Lauria et al.

DNMT3B supports meso-endoderm differentiation from mouse embryonic

stem cells.
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Supplementary Fig. 1

a, UMAP embedding of 965 WT, 3AKO and 3BKO single cell transcriptomes from
independent EBs differentiation experiment. Unsupervised clustering, performed using the
Louvain algorithm from the Seurat pipeline, identified eight cell clusters, annotated according
to the expression of embryonic cell population markers (Supplementary Data 1). Cells are
colored by cluster (top panel) and genotype / time of cells’ collection (3 Days, 6 Days and 8
Days, bottom panel). 3AKO = shades of blue, 3BKO = shades of orange, WT = shades of
grey.

b, Gene expression levels distribution of representative epiblast (Lefty1, Pou5f1), meso-
endoderm (Gata4, T) and ectoderm markers (Sox2, Tubb3) in the eight identified cell
clusters.

¢, Pseudotime analysis of single cell differentiation trajectories with reverse graph
embedding®. The line plot on the UMAP represents the embedded trajectory graph. Cells are
colored according to pseudotime (left panel) and differentiation paths (i.e. Epi-ME, Epi-Ect,
right panels).

d, UMAP visualisation of the reconstructed differentiation trajectories for each source cell
type (i.e. WT, 3AKO and 3BKO genotype).

e, Heatmap showing the expression patterns of genes differentially regulated in pseudotime
along the two differentiation branches, performed via the graph-autocorrelation analysis
method '. Genes are grouped according to the branch in which they show significant
variation (FDR < 0.01, Supplementary Data 2): Epi-to-Ect specific (top cluster), Epi-to-ME
(bottom cluster) specific or regulated in both branches (mid cluster). Key marker genes
regulated in each group are indicated.

f, Barplots showing the differential cell type abundance in terms of the genotype of origin
(i.e. WT, 3AKO and 3BKO) in each of the five identified cell clusters. For each cluster, the
relative proportion of mutant cells (3AKO, 3BKO) was compared with WT cells using Fisher’s
exact test. Top panels report the percentage of cells in each cluster for the indicated
comparisons (i.e. 3AKO vs WT, 3BKO vs WT). Bottom panels report the odds ratio from
Fisher’s exact test, colored for their significance (enriched = red, depleted = blue, non-
significant = white) (***p < 0.001, **p < 0.01, *p < 0.05, one-sided).

d, Representative IF for the meso-endodermal marker T/Brachyury and the neuro-
ectodermal marker Tubb3/Tuj1 in WT, 3AKO and 3BKO EBs on Day 9 of differentiation.

Representative images of three independent experiments are shown. Scale bars 50 pm.
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Supplementary Fig. 2

a, Gene expression levels from RNA-seq of DNA methyltransferases (Dnmt1, Dnmt3a,
Dnmt3b, Dnmt3l) and methylcytosine dioxygenases (Tet1, Tet2) during the ESC-EpiLC-ME
differentiation time course. Dots represent normalised RPKM values, averaged by
replicates/condition (n=2 biological replicates for each genotype or clone at each time point).
Error bars represent standard errors.

b, Representative IF images of WT and 3BKO (two independent clones, B126 and B77)
EpiLCs stained with the primed pluripotency marker Lefty1 and counterstained with DAPI.
Representative images of three independent experiments are shown. Scale bars 50

pum. Source data are provided as a Source Data file.

¢, Quantification of Lefty1* cells as percentages of Lefty1 over DAPI, for both WT and 3BKO
cells, showing no significant differences in Lefty1™ cells at the EpiLC stage (ns: not
significant, ANOVA test). Bars indicate mean+SEM of n=3 independent experiments for
each genotype or clone, shown as dots). Error bars represent standard errors.

d, Representative IF images of WT and 3BKO (two independent clones, B77 and B126)
ME24h and ME48h cells stained with the mesoderm marker (T) and neuro-ectoderm marker
(Sox1), all counterstained with DAPI. The pictures show a stronger signal for T in WT with
respect to 3BKO cells and a stronger signal for Sox1 in 3BKO with respect to WT cells.
Representative images of three independent experiments are shown. Scale bars 50

pum. Source data are provided as a Source Data file.

