose, GlutaMAXTM

Supplement, pyruvate

Life Technologies Cat# 31966047

Dulbecco’s Modified Eagle’s Medium/

Nutrient Mixture F-12 HamB-27TM

Supplement (50X), serum free

Sigma-Aldrich Cat# D8437-6X500ML

FETAL BOVINE SERUM HEAT

INACTIVATEDCOMPLETE EDTA-FREE (20

TABLETS)

Merck Cat# F9665-500ML

Fetal Bovine Serum, qualified, heat

inactivated, E.U.-approved, South America

Origin (500 mL)

Life Technologies Cat# 10500064

MEM Non-Essential Amino Acids Solution

(100X)

Life Technologies Cat# 11140035

MEM Vitamin Solution (100X) Life Technologies Cat# 11120037

Opti-MEMTM I Reduced Serum Medium Thermo Scientific Cat# 31985062

Invitrogen Ambion Proteinase K Solution

(20 mg/mL)

Thermo Fisher Scientific Cat# AM2546

TrypLE Express Enzyme (1X), No Phenol

Red

Thermo Fisher Scientific Cat# 12-604-021

METHANOL FOR HPLC R99.9% Sigma-Aldrich Cat# 34860-1L-R

Protein A/G Plus-agarose beads Santa Cruz Biotechnology Cat# sc-2003
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Siim Pau-

klin (siim.pauklin@ndorms.ox.ac.uk).

Materials availability
Newly generated materials associated with the paper should be requested by contacting the lead contact.
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Data and code availability
d The gene expression data can be accessed through ArrayExpress (E-MTAB-3586). Other data is available upon requests from

the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
In this study we used H9 hESCs (H9 fromWiCell) and hiPSCs (KOLF2-C1 fromWellcome Sanger Institute98,113; OPDC/StemBANCC

name SFC841-03-0199; OPDC/StemBANCC name SFC840-03-03100).

METHOD DETAILS

Cell lines and cell culture
H9 hESCs (H9 from WiCell) and hiPSCs (KOLF2-C1 from Wellcome Sanger Institute113,98; OPDC/StemBANCC name SFC841-03-

0199; OPDC/StemBANCC name SFC840-03-03100) were maintained in Essential 8 medium (Thermo Fisher Scientific) and passaged

using EDTA.

Differentiation of hPSCs to endoderm, mesoderm and neuroectoderm in 2D conditions
H9 cells were differentiated into endoderm, mesoderm and neuroectoderm as described previously.114 Cells were cultured in CDM

supplemented with SB-431542 (10 mM; Tocris) and FGF2 (12 ng/mL) for neuroectoderm, in CDM+PVA supplemented with Activin A

(100 ng/mL), FGF2 (20 ng/mL), BMP4 (10 ng/mL), Ly294002 (10 mM; Promega) and CHIR99021 (3 mM; Selleck) for mesoderm and in

CDM-PVA supplemented with Activin A (100 ng/mL), FGF2 (20 ng/mL), BMP4 (10 ng/mL) and Ly294002 (10 mM; Promega) for endo-

derm. Daily media changes were made during the entire differentiation protocol.

3D neural organoids of hESCs and hiPSCs
Cells were differentiated in cerebral organoid conditions as described previously,115,116 with minor modifications. On day 0 of orga-

noid culture, hPSCs were treated with EDTA and then Accutase, both for 4 min at 37�C, to generate single cells. To generate

Embryoid Bodies (EBs), 9000 cells were plated in each well of an U-bottomed ultra-low binding 96-well plate (Corning) in 150mL

of hESC media with FGF2 (4 ng/mL) and 50mM Y-27623 ROCK inhibitor (Calbiochem), and the plate was incubated for 3 days.

On day 3 half of the medium from each well was aspirated and 150 mL of fresh hESC medium without bFGF or ROCK inhibitor

was added to the wells. On day 6 the EBs (500–600 mm in size) were transferred to 24-well ultra-low attachment plates (Corning)

in 500 mL of neural induction (NI) media containing DMEM/F12, 1% (v/v) N2 supplement (Invitrogen), 1% Glutamax (Invitrogen),

1% MEM-NEAA, and 1 mg/ml Heparin (Sigma). These began forming neuroepithelial tissues, which were fed every other day for

5 days. For changing the media, about half of the media from the wells were aspirated and 500 mL of fresh NI medium added. On

Day 11 of the protocol, tissues were transferred to droplets of Matrigel (BD Biosciences) by pipetting into cold Matrigel on a sheet

of Parafilmwith small 3mm dimples. The droplets were allowed to polymerize for 20–30min at 37�C and were subsequently removed

from the Parafilm by gently spraying off the droplets when adding the differentiation media containing a 1:1 mixture of DMEM/F12

and Neurobasal containing 0.5% N2 supplement (Invitrogen), 1% B27 supplement without vitamin A (Invitrogen), 3.5ml/L

2-mercaptoethanol, 2.5 mg/mL insulin (Sigma), 1% GlutaMAX supplement (Invitrogen), 0.5% MEM-NEAA, and 1:100 Penicillin/

Streptomycin. The media was changed every other day by tilting the dish to one side and waiting for the tissues to sediment to

the other side, and then aspirating the media without touching the neuroepithelia. 5mL of the same fresh media was added to the

wells. After 4 days of stationary growth, the tissue droplets were grown on a standard orbital shaker at 85 rpm with media in wells

as above except B27 supplement with vitamin A (Invitrogen) was used.

Generating retinoblastoma family protein knockdown cells
For RB single knockdown, previously validated shRNA expression vectors (Sigma-Aldrich, Cat no. SHCLNG NM_00032, SHCLNG

NM_002895, SHCLNGNM_005611, directed against pRb, RBL1 or RBL2 respectively, were transfected into H9 hPSCswith lipofect-

amine 200037 and grown for 3 days. Cells were then cultured in the presence of puromycin until antibiotic-resistant colonies ap-

peared. These were picked and characterized for knockdown efficiency. We characterized two knockdown clones generated

from separate shRNA constructs in more detail.

CRISPRi mediated knockdown of RBL2
hPSCs were transfected with Dox-inducible CRISPR interference (CRISPRi) knock in construct into the AAVS1 locus. pAAVS1-NDi-

CRISPRi (Gen2) was a gift from Bruce Conklin (Addgene plasmid # 73498; http://n2t.net/addgene:73498; RRID:Addgene_73498).51
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Stable cell lines were differentiated with guide RNA construct pgRNA-CKB with an RBL2 gRNA cloned into the construct. pgRNA-

CKB was a gift from Bruce Conklin (Addgene plasmid # 73501; http://n2t.net/addgene:73501; RRID:Addgene_73501).

Generating RB and RBL2 overexpressing cells
For RB and RBL2 overexpression, sequence-validated Gateway attL-flanked entry clones (Source BioScience Lifesciences, Cat no.

B0065, T8278, for RB and RBL2 overexpression respectively), were transferred into a Gateway-compatible pTP6 vector containing a

CAG promoter. The inserts were confirmed by sequencing. Vectors were transfected into H9 hPSCs by lipofection37 and grown for

3 days. Thereafter, cells with a stable integration were selected by continuous presence of puromycin. Individual clones were picked,

propagated and used for subsequent analyses.

