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dependent fluctuations of non-cell-autonomous
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In brief
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field effects via WNT ligands. This reveals
an unanticipated role of the RBL2/p130-
E2F axis in stem cell and tissue progenitor
differentiation.
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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 of mechanisms
involved remains to be uncovered. Here, we show that RBs, particularly RBL2/p130, repress WNT ligands such
as WNT4 and WNT8A, thereby directing ectoderm specification between neural crest to neuroepithelium. RBL2
achieves this function through cell-cycle-dependent cooperation with E2Fs and GCN5 on 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.’™ 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.””'" 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. "
pRb regulates lineage specification of osteoblasts and adipo-
cytes by promoting the activity of developmental transcription
factors such as Runx2 in osteogenic differentiation,'®'® while it
acts with E2F to suppress peroxisome proliferator-activated re-
ceptor ¢ subunitlZl, the master activator of adipogenesis.”’

uuuuuu

pRb also cooperates with the developmental transcription factor
MyoD in myogenic differentiation.”>*® 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 other members of the RB family in
differentiation is less established. RBL1—/— mice are viable and
fertile but have impaired growth and exert myeloid hyperplasia.**
More strikingly, RBL2—/— embryos die between E11 and E13 due
to disorganization in neural and dermatomyotomal structures,®
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.?® 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.?’° 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.?”*°

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.®" Moreover, mouse embryonic fibroblasts with a
knockout for the three RB genes display a loss of G1 control
and cellular immortalization®*>® 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.® 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.*> 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.®**° Therefore, we utilized this system to inves-
tigate the molecular function of RBs in early cell fate decisions in
both 2D cultures and the 3D organoid system,*"*? 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-
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ditions inductive for neuroectoderm, mesoderm, and endoderm
differentiation. Immunostaining, gPCR, 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 a modest 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 gqPCR 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,®' 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
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A) RBs are expressed in hPSCs at varying levels. Scale bar, 100 pm.
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 pm.
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. gPCR analysis of markers in RBL2-KDs.
G) Schematic overview of overexpressing RBs.
H) RBL2 OE causes background differentiation of hPSCs opposite to RBL2 KD. gPCR analysis of developmental markers in RBL2-OE hPSC culture. All data are
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shown as mean + SD (n = 3). Statistical analysis was performed by two-way ANOVA with multiple comparisons with Tukey correction; ***pagjusted < 0.0001,
*ﬁpadjusted < 0.001, '*padjusted <0.01, *padjusted < 0.05. See also Figure S1.

(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,**** 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
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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 increased GSC 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.'?~'* 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.?* 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.
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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).***® These observations were validated by
gPCR 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 cells*® 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.®® 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 the WNT canonical signaling pathway, such as WNT4
and WNTB8A (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.*4*

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.”'**> 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 generating DOX-inducible
RBL2KD cells via Cas9-KRAB-mediated transcriptional repres-
sion,”’ 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 um.
(B-D) RBL2 controls the balance between neuroepithelial versus neural crest specification. (B) gPCR, (C) western blot, and (D) flow cytometry analysis of SOX1,

PAX8, p75, and SOX10 in RBL2 KD and Scramble at day 4 neuroectoderm.

(E) Loss of RBL2 in neuroectoderm specification changes the expression of Wnt and Notch pathway components and HoxA-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; ***pagjusted < 0.0001, **Pagjusted < 0.001, **Pagjusted < 0.01, *Padjusted < 0.05. See also Figures S2 and S3.

