Embryonic development is a complex process that remains to be understood
despite knowledge of the complete genome sequences of many species and rapid
advances in genomic technologies.

A fundamental question is how the unique gene expression pattern in each cell
type is established and maintained during embryogenesis.

It is well accepted that the gene expression program encoded in the genome is
executed by transcription factors that bind to cis-regulatory sequences and
modulate gene expression in response to environmental cues.

Xie et al., Cell 153,
1134-1148 (2013) 1
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Growing evidence now shows that maintenance of such cellular memory
depends on epigenetic marks such as DNA methylation and chromatin
modifications

DNA methylation at promoters has been shown to silence gene expression and
thus has been proposed to be necessary for lineage-specific expression of
developmental regulatory genes, genomic imprinting, and X chromosome
inactivation.

Indeed, the DNA methyltransferases DNMT1 or DNMT3a/3b double-knockout
mice exhibit severe defects in embryogenesis and die before midgestation,
supporting an essential role for DNA methylation in embryonic development

SS 2013 — lecture 7 Modeling of Cell Fate Xie et al., Cell 153,
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On the other hand, mouse embryonic stem cells (MESCs) lacking all three DNMTs
can survive and self-renew and can even begin to differentiate to some germ
layers

This raises the possibility that DNA methylation is dispensable for at least
initial lineage specification in early embryos.

Thus, the role of DNA methylation in animal development needs to be more
precisely defined.

SS 2013 — lecture 7 Modeling of Cell Fate Xie et al., Cell 153,
1134-1148 (2013) 3
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Reversible and site-specific histone modifications occur at multiple sites at the
unstructured histone tails through acetylation, methylation and phosphorylation.

DNA methylation occurs at 5-position of cytosine residues within CpG pairs in a
reaction catalyzed by DNA methyltransferases (DNMTSs).

Together, these modifications provide a unique epigenetic signature that regulates
chromatin organization and gene expression.
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Review (V1): effects in chromatin organization affect gene

expression
B

Gene "“switched on”

« Active (open) chromatin

+ Unmethylated cytosines
{white circles)

+ Acetylated histones

l Transcription possible l

Gene "“switched off"
+ Silent (condensed) chromatin
+ Methylated cytosines
{red circles)
+ Deacetylated histones

T Transcription impeded
Schematic of the reversible changes in chromatin organization that influence

gene expression:
genes are expressed (switched on) when the chromatin is open (active), and they
are inactivated (switched off) when the chromatin is condensed (silent).

White circles = unmethylated cytosines;
red circles = methylated cytosines. Rodenhiser, Mann, CMAJ 174, 341 (2006)
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Typically, unmethylated clusters of CpG pairs are located in tissue-specific genes
and in essential housekeeping genes, which are involved in routine maintenance
roles and are expressed in most tissues.

These clusters, or CpG islands, are targets for proteins that bind to unmethylated
CpGs and initiate gene transcription.

In contrast, methylated CpGs are generally associated with silent DNA, can block
methylation-sensitive proteins and can be easily mutated.

The loss of normal DNA methylation patterns is the best understood epigenetic
cause of disease.

In animal experiments, the removal of genes that encode DNMTs is lethal; in
humans, overexpression of these enzymes has been linked to a variety of cancers.

Rodenhiser, Mann, CMAJ 174, 341 (2006)
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Review (V1):

Differentiation linked to alterations of chromatin structure
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numerous CRs whose
expression levels are

dynamically regulated
through development.

ML Suva et al. Science 2013;
339:1567-1570
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Figure 4 | Histone- modification maps for a typical chromosome in normal and cancer cells. Nucleocsomal arrays
are shown in the context of chromosomal location and transcriptional activity. Octamers consisting of histones HZA,
H2B, H3 and H4 are represented as grey cylinders. Histone acetylation and methylation (di- and tri-) are shown. In
‘normal’ cells, genomic regions that include the promoters of tumour-suppressor genes are enriched in histone-
modification marks associated with active transcription, such as acetylation of H3 and H4 lysine residues ifor instance
k.5, K8, K9, K12 and K16) and trimethylation of K4 of H3. In the same cells, DNA repeats and other heterochromatic
regions are characterized by trimethylation of K27 and dimethylation of K9 of H3, and trimethylation of K20 of H4,
which function as repressive marks. In transformed cells, this scenario is disrupted by the loss of the "active” histone-
marks on tumour-suppressor gene promoters, and by the loss of repressive marks such as the trimethylation of K20 of
H4 or trimethylation of K27 of histone H3 at subtelomeric DNA and other DNA repeats. This leads to a more ‘relaxed’

chromatin conformation inthese regions.
Esteller, Nat. Rev. Gen. 8, 286 (2007)
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Like DNA methylation, chromatin modifications have also been shown to play a
key role in animal development.

Enzymes responsible for methylation of histone H3 at lysine 4, 9, and 27, in
particular, are essential for embryogenesis.