RNA isolation and cDNA synthesis
Total RNAwas isolated by RNeasy RNA Extraction Kit (Qiagen) according to manufacturer’s guidelines. RNAwas then eluted in 30mL

of water and the concentration was measured using Nanodrop. The master mix was prepared as follows: 8mL 5x First-Strand Buffer

(Invitrogen), 0.5mL Random primers (0.5 mg/mL) (Promega Cat. C1181), 1ml dNTPmix (10mM each) (Promega Cat.U1515), 2 mL 0.1M

DTT, 0.5 mL RNase Out, 0.25 mL Superscript III Reverse Transcriptase (Life Technologies). 500 ng of total RNA into a separate tube

with 11.75 mL RNase-free water. RNAwas heated to 65�C for 5min and allowed to chill on ice for 2min 8.25 mL of themaster mix were

added to RNA. The reaction was incubated at 25�C for 10 min and then at 42�C for 50 min. The reaction was then inactivated by

heating at 70�C for 15 min.

Immunostaining
Methods for immunostaining have been described previously.37,39,40,114 Cells were fixed for 20 min at 4�C in PBS 4% PFA (electron

microscopy grade), rinsed three times with PBS, and blocked and permeabilized at the same time for 30 min at room temperature

using PBS with 10% Donkey Serum (Biorad) and 0.1% Triton X-100 (Sigma). Incubation with primary antibodies diluted in PBS 1%

Donkey Serum 0.1% Triton X-100 was performed overnight at 4�C. Samples were washed three times with PBS, and then incubated

with AlexaFluor secondary antibodies for 1 h at room temperature protected from light. Cells were finally washed three times with

PBS, and Hoechst (Sigma) was added to the first wash to stain nuclei. Images were acquired using an LSM 700 confocal microscope

(Leica).

qPCR
Methods for qPCR have been described previously.37,39,40,114 qPCR data are presented as the mean of three independent experi-

ments and error bars indicate standard deviations. Antibodies and primer sequences have been listed in Table S3

Chromatin immunoprecipitation
hPSCswerewashedwith PBS and detached from the plate by incubating them for 10min at 37�C in Cell Dissociation Buffer (GIBCO).

ChIP was carried out as described before39,40,117 with some modifications. The ChIP experiments were performed in triplicate. All

steps were performed on ice or at 4�C and ice-cold buffers and PBS were supplemented with 1 mg/ml Leupeptin, 0.2mM PMSF,

and 10mM NaButyrate were used unless otherwise stated. Approximately 5x106 cells were used per sample and cross-linked

with 1% formaldehyde for 15 min. Cross-linking was stopped by incubating samples with glycine at a final concentration of

0.125M for 5 min at room temperature, and the cells were washed with PBS followed by pelleting at 250g for 5 min. The pellet

was re-suspended in 2mL ChIP Cell Lysis Buffer (CLB: 10 mM Tris pH8, 10 mM NaCl, 0.2% NP-40) and incubated for 10 min to

lyse the plasma membranes. Nuclei were pelleted at 600g for 5 min, lysed in 1.25mL of ChIP Nuclear Lysis Buffer (NLB: 50 mM

Tris pH8, 10mM EDTA, 1% SDS) for 10 min, and then 0.75mL of ChIP Dilution Buffer (DB: 20 mM Tris pH8, 2mM EDTA, 150mM

NaCl, 0.01% SDS, 1% Triton X-100) was added to the samples. Chromatin was sonicated in 15mL Diagenode Bioruptor Pico water

bath sonicator with an automated water cooling system, by performing 30 cycles of 30 s ON, 45 s OFF. This protocol resulted in the

homogeneous generation of fragments of 100-400bp. Samples were clarified by centrifugation at 16000g for 10min, and diluted with

3.5mL of DB. After pre-clearing with 10mg of non-immune IgG for 1h and 50mL of Protein G Agarose for 2h, ChIP was performed over-

night in rotation using specific antibodies (Table S3) or non-immune IgG as a control. After incubation for 1 h with 30mL of Protein G

Agarose, beads were washed twice with ChIP Washing Buffer 1 (WB1: 20mM Tris pH8, 2mM EDTA, 50mM NaCl, 0.1% SDS, 1%

Triton X-100), once with ChIP Washing Buffer 2 (WB2: 10mM Tris pH8, 1mM EDTA, 0.25M LiCl, 1% NP-40, 1% Deoxycholic

acid), and twice with Tris-EDTA (TE: 10mM Tris pH8, 1mM EDTA). Precipitated DNA was eluted with 150mL of ChIP Elution Buffer

(EB: 100mMNaHCO3) twice for 15 min at room temperature in rotation, and processed as follows in parallel with 300mL of sonicated

chromatin non-used for ChIP (Input). Cross-linking was reverted by adding NaCl to a final concentration of 300mM for protein-DNA

de-crosslinking and incubated at 65�C for 5 h and 1mg RNase A (Sigma) to digest contaminating RNA. Finally, 60mg of Proteinase K

(Sigma) were added overnight at 45�C. DNAwas extracted by sequential phenol-chloroform and chloroform extractions, and precip-

itated overnight at �80�C in 100mM NaAcetate, 66% ethanol and 50mg of glycogen (Ambion) as a carrier. After centrifugation at

16,000g for 1 h at 4�C, DNA pellets were washed once with ice-cold 70% ethanol, and finally air dried. ChIP samples were resus-

pended in 30mL and 1:10 of the samples were used in qPCR for verifying the ChIP samples.
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E2F/RB binding site identification was performed as follows. E2F/Rb proteins usually bind to their target loci within 2kb of the tran-

scription start site.118 Hencewe designed ChIP primers every 250 bpwithin 2kb upstream to 500bp downstream of transcription start

site, and tested them by qPCR after performing ChIP E2F1. These results identified primers that allowed the optimal detection of E2F

binding, while primer pairs further away from These regions did not show an enrichment for E2F and RBL2 binding on WNT loci. All

ChIP experiments also included negative binding regions on other loci such as Smad7, which did not show any enrichment for E2F/

RB binding.

Transcriptomic analysis
500ng of total cellular RNA were amplified and purified using the Illumina TotalPrep-96 RNA Amplification kit (Life Technologies) ac-

cording to the manufacturer’s instructions. Three biological replicates for each condition were analyzed. Biotin-Labelled cRNA was

normalized to a concentration of 150 ng/mL and 750 ng were hybridized to Illumina Human-12 v4 BeadChips for 16 h (overnight) at

58�C. Following hybridization, BeadChips were washed and stained with streptavidin-Cy3 (GE Healthcare). BeadChips were then

scanned using the BeadArray reader, and image data was then processed using Genome Studio software (Illumina).

Differential expression analysis of transcriptomic data
Probe summaries for all arrays were obtained from the raw data using the method ‘‘Making Probe Summary’’ in Genome Studio.

These values were transformed (variance stabilized) and quantile normalized using the R/Bioconductor package lumi.119 Standard

lumi QC procedure was applied and no outliers were identified. Differential expression between pairs of conditions was evaluated

using the R/Bioconductor package limma.120 A linear model fit was applied, and the top differentially expressed genes were tabu-

lated for each contrast using the method of Benjamini and Hochberg to correct the p values.121 Probes that failed to fluoresce above

background in both conditions were removed. Differentially expressed probes were selected using a cutoff of adjusted p value < 0.01

and absolute fold-change > 2. The raw and processed microarray data are publicly available on ArrayExpress (Accession number:

E-MTAB-3586).

Gene enrichment analysis
Gene enrichment analysis was performed using DAVID122,123 to estimate the significant enrichment of terms in the Gene Ontology

Biological Process and KEGG pathway databases. Multiple probes mapping to the same gene were collapsed, and significant

enrichment was inferred when p value < 0.05.

Principal-component analysis
Principal-component analysis (11 principal components, capturing 95% of the total variability across samples) was performed with

Perseus software using log2 normalized expression values of differentially regulated probes (one-way ANOVA significant with p

value < 0.01). In order to obtain a biological interpretation of PC1 and PC2, the top 5% probes positively or negatively correlated

with either axis were used for gene enrichment analysis as described above.