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.’ 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 binding motifs at open chromatin regions on pro-
moters nearby WNT8A and WNT4 loci (Figure 3F). E2F1 and
E2F4 chromatin immunoprecipitation sequencing (ChlIP-seq)
data analyses from cancer cells (E2F1 ChIP-seq,”>*® E2F4
ChlP-seq,”* RBL2/p130°°) further indicated the binding of
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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 WNTB8A expression is elevated in RBL2-KD cells in day 6 neuroectoderm.
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E2F1 and E2F4 in the proximity of WNT4 (Figure 3G) and WNT8A
(Figure 3H). Considering the similarity of E2F1 and E2F4 binding
motifs (Figure S4E), WNT4 and WNTB8A 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 Il 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. ChlP-seq data also indicate that E2F4
shares one of these binding sites with E2F1 on WNT8A promoter
and WNT4 promoter (Figures 3G and 3H). We performed ChIP-
gPCR 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 3l).
Therefore, we next investigated the binding of E2F1, E2F4, and
RBs to WNT4 and WNTB8A loci in hESCs differentiating to neuro-
ectoderm in the organoid conditions. ChIP experiments followed
by gPCR demonstrated that E2F4 and E2F1 bind to the proximal
promoter regions on WNT4 and WNTB8A ligand loci (Figure 3J).
Furthermore, RBL2 and pRb bind onto the same proximal pro-
moter regions of WNT ligands WNT4 and WNT8A (Figure 3K).
CDKA4/6 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 and WNT8A 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 S4l). 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
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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 DNA®® 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 f-catenin
protein in RBL2 KD cells showed nuclear accumulation
compared with Scramble cells (Figure 30). 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.”” 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.”>°®° 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 S40-S4R).

(E) RBL2-KD increases the expression of WNT4 and WNTB8A during neuroectoderm differentiation.

(F) E2F4 and E2F1 binding motifs are found on open chromatin regions near WNT loci in hESCs by ATAC-seq analysis.

(G and H) Genomic regions of WNT4 and WNT8A loci. Genomic region of WNT4 locus (G) and WNTB8A locus (H) showing E2F1, E2F4, B-catenin ChlP-seq binding
with hESC and neuroectoderm differentiating cells analyzed by ATAC-seq. E2F1 and E2F4 binding peaks are highlighted with numbered dashed boxes.

1) RBL2 forms a complex with E2Fs in neuroectoderm cells.

K) RBL2 and pRb bind to promoter regions of WNT ligands.
L) RBL2-KD causes derepression of WNT4 and WNT8A promoters.

J) E2F4 and E2F1 bind to promoter regions of WNT ligands in neuroectoderm analyzed by qPCR.

(M and N) RBL2 regulates the transcription of WNT4 and WNTB8A through a region in the proximity of the transcription start site. (M) Western blot analysis of
intracellular WNT4 and WNT8A protein expression upon transfections of RBL2-KD cells. (N) RBL2-KD cells were cotransfected with WNT4 and WNT8A promoter

constructs and OE constructs, and analyzed for luciferase activity.

(O) Stable RBL2-KD triggers nuclear accumulation of B-catenin protein. Scale bar, 10 pm.

) Endogenous B-catenin is less phosphorylated at Ser33 in RBL2-KD cells.

(P
(Q) All data are shown as mean + SD (n = 3). Statistical analysis was performed by two-way ANOVA with multiple comparisons with Tukey correction;
***Dadjusted < 0.0001, **Pagjusted < 0.001, *Pagjusted < 0.01, *Padjusted < 0.05. See also Figures S4 and S5.
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Next, we investigated the mechanism of how RBL2-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.®'%*
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.®” The functional
domains are highly conserved also in RBL1 and RBL2 pro-
teins.®”:%°7%9 Interestingly, E2F1, pRb wt, and pRb del685 bound
to WNT4 and WNTB8A 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).*°%5%70 ATAC-seq, ChIP-
seq, and ChIP-gPCR 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/WNTB8A) 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
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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.”"” 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 ChlP-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 fB-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 3-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 GSKS 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 WNTB8A proteins (Figure S7B) or by inhibiting the NOTCH
signaling pathway using the gamma-secretase inhibitor DAPT
(Figure S7C). Activation of NOTCH signaling by coupling DLLA1
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 and WNT signaling still induces neural crest

Figure 4. RBL2 directs tissue formation through changing the cellular microenvironment

(A) Genomic regions of DLL1 and DLL3 loci showing E2F1, E2F4, B-catenin ChIP-seq binding with hESC and neuroectoderm (NE) ATAC-seq.

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

(C) WNT/B-catenin regulates the expression of DLL1 and DLL3 indirectly through repressing the activity of the WNT-B-catenin pathway.

(D) WNT signaling inhibition with IWR inhibitor decreases the expression of neural crest marker p75 and increases DLL1, DLL3, and neuroepithelial marker SOX1

in day 3 neuroectoderm cells.
(E) Schematic overview for analyzing the paracrine effects of RBL2.
(F) Confirmation of WNT4/WNTB8A depletion from the medium.