e, Quantification of Sox1*and T cells, shown as % of Sox1 over DAPI (left) and T over DAPI
(right), for both WT and 3BKO cells. (*** = p<0.001, ANOVA test). Bars indicate mean+SEM
of n=3 independent experiments for each genotype or clone at each time point, shown as
dots). Error bars represent standard errors.

f, Cell number quantification of WT and 3BKO cells in ME24h and ME48h showing no
significant growth reduction of knockout cells (ns: not significant, ANOVA test) Bars indicate
mean+SEM of n=3 independent experiments for each genotype or clone at each time point,
shown as dots). Error bars represent standard errors.

g, Barplot showing results of GSEA (https://doi.org/10.1073/pnas.0506580102) analysis
comparing 3BKO and WT cells at the indicated differentiation stages. The -log10 of False
Discovery Rate (FDR) multiplied by the sign of the normalized enrichment score (NES) is
reported in the x axis. This analysis shows no significant differences between the two
conditions in gene sets related to cell cycle and apoptosis, while 3BKO cells show increased
expression of gene sets related to ectoderm and downregulation of gene sets related to

meso-endoderm.
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Supplementary Fig. 3
a, PCA of the DNA methylome profiles obtained by WGBS, performed at the single CpG

resolution.

b, Hierarchical clustering of the DNA methylome profiles obtained by WGBS, using
averaged DNAme scores in 400bp windows. The analysis was performed using Pearson
correlation distance and Ward's method.

¢, Heatmap showing pairwise Pearson correlation coefficients between the analyzed WGBS
samples, calculated using averaged DNAme scores in 400bp windows.

d, Barplot showing the global average CpG methylation levels in each sample group. The
dots represent the average global levels for each sample, the bars indicate the averaged
value between replicates.

e, Stacked barplot showing distribution of genome-wide CpG methylation levels in each

sample group, measured at individual CpG sites.
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Supplementary Fig. 4

a, PCA of the DNA methylome profiles obtained by WGBS, performed at the single CpG
resolution, for WT and 3BKO in vitro EpiLCs and in vivo epiblast from E6.5 mouse embryos?.
Genotype (3BKO, WT) is driving substantial variation on PC1 (i.e. the main direction of
variability), while in vivo / in vitro samples are separated in PC2.

b, Hierarchical clustering of the DNA methylome profiles obtained by WGBS, using the top 5
PCs. WT and 3BKO samples are driving the separation between the two main branches,
with in vitro WT EpiLCs clustering with in vivo WT epiblasts and in vitro 3BKO EpiLCs
clustering with in vivo 3BKO epiblasts. The analysis was performed using Pearson
correlation distance and Ward's method.

¢, Scatterplot showing the average DNAme difference (as %) at the DMRs identified in vitro
(EpiLC) between 3BKO and WT, for in vitro (EpiLC, x-axis) and in vivo (Epi, y-axis) cells.
The comparative analysis showed that 40.3% of in vitro DMRs are consistently
hypomethylated in vivo (delta <-20%). The commonly hypomethylated regions are depicted
in blue.

d, Barplot showing the number of commonly hypomethylated DMRs between 3BKO and WT
overlapping annotated candidate cis-regulatory elements (ccREs) retrieved from ENCODE
SCREEN database® for mouse mm10. 43.08% of these DMRs overlaps with ccREs, with
highest overlap in the elements annotated as distal Enhancer-Like Signature (dELS).

e, Heatmap showing adjusted p-values (hypergeometric test as implemented in the
ClusterProfiler package* for GO terms of enriched biological processes in each of the five
ccREs reported in d. The analysis revealed significant enrichment of developmental gene
sets (e.g. gastrulation) involved in neuronal differentiation (e.g. positive regulation of
neuronal differentiation) in the genes associated with commonly hypomethylated distal
enhancers.