DAPT treatment assay
NOTCH signaling was inhibited pharmacologically using the small molecule DAPT, a well established gamma-secretase inhibitor.

Cells were treated with 10 mM DAPT 24 h prior to the time of desired effect. DMSO was used as a control.

Recombinant proteins
The recombinant human WNT4 protein (RnD Systems; Cat. No. 6076-Wn; >60% purity), recombinant human WNT8A (Genemed

PlexBio; Cat No. 90007-02; >95% purity). According to RnD SystemsWNT4 product information, the typical ED50 for this WNT4 pro-

tein is 25–100 ng/mL, so we chose to proceed with the upper limit of ED50 in our experiments for WNT proteins.

DNA constructs
M50Super 8x TOPFlash was a gift fromRandall Moon (Addgene plasmid # 12456), M51 Super 8x FOPFlash (TOPFlashmutant) was a

gift fromRandall Moon (Addgene plasmid # 12457). 4xCSL-luciferase was a gift fromRaphael Kopan (Addgene plasmid # 41726). 408

pSG5L HA E2F1 was a gift from William Sellers (Addgene plasmid # 10736; http://n2t.net/addgene:10736; RRID:Addgene_10736).

409 pSG5L HA RB (379–928) was a gift from William Sellers (Addgene plasmid # 10734; http://n2t.net/addgene:10734; RRID:Addg-

ene_10734). 584 pSG5L HA RB 661Wwas a gift fromWilliam Sellers (Addgene plasmid # 10731; http://n2t.net/addgene:10731; RRI-

D:Addgene_10731). 608 pSG5L HA RB del ex4 was a gift from William Sellers (Addgene plasmid # 10730; http://n2t.net/

addgene:10730; RRID:Addgene_10730). 500 pSG5L HA RB del685 (NAAIRS) was a gift from William Sellers (Addgene plasmid #

10729; http://n2t.net/addgene:10729; RRID:Addgene_10729). 498 pSG5L HA RB del663 (NAAIRS) was a gift from William Sellers

(Addgene plasmid # 10728; http://n2t.net/addgene:10728; RRID:Addgene_10728). 496 pSG5L HA RB del651 (NAAIRS) was a gift

from William Sellers (Addgene plasmid # 10726; http://n2t.net/addgene:10726; RRID:Addgene_10726). 432 pSG5L HA RB 567L

was a gift from William Sellers (Addgene plasmid # 10725; http://n2t.net/addgene:10725; RRID:Addgene_10725). 416 pSG5L HA

RB del22 was a gift from William Sellers (Addgene plasmid # 10721; http://n2t.net/addgene:10721; RRID:Addgene_10721). 413

pSG5L HA RB was a gift from William Sellers (Addgene plasmid # 10720; http://n2t.net/addgene:10720; RRID:Addgene_10720).
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Treatment of cells with NOTCH ligand DLL1
Purified DLL1 (RnD Systems) was bound to Protein G Agarose beads (1mg of DLL1 per 2.5ml of packed beads) for 2h at 4�C rotating

and incubated with cells at a ratio of 2.5ml of packed beads (1xconcentration) per 12-well plate well, using 0.5mL of media per well.

Beads were aspirated with media and cells were washed once with PBS before collection and analysis. We transfected cells with a

NOTCH-responsive promoter construct containing 4xCSL binding sites (Addgene plasmid # 41726) to study the activation of NOTCH

pathway. These results confirmed that DLL1 bound to agarose beads activates the NOTCH pathway.

Depletion of WNT ligands from media
WNT4 andWNT8A specific antibodies were bound to Protein G Agarose beads (1mg of antibody per 2.5 ml of packed beads) for 2h at

4�C rotating and used at a ratio of 1mg of each antibody per 1 mL of collected media. Control depletion was carried out with an IgG

antibody and confirmed by western blotting. We analyzed a panel of WNT target genes axin2, sfrp1, frat by qPCR for evidence that

the WNT pathway activation was decreased by WNT ligand depletion from the media. IWP2 conditioned medium showed a similar

reduced effect as WNT depleted medium.

Cell incubation with collected media
Media was incubated with 70–80% confluent cells for 24h, before collection. The media collected from cells, aliquoted, stored

at �80�C, and thawed freshly just before use. Cells were cultured in the collected media not more than 24h before substituting

for a fresh aliquot. To avoid possible autocrine effects via WNT signaling due to inconsistent cell density (the more cells the higher

levels of WNT in media), particular care should be taken for plating cells at the same density across the experimental samples. Since

HESCs are passaged as small colonies (�25–50 cells per colony), growth/passaging conditions were kept as similar as possible by

plating the same number of colonies for each condition. By counting the total cell numbers per sample we observed a less than 10%

fluctuation in our passaging technique.

Luciferase assay
Cells were transfected with a SMAD2/3 reporter construct (SBE4-luciferase), SOX17 or GSC promoter constructs117 and Renilla

luciferase at a ratio of 10:1, using Lipofectamine 2000 (Invitrogen).124 Luciferase activity wasmeasured with the dual luciferase assay

kit following (Promega) manufacturer instructions. Firefly luciferase activity was normalized to Renilla luciferase activity for cell

numbers and transfection efficiency. Samples were analyzed on a Glomax Luminometer and software. We used a 500bp actin pro-

moter region driving luciferase expression as a negative control for WNT/b-catenin responsive gene.

Transwell assays
Cancer cell invasiveness was analyzed by using a modified Boyden chamber-based assay, CultureCoat 96 Well High BME Cell In-

vasion Assay (Trevigen, Cat. No: 3483-096-K) or 24-well transwell inserts with 8mm pores (Sarstedt, Cat no. 83.3932.800) with EHS

Matrix Extract as basal membrane (Merck) according tomanufacturer’s guidelines. 25,000 cells were used per well and incubated for

24h before analysis. Cancer cells were placed in the media collected from their corresponding cell lines.

Western blot analysis
Protein was isolated by lysing cells with RIPA Buffer (Sigma-Aldrich) supplemented by cOmplete EDTA-free protease inhibitor

(Roche) and PhosSTOP (Sigma-Aldrich) and extracting the supernatant after high-speed centrifugation at 4�C. Protein quantification

was performed using the Pierce BCA Protein Assay kit following the manufacturer’s protocol. Isolated proteins were prepared for

SDS-PAGE separation by dilution with 43 NuPAGE Sample buffer (Invitrogen), addition of NuPAGE Sample Reducing Agent

((10X), Invitrogen), 95�C for 5 min, and cooling. Isolated proteins were then analyzed by Western blotting. Protein separation via

SDS-PAGE was performed on a NuPAGE 4%–12%or 12%Bis-Tris gel (Life Technologies) with NuPAGEMOPS SDS Running Buffer

(Life Technologies). Proteins were transferred to a PVDF membrane, blocked with 5%milk in PBS and 0.05% tween 20, probed with

protein-specific antibodies, incubated with horseradish peroxidase-conjugated secondary antibodies, and visualized via enhanced

chemiluminescence using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). All antibodies were diluted in

5% milk in PBS and 0.05% tween 20. Quantification was performed using ImageJ gel analysis tool.