(G) RBL2 regulates the amounts of WNT4 and WNTB8A secreted into the extracellular milieu. Conditioned medium collected from Scramble or RBL2-KD cells with/
without WNT4/WNTB8A depletion was added for 4 h to cells previously transfected with a B-catenin-responsive luciferase construct.

(H) RBL2 controls cell fate decisions through paracrine effects of WNT ligands. Conditioned medium from Scramble, RBL2-KD cells, or RBL2-KD cells depleted
from WNT4 and WNTB8A was added to day 3 neuroectoderm cells and incubated for 24 h.

(I) RBL2 controls cell fate decisions during neuroepithelium versus neural crest formation through paracrine effects of WNT ligands. Scale bar, 100 um.

(J) WNT4 and WNTB8A depletion from medium blocks the effects of RBL2 on NOTCH ligands. Medium from RBL2-KD and/or RBL2-OE cells was placed on cells

expressing DLL1 and DLL3 promoter constructs.

(K) RBL2 regulates cell motility. Transwell assays on neuroectoderm cells incubated with medium from RBL2-KD, RBL2-OE, and RBL2-KD + IWR.
(L) Schematic overview of RBL2 function in regulating tissue microenvironment. All data are shown as mean + SD (n = 3). Statistical analysis was performed by
two-way ANOVA with multiple comparisons with Tukey correction; ***Pagjusted < 0.0001, **Pagjusted < 0.001, *Pagjusted < 0.01, *Padjusted < 0.05. See also

Figures S6 and S7.
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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 um.

(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
WNTB8A 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.

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

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

(K) GCNS 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 WNTB8A 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-
tioned medium from Scramble cells (Figures 4H and 4l). Interest-
ingly, these effects were attenuated by depletion of WNT4 and
WNTB8A 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 from RBL2-KD cells increases the migration 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,*” and hence, we hypoth-
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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,>”*% 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-gPCR 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.”>"° 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-gPCR 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
GCNS5 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

(M and N) The cell cycle regulates the initiation of neuroepithelial and neural crest specification by a temporal separation of signaling activities.

(O) Schematic depiction of cell-cycle-dependent activity of DLL/NOTCH and WNT/B-catenin signaling in neuroectoderm progenitors, which can create cell-
cycle-dependent field effects through secreted WNTs and spatiotemporal effects on neuroepithelial versus neural crest specification. All data are
shown as mean + SD (n = 3). Statistical analysis was performed by two-way ANOVA with multiple comparisons with Tukey correction; ***pagjusted < 0.0001,

***padjusted < O-OO1| **padjusted <0.01 ) *padjusted < 0.05.
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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 and NOTCH-dependent tran-
scription, whereas WNT/-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-GCNS5 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.”* However, these effects seem to
depend on the mouse strain and are present in Balbc,?* but
not observed in some other mouse strains.’’° It is possible
that RB genes have partial functional overlap in vivo, as both
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complexes between E2F/pRb and E2F/p130 have been shown
to form during neuronal differentiation,”® 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.”” Furthermore, WNT signaling has been
implicated in neuronal differentiation,”®%° while WNT4 regula-
tion has been previously connected to E2F1.%"%? 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 DIx1/2.%°

E2F4 is usually described as a transcriptional repressor,
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-
erating with histone acetyltransferases.®® 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.”*"> 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,*”-*° 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 our microar-
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,®” which has a striking similarity to mechanisms
at the dorsoventral boundary in the Drosophila wing imaginal
disc.?®%° NOTCH has been shown to inhibit mammalian
neuronal differentiation by maintaining neural progenitors®®-9°
and functions via HES1 and HES5, which can functionally
compensate each other in this process.”® While blocking
neuronal differentiation, NOTCH restricts differentiation to glial
differentiation,”®:9>°*°> 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.”> NOTCH seems to crosstalk
extensively with WNT in vivo, since the WNT pathway can alter
the anti-neural activity of NOTCH.® 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.'® 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-
tion®? 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.®° Furthermore, the in vivo microenvironment
and extracellular matrix consists of various other signaling fac-
tors including cell adhesion molecules, tight junction proteins,
cytokines, and growth factors.®” 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
GCNS5 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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