Although both DNA methylation and chromatin modifications are critical for
mammalian development, the exact role of each epigenetic mark in the
maintenance of lineage-specific gene expression patterns remains to be defined

SS 2013 — lecture 7 Modeling of Cell Fate Xie et al., Cell 153,
1134-1148 (2013) 9



In humans, studying the epigenetic mechanisms regulating early embryonic
development often requires access to embryonic cell types that are currently
difficult or impractical to obtain.

Fortunately, human embryonic stem cells (hESCs) can be differentiated into a
variety of precursor cell types, providing an in vitro model system for studying
early human developmental decisions.

Xie et al., Cell 153,
1134-1148 (2013) 10
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There exist protocols for differentiation of hESCs to various cell states, including
trophoblast-like cells (TBL),

mesendoderm (ME),

neural progenitor cells (NPCs), and

mesenchymal stem cells (MSCs).

MSCs are fibroblastoid cells that are capable of multilineage differentiation to
bone, cartilage, adipose, muscle, and connective tissues

The first three states represent developmental events that mirror critical
developmental decisions in the embryo (the decision to become embryonic or
extraembryonic, the decision to become mesendoderm or ectoderm, and the
decision to become surface ectoderm or neuroectoderm, respectively).

SS 2013 — lecture 7 Modeling of Cell Fate Xie et al., Cell 153,
1134-1148 (2013) "



Several groups have reported genome-wide maps of chromatin and DNA
methylation in pluripotent and differentiated cell types.

From these efforts, a global picture of the architecture and regulatory dynamics is
beginning to emerge.

Active promoters contain modifications such as H3K4me3 and H3K27ac.
Active enhancers are enriched for H3K4me1 and H3K27ac.

Repressed loci exhibit enrichment for H3K27me3, H3K9me2/3, DNAme, or a
combination of the latter two modifications.

The enrichment of repressive histone modifications, such as H3K27me3, which is
initiated at CpG islands (CGl), is considered a facultative state of repression.

DNAme is generally considered a more stable form of epigenetic silencing.

SS 2013 — lecture 7 Modeling of Cell Fate Gifford et al., Cell 153,
1149-1163 (2013) 12



To dissect the early transcriptional and epigenetic events during hESC
specification, Gifford et al. used directed differentiation of hESCs to produce early
representative populations from the three germ layers, namely ectoderm,
mesoderm, and endoderm, followed by fluorescence-activated cell sorting
(FACS) to enrich for the desired differentiated populations.

These three cell types, in addition to undifferentiated hESCs (HUES64), were
then subjected to ChlP-seq for six histone marks (H3K4me1, H3K4me3,
H3K27me3, H3K27ac, H3K36me3, and H3K9me3),

Whole-genome bisulfite sequencing (to determine DNA methylation status), and
RNA sequencing (RNAseq).

We also performed ChlP-seq for the TFs OCT4, SOX2, and NANOG in the
undifferentiated hESCs, as well as ChlP bisulfite sequencing (ChIP-BS-seq) for
FOXAZ2 in the endoderm population.

SS 2013 — lecture 7 Modeling of Cell Fate Gifford et al., Cell 153,
1149-1163 (2013) 13
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HUES64 (undifferentiated)

Low (43) and high (403) magnification
overlaid immunofluorescent images of
the undifferentiated human embryonic
stem cell (hESC) line HUES64 stained
with OCT4 (POU5F1) and NANOG
antibodies.

Formation of ectoderm is induced by
inhibition of TGFb, Wingless/
integrase1 (WNT), and bone
morphogenetic protein (BMP)
signaling
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Ectoderm

A83-01, PNU 74654,
Dorsomorphin

Mesoderm

ACTIVIN A, BMP4,
FGF2, VEGF

Endoderm

Modeling of Cell Fate

ACTIVIN A, WNT3A

'Day 5

Established directed differentiation conditions were
used to generate representative populations of the
3 embryonic germ layers: hESC-derived ectoderm,
hESC-derived mesoderm, and hESC-derived
endoderm. Cells were fixed and stained after 5
days of differentiation with the indicated antibodies.
Representative overlaid images at low (103) and
high (403) magnification are shown. DNA was
stained with Hoechst 33342 in all images.

Gifford et al., Cell 153,
1149-1163 (2013) 14
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Z score log, expression values during 5 days of in vitro
differentiation. 268 out of 541 profiled genes changed by
more than 0.5.

T — [ U : mean of population;

Z-score “= T o : standard deviation of population.

Selected lineage-specific genes are shown for each category
that was identified based on hierarchical clustering.

Genes such as EOMES, T, FOXA2, and GSC are upregulated at 24 hr of
mesoderm and endoderm induction, but not ectoderm differentiation.

GSC expression decreases within 48 hr of differentiation in the mesoderm-like
population, whereas the expression level is maintained in the endoderm
population. EOMES and FOXAZ2 expression is also maintained in the
endoderm population accompanied by upregulation of GATA6, SOX17, and
HHEX.

After transient upregulation of mesendodermal markers, activation of
mesodermal markers such as GATA2, HAND2, SOX9, and TAL1 is detected
specifically in the mesoderm conditions.