Protein co-immunoprecipitation
Cells were harvested with trypsin and washed twice with cold PBS. For cytoplasmic lysis, cells were suspended in 5 times packed

cell volume (1 ml PCV = 106 cells) equivalent of Isotonic Lysis Buffer (10 mM Tris HCl, pH 7.5, 3 mM CaCl, 2 mM MgCl2, 0.32 M Su-

crose, Complete protease inhibitors and phosphatase inhibitors), and incubated for 12 min on ice. Triton X-100 was added to a final

concentration of 0.3% and incubated for 3 min. The suspension was centrifuged for 5 min at 1,500 rpm at 4�C and the supernatant

(cytoplasmic fraction) transferred to a fresh chilled tube. For nuclear lysis, nuclear pellets were resuspended in 2 x PCV Nuclear Lysis

Buffer+Triton X-100 (50mM Tris HCl, pH 7.5, 100mMNaCl, 50mMKCl, 2 mMMgCl2, 1 mMEDTA, 10%Glycerol, 0.3% Triton X-100,

Complete protease inhibitors and phosphatase inhibitors) and dounce homogenized. The samples were incubated with gentle agita-

tion for 30 min at 4�C and then centrifuged with a Ti 70.1 rotor at 22,000 rpm for 30 min at 4�C or with a Ti 45 rotor for 30 min at

20,000 rpm at 4�C. The chromatin pellets were dounce homogenized in 2 x PCV Nuclear Lysis Buffer+Triton X-100 and Benzonase
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until the pellets gavemuch less resistance. The samples were incubated at RT for 30min and centrifugedwith either a Ti 70.1 rotor for

30 min at 22,000 rpm at 4�C or with a Ti 45 rotor for 30 min at 20,000 rpm at 4�C. Samples were incubated with 5 mg of cross-linked

antibodies for 12 h at 4�C. Beads were washed five times with ten bead volumes of Nuclear Lysis Buffer and eluted in SDS western

blotting buffer (30 mM Tris pH 6.8, 10% Glycerol, 2% SDS, 0.36 M beta-mercaptoethanol (Sigma), 0.02% bromophenol blue) by

heating at 90�C for 5 min. Samples were analyzed by standard western blotting techniques. As an alternative method, we also

used the nuclear complex co-IP kit (Active Motif, cat. 54001) according to the guidelines.

ATAC-sequencing
Cells were washed once with PBS, collected in Cell Dissociation Buffer (Gibco 13150-016) or TrypLE and centrifuged at 300g for

3 min. The cell pellets were then resuspended in 2 mL of 4�C PBS and counted by haemocytometer for using 100,000 cells in the

subsequent step. Cells were centrifuged at 300g for 3min, the supernatant aspirated, the cell pellet resuspended in 150 ml of Isotonic

Lysis Buffer (10 mM Tris-HCl pH 7.5, 3 mM CaCl, 2 mM MgCl2, 0.32 M Sucrose and Protease Inhibitors, Roche), and incubated for

12min on ice. Triton X-100 from a 10% stock was then added at a final concentration of 0.5%, the samples were vortexed briefly and

incubated on ice for 6 min. The samples were centrifuged for 5 min at 400 g at 4�C, and the cytoplasmic fraction removed from the

nuclear pellet. The samples were resuspended gently in 625uL of PBS and transferred to a fresh 1.5 mL eppendorf tube. The nuclei

were centrifuged at 1500g for 3 min at 4�C and the supernatant aspirated thoroughly from the nuclear pellet. This step was imme-

diately followed by tagmentation (Nextera DNA Sample Preparation Kit for 24 Samples, FC-121-1030) by resuspending each sample

in 100 mL Nextera mastermix (52.5 mL TD buffer, 42.5 mL of water and 5 mL of TDE1 per reaction). The nuclear pellet was resuspended

thoroughly by pipetting and incubated at 37�C for 1 h shaking at 300rpm. The reaction was stopped with 300 mL of buffer PB from the

Qiagen PCR purification kit, followed by Qiagen PCR clean up protocol using MinElute columns and eluting each sample in 18 mL

buffer EB. For the control sample, the nuclear pellet was subjected to genomic DNA isolation with GenElute Mammalian Genomic

DNA Miniprep Kit (Sigma, G1N70) according to manufacturer’s protocol, and the purified genomic DNA was thereafter immediately

used for tagmentation as for other ATAC-seq samples.

Next a PCR reaction (for all samples including control sample) was performed with the following constituents: 10 mL template from

tagmentation, 2.5 mL I7 primer (Nextera Index Kit with 24 Indices for 96 Samples, FC-121-1011), 2.5 mL I5 primer, 10 mL Nudease Free

H2O 25mLNEBNext High-Fidelity 2x PCRMasterMix (New England Labs Cat #M054 and 10 mL Nuclease Free H2O. The PCR settings

were as follows: at 72�C for 5min, initial denaturation at 98�C for 30 s, then 12 cycles of 98�C for 10 s, primer annealing at 63�C for 30 s

and elongation at 72�C for 1 min, and holding at 4�C. After completing the PCR, the sample were stored at �20�C. The PCR primers

were removed with 1 x 0.9:1 SPRI beads (Beckman Coulter, Cat no. A63880) according to manufacturer’s protocol and samples

eluted in 20 mL. 2 mL of the samples were run on Agilent HS Bioanalyzer HS for confirming the size selection of the ATAC libraries.

ATAC-sequencing was performed by Illumina HiSeq 2000 sequencing with 75 bp PE for obtainingmore than 40millionmapped reads

per library.

ATAC-sequencing analysis
Sequencing reads from the ChIP-seq and ATAC seq experiment were aligned to the human genome (hg38) using bowtie with report-

ing mode,’’ –best –strata –v2’’. Deeptools was used to generate covergae track(bigwig). Coverage track was visualized by using

UCSC genome browser. Peak calling was performed by using macs2 peak caller with default parameters for ChIP seq, and with

parameter ‘‘–nomodel –shift �100 –extsize 200’’ for ATAC seq. Peaks annotated with nearest gene information by using

BEDTools. Peak distribution over different genomic featureswere summarized by using Bioconductor packageChiPpeakAnno.Motif

enrichment analysis within peak regions was performed using HOMER. All plots were generated using R package 3.6.

ChIP-sequencing and ATAC-sequencing visualization
The genomic tracks of sequencing data were visualized by using the UCSC Genome Browser on Human (GRCh38/hg38) and NGS

data available via the Cistrome Data Browser: Human E2F1 ChIP-seq,52,53 E2F4 ChIP-seq (ENCODE: GSM935400),54 b-catenin

ChIP-seq125 and ATAC-seq for neuroectoderm (post-mesendoderm competency loss).126 ATAC-seq of undifferentiated H9 hESCs

were performed in-house the at the University of Oxford.

The small molecule screening library
The screening library contained concentrated small molecule compounds with verified biochemical activity against their targets.

Most of the compounds target epigenetic regulators with high specificity (Table S3).

Screening of the chemical compounds
The cells were grown in 96-well plates in standard growth medium with puromycin (1 mg/mL stock). Three technical replicates and

three biological replicates were used for the screening. Cells were plated at a concentration of 10,000 cells in 100 mL of media per well

in a 96-well plate. One day after plating the cells, the medium was changed to 90 mL standard growth medium supplemented with

puromycin (0.5 mg/mL) and Activin A (10 ng/mL). On the same day, the compoundswere added: first, 100x compound library dilutions

were made, and 10mL of 100x diluted chemical was added to each well to obtain 1000x final dilution of the compounds. Cells were

then cultured with chemical compounds for five days with media change at day 0, day 2 and day 4 supplemented by fresh
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compounds. Each replicate was analyzed using Celigo Image Cytometer (Nexcelom) and flow cytometry. Cells were lifted and disso-

ciated into single cells with Trypsin. Details on the antibodies that were used for flow cytometry are listed in Table S3. The cells were

incubated with 0.5 mg/mL final concentration of conjugated antibodies in 1% BSA-PBS for 40 min on ice and washing was repeated

as before. The cells were then suspended in 300 mL 1% BSA-PBS with DAPI (1:2000) for live/dead separation and kept on ice to be

used for the flow cytometry analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was used for statistical analysis as stated in figure legends. Unless otherwise indicated in the figure legends,

we analyzed three biological replicates for each data point in all graphs. **** marks adjusted p value <0.0001, *** is adjusted

p value <0.001, ** is adjusted p value <0.01, * is adjusted p value <0.05.
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Supplementary Table 3. Antibodies, primers and chemical compounds. 