f, WGBS heatmap visualising the average DNAme (as %) levels of the DMRs associated to
the genes in the GO terms positive regulation of neuron differentiation (top) and gastrulation
(bottom), highlighted in red on panel e, for both in vitro and in vivo samples. The heatmaps
show consistent reduction of DNAme levels in 3BBKO samples compared to their WT
counterparts in both in vitro EpiLCs and in vivo epiblast cells.

g, Genome browser views showing the WGBS signal profiles of WT and 3BKO in vitro
EpiLC and in vivo epiblast cells on the genomic loci surrounding two representative genes -
Cux2 and Phox2b - involved in neural differentiation. The commonly hypomethylated regions

(depicted in blue and indicated in the rectangles) overlap annotated ENCODE ccREs.
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Supplementary Fig.5

a, Stacked barplot showing distribution of genome-wide CpG methylation levels in WT and
3BKO cells in our mouse EpiLCs and in human HUESG64 cells, measured at individual CpG
sites. The WT HUESG64 cells showed higher numbers of highly methylated CpG with respect
to mouse EpiLCs. The mouse 3BKO in EpiLCs showed a stronger reduction of DNAme
levels as compared to WT with respect to the human 3BKO HUES64.

b, (top) Venn diagram showing the overlap of genes associated to a 3BKO hypomethylated
DMRs between mouse (left) and human (right). Differential methylation analysis between
3BKO and WT samples identified 25,496 DMRs in mouse cells and 2,245 DMRs in human
cells. After linking the identified DMRs to genes and associating mouse genes to their
respective human orthologs, the comparative analysis showed that 1618 genes having at
least one associated hypomethylated region (within 100kb from the TSS) in human had also
at least one associated hypomethylated region in mouse (methylation difference <-20%).
(bottom) Histogram showing difference of the DMR-genes distances between mouse and
human commonly hypomethylated genes.

¢, Scatterplot showing the average per gene DNAme difference (as %) for the human-
mouse ortholog genes associated with at least one DMR between 3BKO and WT cells,
either in mouse EpiLCs (x-axis) or in human HUES64 cells (y-axis). The commonly
hypomethylated genes are depicted in blue.

d, Barplot showing the number of commonly hypomethylated DMRs between 3BKO and WT
overlapping annotated candidate cis-regulatory elements (ccREs) retrieved from ENCODE
SCREEN database® for mouse mm10 and human hg38. 17.36% (in mouse) and 88.86% (in
human) overlap with ccREs, with highest overlap in the elements annotated as distal
Enhancer-Like Signature (dELS).

e, Heatmap showing adjusted p-values (hypergeometric test as implemented in the
ClusterProfiler package* for GO terms of enriched biological processes in each of the five
ccREs reported in d. The analysis revealed significant enrichment of developmental gene
sets involved in neuronal differentiation (e.g. positive regulation of neuronal differentiation,
neuron fate commitment, neural precursor cell proliferation) in the genes associated with
commonly hypomethylated distal enhancers.

f, Genome browser views showing the WGBS signal profiles of in vitro WT and 3BKO
mouse EpiLCs and human HUESG64 cells on the genomic loci surrounding two
representative genes - Cux2 and Runx3 - involved in neural differentiation. The commonly
hypomethylated regions (depicted in blue and indicated in the rectangles) overlap annotated
ENCODE ccREs.



Cluster | [Medium]