Antibody name Techniques Catalogue name Company 

Goat anti-human Nanog  IF AF1997 R&D Systems 

Mouse anti-human Oct4  IF sc-5279 Santa Cruz 

Biotechnology 

Goat anti-human SOX2  IF AF2018 R&D Systems 

Rabbit anti-human Eomes  IF ab23345 Abcam 

Goat anti-human Brachyury  IF AF2085 R&D Systems 

Goat anti-human SOX17  IF AF1924 R&D Systems 

PAX6 rabbit polyclonal IF, WB PRB-278P-100 Cambridge 

BioScience 

pRb mouse monoclonal IF, WB 554136 (G3-245) BD Pharmingen 

RBL1/p107 (C-18) rabbit polyclonal IF, WB sc-318 Santa Cruz 

Biotechnology 

RBL2/p130 (C-20) rabbit polyclonal IF, WB, CHIP sc-317 Santa Cruz 

Biotechnology 

SOX1 goat polyclonal IF AF3369 R&D Systems 

Actin mouse monoclonal WB MAB1501 Chemicon 

E2F1 (C-20) WB, CHIP sc-193 Santa Cruz 

Biotechnology 

E2F4 (A-20) WB, CHIP sc-1082x Santa Cruz 

Biotechnology 

SOX1 goat polyclonal IF, WB AF3369 R&D Systems 

p75 (C-20) goat polyclonal  WB sc-6188 Santa Cruz 

Biotechnology 

WNT4 (m-70) rabbit polyclonal WB sc-13962 Santa Cruz 

Biotechnology 

WNT5A (H-58) rabbit polyclonal WB sc 30224 Santa Cruz 

Biotechnology 

WNT8A rabbit polyclonal WB SAB1411397 Sigma 

HES5 rabbit polyclonal WB ab25374 Abcam 

DLL1 H-265 rabbit polyclonal WB sc-9102  Santa Cruz 

Biotechnology 

DLL3 H-110 rabbit polyclonal WB sc-67270 Santa Cruz 

Biotechnology 

P-ser33-B-cat rabbit polyclonal  WB sc-16743-R Santa Cruz 

Biotechnology 

B-catenin (H-102) rabbit polyclonal  WB, CHIP sc-7199 Santa Cruz 

Biotechnology 

Beta Tubulin 3/ Tuj1 [GT1338] mouse 

monoclonal  IF GTX631831-GTX 

Stratech 

CD133-BV786, Mouse Anti-Human, 

clone W6B3C1 FACS BD 747640 

BD Biosciences  

Mouse IgG1-BV786l 

FACS, isotype control for 

CD133 BD 563330 

BD Biosciences 

Alexa647 Mouse anti-SSEA-4 clone  FACS BD 560219 
BD Biosciences  

Alexa647 Mouse IgG3 

FACS, isotype control for 

SSEA4 BD 560803 

BD Biosciences 
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Primer name  Techniques  

pRB  qPCR F ccaggccccctacctttgtcacc 

R ttgttggtgttggcagaccttct 

RBL1/p107  qPCR F ccaagaaagcgctctgctgtacaa 

R acagacgcgtttggcagggg 

RBL2/p130  qPCR F cccctctgatggagggacgcc 

R ttggctgtgacagtggcggt 

PBGD qPCR F ggagccatgtctggtaacgg 

R ccacgcgaatcactctcatct 

Nanog qPCR F catgagtgtggatccagcttg 

R cctgaataagcagatccatgg 

OCT4 qPCR F agtgagaggcaacctggaga 

R acactcggaccacatccttc 

SOX2 qPCR F tggacagttacgcgcacat 

R cgagtaggacatgctgtaggt 

Eomes qPCR F atcattacgaaacagggcaggc 

R cggggttggtatttgtgtgtaagg 

Gsc qPCR F gaggagaaagtggaggtctggtt 

R ctctgatgaggaccgcttctg 

SOX17 qPCR F cgcacggaatttgaacagta 

R ggatcagggacctgtcacac 

Brachyury T qPCR F tgcttccctgagacccagtt 

R gatcacttctttcctttgcatcaag 

Mesp1 qPCR F gaagtggttccttggcagac 

R tcctgcttgcctcaaagtgt 

SOX1 qPCR Sigma Quantitect primers 

PAX6 qPCR F ctttgcttgggaaatccgag 

R agccaggttgcgaagaactc 

SOX9 qPCR F aggaagtcggtgaagaacggg 

R ctctcgcttcaggtcagcct 

SOX10 qPCR F atccaggcccactacaagagc 

R actggtccaactcagccacat 

P75 qPCR F acaagacctcatagccagcac 

R ctgttggctccttgcttgttc 

HNK1 qPCR F cgacgacgacaacacctaca 

R cctggtagcctcccttcaca 

Olig3 qPCR F agccgtctcaactcggtct 

R catggctaggttcaggtcgtg 

Otx2 qPCR F atcccttgtccacctcctct 

R gctggtgatgcataggggtc 

HES5 qPCR Sigma Quantitect primers 

Delta1 qPCR F acctcgcaacagaaaaccca 

R gtgttcgtcacacacgaagc 

Delta3 qPCR F cggatgcactcaacaacct 

R gaagatggcaggtagctcaa 

WNT4 qPCR F cgtcttcggcaaggtggtga 

R ctgaccccatgcactgtcct 

WNT5A qPCR F tgtgccacttgtatcaggacc 

R tgcctatctgcatcaccctg 

WNT8A qPCR F ctgtggctgtgatgggtcaa 

R ttcatcagggctctggcatc 

WNT3 qPCR F ttgttccaactattgggggc 

R gctgtgagcccagagatgtg 

SFRP1 qPCR F gtcatgcagttcttcggcttc 

R ctcgttgtcacagggaggac 

FRAT2 qPCR F gtgctctcgggaaacctcat 

R caaggagcctgagggctg 

FOXD3 qPCR F actgcttcgtcaagatcccc 

R ctgtaagcgccgaagctct 
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KAL1 qPCR F ttcaaagacgacgacccact 

R ttttcgtgggtcatgccaga 

TFAP2A qPCR F ccaagtccaacagcaatgcc 

R gttgagacactcgggtggtg 

TFAP2C qPCR F gccgtaatgaaccccactga 

R accggcctccatttttcgat 

OLIG3 qPCR F atgcacgacctgaacctagc 

R ccccatagatctcgccaacc 

ROR1 qPCR F cccagaagctgcgaactgta 

R gtgtgtgtggggatactggg 

CXCL12 qPCR F cgtcagcctgagctacagat 

R tagcttcgggtcaatgcaca 

ZIC3 qPCR F gcaaagtgtgcgacaagtcc 

R tgcacagtaggttcggcatt 

ASCL1 qPCR F ctcaacttcagcggctttgg 

R cgcagtgtctccaccttact 

NEUROD1 qPCR F cgctttgcaagggcttatcc 

R aggcgactggtaggagtagg 

NEUROG1 qPCR F aatatctcccgggcgtctga 

R gttcaagttgtgcatgcggt 

FGF8 qPCR F gctgcagaatgccaagtacg 

R ggcgggtagttgaggaactc 

SOX3 qPCR F gataagcctacccttcccgc 

R gtgtccctacggggttcttg 

FOXD1 qPCR F tctgtgagttcatcagcggc 

R gcaggaagctgccgttgtc 

ID1 qPCR F ccagcacgtcatcgactaca 

R acacaagatgcgatcgtccg 

RORB qPCR F acgtcattgacctgcccaag 

R cctggtgctaactgcccatt 

PAX6 ChIP-qPCR F ttcgggtctctccgatgaag 

R gaaactagtcttgccgagtgc 

SOX1 ChIP-qPCR F gctagaagttgcagcctccga 

R caagttgcagctccgcttttg 

SOX9 ChIP-qPCR F ggcattccgagagtacgaca 

R gcagctgattggacccgatt 

SOX10 ChIP-qPCR F cctgtgttgctgcatcccc 

R agggagtaggcgcttaagga 

Olig3 ChIP-qPCR F ctccgggtgagtcaaaccac 

R gactcccgttttagctgactt 

P75 ChIP-qPCR F gagagtgaaccctgtggcg 

R ttagagcctctcacccatccc 

HoxD1 ChIP-qPCR F tcaagggaaagacgtgagcc 

R ttaccggggacgggtgagat 

HoxA2 ChIP-qPCR F acagaacttatgtggctggga 

R gcattgtttgggactgtcgg 

HES5 ChIP-qPCR F gaagaagggtggggtccttg 

R aagctagtgaaaggcctggg 

DLL1 ChIP-qPCR F cgcttgcatttcctccttgc 

R ttttcagtcccgtgtttccg 

DLL3 ChIP-qPCR F gtttgggagggtggctttgt 

R gtgcgctggtttgtgtgaat 

WNT4 ChIP-qPCR F gccaagagagcttccctaaact 

R atccgaaacctcgcttctgg 

WNT3 ChIP-qPCR F tgaacccctcaaggaggaga 

R acggagccgagtgtcatttg 

WNT8A ChIP-qPCR F ctgggtggccctaaggttg 

R ccatctctgcaacagtccct 

SFRP1 ChIP-qPCR F gaggccttggagaggaacat 

R cagacatcacgcctacgcaa 
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Otx2 ChIP-qPCR F cctttaccctttctggccgt 

R gcgggttagggagtgactg 

DLL1 F  Luciferase 

assay 

TCTTACGCGTGAGGCGTAGTTACTTGGCTTTGCCTTA

GAGCGGA 

DLL1 R  Luciferase 

assay 

TCTCGAGCTAGTGTATCTATGGGTTCCCCCTCACCAT

TTTCTTGTTT TTTCCTTGC 

DLL3 F  Luciferase 

assay 

TCTTACGCGTGATGTGAAGACGGAATTTCCTGCCCAT

TTGCTCCTC 

DLL3 R Luciferase 

assay 

TCTCGAGCTAGTGAGAGAATGGCCCCGCCCCTTCAG

GC 

WNT4 F  Luciferase 

assay 

TCTTACGCGTGCTAGTATGGGAGGATAAATCGAACA

AGCACATAGAA AACCAAATGCAAA 

WNT4 R  Luciferase 

assay 

TCTCGAGCTAGCGGCGGCGGAGGCGGGCG 

WNT8A F  

 

Luciferase 

assay 

TCTTACGCGTGTAAATAAATAAATAAATAAATAAAT

AAATAAAATAAAATAAAAGACAGATTCCCACCTAAG

GAGCTGAAGTCCTAGTAA 

WNT8A R  Luciferase 

assay 

TCTCGAGCTAGATTTCTTTCTTCTATATGTCAATTTTG

TCTCTTCCTGCTTCTTTGGCCC 

 

Source Name 
[Working] 

uM 
Class/Target 

(+)-JQ1 1 Bromodomains - BRD2, BRD3, BRD4, BRDT (BET) 

(-)-JQ1 (inactive) 1 Bromodomains - Negative control 

PFI-1 5 Bromodomains - BRD2, BRD3, BRD4, BRDT (BET) 

I-BET 1 Bromodomains - BRD2/3/4 

Bromosporine 1 Bromodomains - pan-Bromodomain 

CBP/BRD4 (0383) 5 Bromodomains - CBP, BRD4(1) 

SGC-CBP30 1 Bromodomains - CREBBP, EP300  

I-CBP112 1 Bromodomains - CREBBP, EP300 

RVX-208 5 Bromodomains - BRD2, BRD3, BRD4, BRDT (BET, BD2) 

SMARCA 2.5 Bromodomains - SMARCA, PB1 

PB1/SMARCA 1 Bromodomains - SMARCA, PB1 

 PFI-3 1 Bromodomains - SMARCA2/4, PB1(5) 

GSK2801 1 Bromodomains - BAZ2A, BAZ2B 

PFI-4 1 Bromodomains - BRPF1B 

TRIM24/BRPF 10 Bromodomains - TRIM24/BRPF 

OF-1 5 Bromodomains - pan-BRPF 

Belinostat 5 HDAC - hydroxamic acids 

CXD101  1 HDAC 

Valproic acid 1000 HDAC - aliphatic acid compounds 

Entinostat 0.5 HDAC - ortho-amino anilides 

SAHA 2.5 HDAC - hydroxamic acids 

Trichostatin A 0.5 HDAC - hydroxamic acids - Class I & II 

SRT1720 1 HDAC - SIRT1 activator 

EX 527 1 HDAC - SIRT1 

CI-994 1 HDAC - 1,2,3,(8) 
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CPI-360 10 Histone methyltransferase - EZH2 and EZH1 

CPI-413 10 Histone methyltransferase - EZH2 and EZH1 

UNC0638 1 Histone methyltransferase - G9a, GLP  

UNC0642 1 Histone methyltransferase - G9a, GLP 

A-366  2 Histone methyltransferase - G9a, GLP  

Chaetocin 0.05 Histone methyltransferase - SUV39H1 

PFI-2 2 Histone methyltransferase - SETD7 

SGC0946 7.5 Histone methyltransferase - DOT1L 

GSK343 3 Histone methyltransferase - EZH2 

UNC1999 1 Histone methyltransferase - EZH2 

LLY-507 1 Histone methyltransferase - SMYD2  

Tranylcypromine 20 Lysine demethylases - LSD1 

GSK-LSD1 (irreversible) 0.5 Lysine demethylases - LSD1 

GSK690 5 Lysine demethylases - LSD1 

GSK J4 10 Lysine demethylases - JMJD3, UTX, JARID1B 

GSK J5 (inactive) 10 Lysine demethylases - Negative control 

IOX1 (5-carboxy-8HQ) 40 Lysine demethylases - pan-2-OG 

Methylstat (Ester) 2.5 Histone demethylase 

(E)-JIB-04 0.05 Histone demethylase - Pan JmjC 

ML324 5 Histone demethylase - JMJD2E 

IOX2 10 Prolyl-Hydroxylases - PHD2 (EGLN1)  

OICR-9429 1 Methyl Lysine Binder - WDR5 

UNC1215 5 Methyl Lysine Binder - L3MBTL3 

5-Azacitidine 10 DNA methyltransferase (DNMT) 

5-Azadeoxycitidine 5 DNA methyltransferase (DNMT) - DNMT1/3 

Olaparib 1 Poly ADP ribose polymerase (PARP) 

Rucaparib 10 Poly ADP ribose polymerase (PARP) 

K00135 1 Kinase inhibitor - ATP competitive - PIM 

5-Iodotubercidin 1 Kinase inhibitor - ATP mimetic - Haspin 

C646 1 Histone acetyltransferase (HAT) - p300/CBP 

DUAL1946 1   

GSK484 1 Peptidyl arginine deiminase (PAD4) 

KDOBA67 10 Histone demethylase 

BAZ2-ICR 1 Bromodomains - BAZ2A, BAZ2B 

NI-57 1 Bromodomains - pan-BRPF 

LP99 1 Bromodomains - BRD9, BRD7 

SGC707 1 Arginine methyltransferase - PRMT3 

RGFP966 10 HDAC - HDAC3 

PCI-34051 5 HDAC - HDAC8 
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Rocilinostat 10 HDAC - HDAC6 