- Methylation [%]
[ @ /Invito DMRs: patterns in vivo f In vitro
Y 50 100 B in vitro ~ in vivo 100
WT differentiation oo o
In vitro > in vivo d
n = 54354 DMRs ] [141>10 %, n = 984] 0
| in vitro # in vivo J
[n=5528] I.__] [ no dynamics, n = 1277] 0
1004
&
c
o
g 3BKO vs WT 2 50 ?'
[ onmT3B target [ ns. g
s
! | I |
[n=46982] s
[rweznne) (&5 ] :
50 #
3
(') 1' é 0 — '—1—r— T -
O 9O e \‘ Q S L & o
Number of DMRs (x1000) A A Y @ P R
(1000) CEEY S& <9
[n=1844]
y Gain=A>20%
Cluster Il [High] w.r.t. E4.0 ICM
In vitro DMRs: patterns in vivo i e Vi
in vitro ~ in vivo 1 1004
| [1A1 <10 %, n = 34020]
in vitro > in vivo 50
B (14> 10 %, n = 9005] ]
in vitro # in vivo
I:, [ no dynamics, n = 1003] 0 e
~ 1004
fi2
c
BKO vs WT S
- ___ 3BKOwsWT § 504
] . DNMT3B target D ns. £
=
s
(e [ | :
50 #
o
04 S
0 10 20 30 O O 8 o >
S &9 P o@‘?@@"v @ <
Number of DMRs (1000) CLE L SEE ¢~
] depleted [q <0.05]
& O O L& &0 i
&0\?2?0‘;‘@2&0‘ 0000"00‘(2'2} I enriched [q <0.05] d In vivo / in vitro methylome clustering
AN D @ oL
Q® Ny 8;“ < O ns. -log10[Adj. Pvalue] [DMRs across in vitro WT differentiation]
>
R
4L & Height
o 0 20 40 60 80 s
c GO: Biological Process 3 E.5 Inner cell mass 00: W5 10 W5
— AR c
single-organism cellular process S W E4.0Inner cell mass S N —
developmental process % B E35 Trophoectoderm -
multicellular organism process & ESSVE e
smgle—organlsm develqpmental process — e6:5 Ve Bl o
multloellqiar organism development I E55 Epiblast
anatomical structure development il esc
positive regulation of biological process 2 | & [l E6.5Epilast I —-
© ..
; system de‘f’ldoPmem £ = E5.5 Visceral endoderm
anatomical structure morphogenesis w | 2 E40icm
positive regulation of cellular process 8| E I E6.5 Visceral endoderm
cellular metabolic process N 'g' E7.5 Primitive streak mesh B ']
cellular macromolecule metabolic process 8 a B £7.5Mesoderm Epi,C M
organic substance metabolic process :
metabolic process B E7.5Endoderm ME24h [l
primary metabol!c process B E75 Ectoderm £5.5 Epi M
macromolecule metabolic process
cellular nitrogen compound metabolic process end
nitrogen compound metabolic process | Esc €65 Epi Ml
o : g . g
cellular corqponent organization or plogeneSIS 25 B sic Hierarchical clustering |
nucleobase-containing comppund metabolic process 5E Mes [l pearson distance —
animal organ development g < | I MEe24n Ward's method
pattern specification process E= Ect ll
regionalization B wvessh B




Supplementary Fig. 6

a, (left) WGBS heatmap showing the DMRs arising during the ESC-EpiLC-ME differentiation
in WT cells, clustered by K-means. Each cluster shows a distinct pattern of DNAme levels and
dynamics, defined as Medium (1), High (II) and Demethylated (ll1). (right) Boxplot distributions
of the DNAme levels (as %) for the CpG sites in each DMR cluster.

b, Annotation of DMRs to distinct genomic features, reported as (top) the log2-enrichment for
each feature and (bottom) the percentage of DMRs overlapping each feature, calculated with
the Genomic Association Test (GAT) software for each DMR cluster reported in a.

¢, Heatmap showing GO terms for enriched biological processes in each DMR cluster reported
in a. Gene set over-representation analysis was performed for genes associated with DMRs
using hypergeometric tests as implemented in GREAT?, correcting for multiple hypotheses.
d, Hierarchical clustering of WGBS data from the in vitro differentiation and in vivo embryonic
tissues derived from pre- and post-implantation mouse embryos® performed on the DMRs
arising over the in vitro WT differentiation. Pearson’s correlation distance and Ward’s method
were employed to perform the analysis.