Tubastatin A HCl 10 HDAC - HDAC6 

KDOAM-25a 1 Lysine demethylases - JARID 

KDM5-C70 10 Histone demethylase - JARID1 

MAZ1805 1 t-RNA sythetase 

MAZ1392 1 t-RNA sythetase 

BI-9564  1 Bromodomains - BRD9, BRD7 

NVS-CECR2-1 1 Bromodomains - CECR2 

GSK106 1 Peptidyl arginine deiminase (PAD4) 

J556-42R 1 Arginine methyltransferase - PRMT5 

J556-63R 1 Arginine methyltransferase - PRMT5 

J556-70R 1 Arginine methyltransferase - PRMT5 

A-196 1 Histone methyltransferase - SUV420H1/H2  

BAY-598 1 Histone methyltransferase - SMYD2  

J556-143 1 Arginine methyltransferase - PRMT5 

MS049 1 Arginine methyltransferase 

MS023 1 Arginine methyltransferase - Type I PRMTs 

MS003 1 Arginine methyltransferase - negative control 

SGI-1776 10 Kinase inhibitor - Haspin 

CHR-6494 1 Kinase inhibitor - Haspin 

CPI-169 10 Histone methyltransferase - EZH2, EZH1 

UNC2400 1 Histone methyltransferase - EZH2 

GSK864 5 Dehydrogenase 

GSK8814  10 Bromodomains - ATAD2 

GSK8815 10 Bromodomains - ATAD2 

GSK959  1 Bromodomains - BRPF1 

NVS-CECR2-C 1 Bromodomains - CECR2 

BAY-299 1 Bromodomains - BRD1, TAF1 

PCI-24781 10 HDAC 

Romidepsin 1 HDAC 

Mocetinostat 10 HDAC 

Santacruzamate 50 HDAC 

KDOAM32  1 Lysine demethylases - JARID 

MS409N 1 Arginine methyltransferase - PRMT4, PRMT6 inactive control 

TP-064  1 Arginine methyltransferase - PRMT4 

TP-064N 1 Arginine methyltransferase - PRMT4 

A-395 1 Methyl Lysine Binder - EED 

A-395N 1 Methyl Lysine Binder - EED 

I-BRD9 10 Bromodomains - BRD9 
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TP-472 1 Bromodomains - BRD9 

TP-472N 1 Bromodomains - BRD9 

KDOPZ-32a 1 Lysine demethylases - KDM5 

KDOOA012000 1 Lysine demethylases - KDM2 

AMI-1 50 Arginine methyltransferase - PRMT 

TMP269 10 HDAC - 4, 5, 7, 9 

AGK2 10 HDAC - SIRT2 

GSK6853 1 Bromodomains - BRPF1/2/3 

GSK9311 1 Bromodomains - BRPF1/2/3 

LLY-283 1 Arginine methyltransferase - PRMT5 

TD001851a 1 Methyl Lysine Binder/tudor domain - Spin1 

TDOSI000058a 1 Methyl Lysine Binder/tudor domain - Spin1 

TD001863a 1 Methyl Lysine Binder/tudor domain - Spin1 

TDOSI000062a 1 Methyl Lysine Binder/tudor domain - Spin1 

TD001857a 1 Methyl Lysine Binder/tudor domain - Spin1 

TD001856a 1 Methyl Lysine Binder/tudor domain - Spin1 

TD001858a 1 Methyl Lysine Binder/tudor domain - Spin1 

TMP195 1 HDAC - 4,5,7,9 

GSK2879552 10 Lysine demethylases - LSD1 

TDO20821a 1 Methyl Lysine Binder/tudor domain - Spin1 

TDO20824a 1 Methyl Lysine Binder/tudor domain - Spin1 

TDO20823a 1 Methyl Lysine Binder/tudor domain - Spin1 

A-485 1 Histone acetyltransferase (HAT) p300/CBP 

A-486 1 Histone acetyltransferase (HAT) p300/CBP 

GSK4027 1 Bromodomains - PCAF, GCN5 

GSK4028 1 Bromodomains - PCAF, GCN5 

L-Moses 1 Bromodomains - PCAF, GCN5 

D-Moses 1 Bromodomains - PCAF, GCN5 

PFI-5 1 Histone methyltransferase - SMYD2  

YX39-31b 1 Methyl Lysine Binder/tudor domain - Spin1 

TDO208229 1 Methyl Lysine Binder/tudor domain - Spin1 

TDO01856a 1 Methyl Lysine Binder/tudor domain - Spin1 

TDO20826a 1 Methyl Lysine Binder/tudor domain - Spin1 

Bortezomib 0.1 Protesome 

Carfilzomib 0.1 Protesome 

RTS-V5 1 Protesome and HDAC 

dBRD9 1 Bromodomains - BRD9 

BI-7273 0.1 Bromodomains - BRD9/7 

CPI-621 0.1 Lysine demethylases - KDM5 



Figure S1: Functional studies of Retinoblastoma-family proteins in hPSCs, Related to Figure 1. (A) Rbl2 is upregulated during specification 
of human pluripotent stem cells to neuroectoderm. RB expression was analysed by Q-PCR. Ct values correspond to pRb, Rbl1 or Rbl2 expression 
in hPSCs. (B-C) RBs have different levels of expression in hPSCs. Western blot of RBs. Breast cancer lines were used as a comparison for relative 
protein expression. (C) Quantification of RB western blots by protein densitometry. (D) Immunostaining of RBs and germ layer specific markers 
during differentiation into endoderm, mesoderm and neuroectoderm. Scale bar 100 µm. (E) Effects of RB knockdown on background differentia-
tion of hPSCs to neuroectoderm. Differentiation marker analysis by Q-PCR. (F) Effects of RBL2 knockdown on SOX1 and PAX6 expression in 
Tra-1-60 positive and negative cells. Cells were sorted or Tra-1-60 expression and analysed by qPCR. (G) Relative expression of pRb and Rbl1 in 
stable overexpression clones. All data are shown as mean s.d. (n=3 biological replicates). Statistical analysis was performed by 2-way ANOVA 
with multiple comparisons with Tukey correction and **** marks adjusted P-value <0.0001, *** is adjusted P-value  <0.001, ** is adjusted P-value  
<0.01, * is adjusted P-value  <0.05.



Figure S2: Analysis of RB KD on germ layer specification indicates a distinct function for RBL2 in neuroectoderm formation, Related to 
Figure 2. (A-C) Effect of RB KD during differentiation into three germ layers. Analysis of pluripotency and differentiation markers in (A) Rb 
KD cells, (B) RBL1 KD cells and (C) RBL2 KD cells. Significant differences compared to differentiated Scramble shRNA cells calculated by 
two-way ANOVA are marked. (D) Confirmation of pRb and RBL1 knockdown in stable knockdown HESCs. Western blot analysis of two knock-
down lines compared to Scramble shRNA cells. (E) Comparison of the effects of Rb genes on neuroectoderm differentiation. Scramble and RB 
knockdown cells were side-by-side differentiated to neuroectoderm for 9 days and analysed by Q-PCR. Significant differences compared to 
differentiated Scramble shRNA cells calculated by two-way ANOVA are marked. (F) Schematic overview of the effects of Retinoblastoma-fami-
ly proteins on germ layer differentiation. (G) Comparison of RBL2 knockdown effects on gene expression in RBL2 knockdowns achived by 
shRNA and CRISPR/Cas9. Cells were collected at day 4 of neuroectoderm differentiation and gene expression was normalised to control Scram-
ble cells. All data are shown as mean s.d. (n=3 biological replicates). Statistical analysis was performed by 2-way ANOVA with multiple 
comparisons with Tukey correction and **** marks adjusted P-value <0.0001, *** is adjusted P-value  <0.001, ** is adjusted P-value  <0.01, * 
is adjusted P-value  <0.05.
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Figure S4: RBL2 represses WNT ligands WNT4 and WNT8A through their proximal promoter regions, Related to Figure 3. (A) Represent-
ative images of pluripotent H9 hESCs at day 0 and neural organoids at day 9. Scale bar 50 µm. (B) Immunostaining of SOX1 and PAX6 proteins 
in neural organoids at day 9 shows reduced expression of SOX1 and PAX6 in RBL2 KD cells. Scale bar 50 µm. (C) RBL2 expression is elevated 
in Tuj1 expressing cells in day 12 organoids. Scale bar 50 µm. (D) RBL2 KD causes spatial effects on Tuj1 expressing cell patterning of day 12 
organoids compared to control Scramble cells (C). Scale bar 50 µm. (E) The similarity of E2F1 and E2F4 binding motifs. (F-G) E2F1 and E2F4 
binding to two sites on WNT4 and WNT8A loci. (H) Schematic model of E2F1 and E2F4 competitive binding on WNT4 and WNT8A loci. (I) 
Comparison of pRb, RBL1 and RBL2 knockdown effects on WNT8A and WNT4 expression. (J) -catenin is transcriptionally more active in 
RBL2 KD cells. Scramble and RBL2 KD cells were transfected with a TOP Flash luciferase construct containing a -catenin responsive element. 
Significant differences compared to day 4 neuroectoderm Scramble shRNA cells calculated by two-way ANOVA are marked. (K) Relative 
promoter activity of WNT4 and WNT8A in HESCs and day 4 neuroectoderm cells. Luciferase assay of promoter constructs. Significant differenc-
es compared to undifferentiated (UD) HESCs calculated by two-way ANOVA are marked. (L) E2F1 induced endogenous WNT4 and WNT8A 
expression while RBL2 represses this effect. Cells transfected with E2F1, RBL2 and E2F1 mutant constructs were analysed 48 hours after trans-
fection by Q-PCR. Significant differences compared to GFP transfected cells calculated by two-way ANOVA are marked. (M) RBL2 KD results 
in upregulation of known target genes of -catenin. Gene expression was analysed by Q-PCR. Significant differences compared to day 4 neuroec-
toderm Scramble shRNA cells calculated by two-way ANOVA are marked. (N) RBL2 regulates the activity of -catenin. RBL2 KD cells were 
cotransfected with a TOP Flash luciferase construct containing a -catenin responsive element and a combination of expression constructs for 
RBL2 and E2F proteins. (O) Effects of pRb domain mutants on the expression of WNT pathway components FRAT1, SFRP1 and AXIN2. (P) 
Genomic views of E2F1 and RBL2 binding on FRAT1, SFRP1 and AXIN2. (R) The binding of E2F1, RBL2 and pRb mutants to FRAT1, SFRP1 
and AXIN2 loci. All data are shown as mean s.d. (n=3 biological replicates). Statistical analysis was performed by 2-way ANOVA with multi-
ple comparisons with Tukey correction and **** marks adjusted P-value <0.0001, *** is adjusted P-value  <0.001, ** is adjusted P-value  <0.01, 
* is adjusted P-value  <0.05.  



Figure S5: Characterising the regulation of RB target genes involved in cell cycle regulation and neuroectoderm differentiation, Related to 

regulatory loci, WNT4, WN8A and neuroectoderm genes PAX6 and SOX1. (D) SOX2 binds to PAX6 and SOX1 loci during neuroectoderm differen-

-



Figure S6: RBL2 regulates cell fate specification between neuroepithelium and neural crest through WNT and NOTCH ligands, Related to 
Figure 4. (A) Expression of NOTCH ligands is decreased in the absence of RBL2. Western blot analysis of NOTCH ligands and NOTCH target gene 
HES5 in Scramble and RBL2 KD cells. (B-C) RBL2 KD reduces the expression of NOTCH ligands DLL1, DLL3 and their target gene HES5 during 
neuroectoderm specification. Q-PCR analysis of NOTCH pathway members (B) in day 4 neuroectoderm or (C) during the time course of neuroecto-
derm differentiation. Significant differences compared to Scramble shRNA cells calculated by two-way ANOVA are marked. (D-E) Genomic regions 

peaks are highlighted with numbered dashed boxes.  (F) WNT/ -catenin signalling reduces the promoter activity of DLL1 and DLL3 genes. Cells trans-
fected with NOTCH promoter constructs were treated with a range of WNT4/WNT8A concentrations for 24h. Significant differences compared to 
DMSO treated samples calculated by two-way ANOVA are marked. (G) 

s.d. (n=3 biological replicates). Statistical analysis was 
performed by 2-way ANOVA with multiple comparisons with Tukey correction and **** marks adjusted P-value <0.0001, *** is adjusted P-value  
<0.001, ** is adjusted P-value  <0.01, * is adjusted P-value  <0.05.



Figure S7: NOTCH signalling is indirectly regulated by RBL2 and mediates its effects on cell fate decisions in neuroectoderm, Related to 
Figure 4. (A) WNT inhibition reduces neural crest specification while increasing neuroepithelial fate and NOTCH pathway members. Day 3 
neuroectoderm cells were treated for the days with WNT inhibitor and analysed by Q-PCR for NOTCH ligands, neuroepithelial markers and neural 
crest markers. Significant differences compared control DMSO treated cells calculated by two-way ANOVA are marked. (B) Purified WNT 
ligands WNT4 and WNT8A shift cellular specification toward neural crest fate while blocking NOTCH ligand expression. Differentiation marker 
analysis by Q-PCR after treatment of day 3 neuroectoderm cells with purified WNT4 and WNT8A for 3 days. (C) Inhibition of NOTCH signalling 
shifts the expression of developmental genes from neuroepithelial markers to neural crest markers. Q-PCR analysis of differentiation marker 
expression in day 4 neuroectoderm cells after NOTCH inhibition for 24h with 10 M DAPT. Significant differences compared to DMSO treated 
samples calculated by two-way ANOVA are marked. (D) Purified agarose-bound NOTCH ligand DLL1 shifts specification toward neuroepithelial 
cell fate. Differentiation marker analysis after treatment of cells with purified DLL1 for 24 hours. (E) Confirmation of NOTCH signalling activa-
tion by agarose-bound DLL1. Cells were transfected with a NOTCH responsive 4xCSL-luciferase construct were treated with agarose-bound 
DLL1 alone or with 10 M DAPT for 24h. Significant differences compared to control agarose beads calculated by two-way ANOVA are marked. 
(F) WNT and NOTCH cooperate to regulate the cell fate choice between neuroepithelium and neural crest. Cells were differentiated to day 3 
neuroectoderm and then treated with WNT/NOTCH activators and inhibitors for 3 days followed by Q-PCR analysis. Significant differences 
compared to DMSO treated samples calculated by two-way ANOVA are marked. (G) Schematic overview of NOTCH signalling in regulating cell 
fate decisions. (H) Confirmation of WNT4/WNT8A depletion on the expression of known -catenin target genes. Cells were incubated for 24h 
with media depleted from WNT4/WNT8A proteins or conditioned with WNT inhibitor IWP2 and analysed by Q-PCR. All data are shown as 
mean s.d. (n=3 biological replicates). Statistical analysis was performed by 2-way ANOVA with multiple comparisons with Tukey correction 
and **** marks adjusted P-value <0.0001, *** is adjusted P-value  <0.001, ** is adjusted P-value  <0.01, * is adjusted P-value  <0.05.
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