e, Pie chart showing the classification of in vitro DMRs in comparison to DNAme levels in
embryonic tissues from* in Cluster | (Medium). The DMRs were grouped as: in vitro ~ in vivo
(red): DMRs that gain de novo DNAme both in vitro (between ESC and later stages) and in
vivo (between ICM and later stages), reaching similar average levels of DNAme in the two
systems (i.e. less than 10% difference). in vitro > in vivo (light red): DMRs that gain de novo
DNAme both in vitro (between ESC and later stages) and in vivo (between ICM and later
stages), but with higher DNAme levels in vitro with respect to in vivo (i.e. more than 10%
difference). (white) in vitro # in vivo: DMRs that gain de novo DNAme in vitro (between ESC
and later stages) but have little dynamics in vivo, where they remain mostly hypomethylated.
f, Violin plots showing the DNAme levels distribution in each group for in vitro time points
(average of n=2 biological replicates) and in vivo embryonic tissues in Cluster | (Medium).
White dots indicate median, box indicates the interquartile range (IQR) and whiskers denote
the 1.5 x IQR.

g, Barplot showing the percentage of DMT3B-dependent DMRs in each group in Cluster |
(Medium).

h, i, j. Pie chart (h), violin plots (i) and barplot (j) as in d,e,f for Cluster Il (High).
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Supplementary Fig. 7

Genome browser views showing WGBS signal profiles representative of the in vitro
and in vivo® dynamics across differentiation stages. Annotations for regulatory regions
(promoters/typical and super enhancers, as defined by ChlP-seq data), CpG islands and
ENCODE candidate cis-regulatory elements (ccREs) for mouse mm10?® are also reported.
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Supplementary Fig. 8

a, Heatmaps showing H3K27ac ChIP-seq signal for WT cells over the differentiation time
course, clustered in stage-specific or shared-by-stage regions, for typical (left) and super
enhancer (right) regions.

b, Ranking plots of H3K27ac ChIP-seq signals for WT cells at each time point of
differentiation obtained from ROSE. Inflection points of the curves represent the cut-off for

super enhancer definition.
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Supplementary Fig. 9

Genome browser views showing the WGBS, ChIP-seq and RNA-seq signal profiles across
differentiation (ESC-EpiLC-ME) for WT and 3BKO cells on the a, Olig3 and b, Gli1 gene loci,
which are two representative TFs involved in neuro-ectodermal differentiation regulated by
DNMT3B. The identified DNMT3B de novo target DMRs (depicted in red and indicated in the
rectangles) overlap with gene promoters and enhancers (identified by H3K27ac ChlIP-seq
signals and previously annotated in”). Annotations for regulatory regions (promoters/typical
and super enhancers, as defined by ChiP-seq data), CpG islands and ENCODE candidate
cis-regulatory elements (ccREs) for mouse mm10° are also reported.
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Supplementary Fig. 10

a, Scheme of Bisulfite-PCR amplicons on Sox2 super enhancer (chr3:34,641,973-
34,673,453).

b, Schematic of Sox2 silencing experiment during meso-endoderm differentiation.

¢, WB of 3BKO ME48h cells (two independent clones, B77 and B126) silenced with two
different shRNAs against Sox2 (Sh-Scramble is used as negative control), showing
substantial reduction of Sox2 expression. Vinculin serves as loading control. Representative

of two independent experiments. Uncropped gels are provided in Supplementary Fig. 11.

d, RT-gPCR analyses for ectoderm (Sox2), mesoderm (T) and endoderm (Gata4) genes in
Sox2 silenced and control cells in each 3BKO clone, showing significant reduction of Sox2
expression and a significant induction of T and Gata4 expression upon Sox2 depletion. Bars
indicate the mean of two independent experiments shown as dots. Expression was
normalised to sh pLKO control.

e, Western blot of CRISPRoff protein expression in two 3BKO clones measured at 24 hours
post-transfection without or with three gRNAs targeting Sox2 super enhancer elements (E1-
E4). B-Actin was used as a loading control. Representative of two independent experiments.

Uncropped gels are provided in Supplementary Fig. 11.
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Supplementary Fig. 11.

Original uncropped western blot images used in this study. Rectangles indicate the cropped
regions.
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