None of these markers are detected during early ectoderm differentiation,
which instead upregulates neural markers such as PAX6, SOX10, and EN1

Modeling of Cell Fate Gifford et al., Cell 153,
1149-1163 (2013) 15
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POUS5SF1 (OCT4), NANOG, and, to some extent, SOX2 expression is maintained in
the endoderm population. This is consistent with prior studies indicating that OCT4
and NANOG expression is detected during the course of early endoderm
differentiation and supports NANOG's suggested role in endoderm specification.
SOX2 expression is downregulated in mesoderm and— to a lesser degree—in
endoderm but is maintained at high levels in the ectoderm population.
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Gene expression in 3 cell lineages
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profiling of FACS-isolated ectoderm (dEC), mesoderm (dME), and endoderm (dEN).
Expression levels for MYOD1 (right) are included as a negative control.

Day 5 was selected as the optimal time point to capture early regulatory events in
well-differentiated populations representing all three germ layers.
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Hierarchical clustering of global gene
expression profiles for HUES64 and
dEC, dME, and dEN shown as a
dendrogram.

Venn diagram illustrating unique and
overlapping genes with expression.
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distantly related cell type.

dEC and dME have the least transcripts in
common (n = 37), whereas dEC and dEN
have most transcripts in common (n = 171),

dEN and dEC are more similar to each
other than to dME or hESCs

Gifford et al., Cell 153,
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Alternative splicing during differentiation
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1,296 splicing events (FDR = 5%) as well as alternative promoter usage
were identified.

E.g. we detected expression of multiple isoforms of DNMT3B.

Expression of DNMT3B isoform 1 (NM_006892, green) was restricted to the
undifferentiated hESCs, whereas the differentiated cell types predominantly
express an alternative isoform, DNMT3B isoform 3 (NM_175849, purple).

Shown are relative expression of isoforms 1 and 3 as measured by RNA-seq.

Our results suggest that this switch coincides with the exit from the pluripotent
state, regardless of the specified lineage.

Gifford et al., Cell 153,
1149-1163 (2013) 19
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Analyze previously identified informative chromatin states

- H3K4me3+H3K27me3 (bivalent/poised promoter);

- H3K4me3+H3K27ac (active promoter);

- H3K4me3 (initiating promoter);

- H3K27me3+H3K4me1 (poised developmental enhancer);
- H3K4me1 (poised enhancer);

- H3K27ac+H3K4me1 (active enhancer); and

- H3K27me3 (Polycomb repressed); and

- H3K9me3 (heterochromatin).

The WGBS data was segmented into three DNAme states:

- highly methylated regions (HMRs: > 60%),

- intermediately methylated regions (IMRs: 11%— 60%), and
- unmethylated regions (UMRs: 0%—10%).

SS 2013 — lecture 7 Modeling of Cell Fate Gifford et al., Cell 153,

1149-1163 (2013)
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Eplqenetlc Data for hESC
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Data for the undifferentiated hESC line HUES64 at 3 loci: NANOG, GSC, and H19

WGBS (% methylation), ChlP-seq (read count normalized to 10 million reads), and
RNA-seq (FPKM = fragments per kilobase of exon per million fragments mapped).
CpG islands are indicated in green.

Same data was also collected for dEC, dME, and dEN cells (ca. 12 million cells each)
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The combination of H3K4me3
and H3K27me3 exhibits the
ighest CpG content.

Right; Median expression level
of epigenetic states based on
assignment of each region to the
nearest RefSeq gene. Regions
of open chromatin (active
promoter) have highest
expression.

But many (62%—67%) epigenetic
remodeling events are not
directly linked to transcriptional
changes based on the expres-
sion of the nearest gene.

Gifford et al., Cell 153,
1149-1163 (2013) 22



Regions changing their epigenetic state
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Epigenetic state map of regions enriched for one
of 4 histone modifications in at least one cell type
or classified as UMR/IMR in at least one cell type
and changing its epigenetic state upon
differentiation in at least one cell type.

Loss of H3K4 methylation (me1 and me3) is
commonly associated with a transition to high
DNAme, which is most prominent in the dEN
population and genes involved in neural
development.

We identified 4,639 proximal bivalent domains
in hESCs and observed that 3,951 (85.1%) of

these domains resolve their bivalent state in at
least one hESC-derived cell type.

Gifford et al., Cell 153,
1149-1163 (2013) 23
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H3K4me1 regions enriched for OCT4 binding

sites frequently become HMRs in all three Epigenetic dynamics are categorized into

differentiated cell types, whereas NANOG and three major classes: repression (loss of

SOX2 sites are more prone to change to an H3K4me3 or H3K4me1 and acquisition of
HMR state in dME. In general, many regions .

associated with open chromatin that are bound H3K27me3 or DNAme), maintenance of open
by NANOG are more likely to retain this state -

in dEN compared to dME and dEC. We also chromatin marks (I__|3K_4m83’ H3}_<4me1 , and
found that regions enriched for H3K27ac in H3K27ac), and activation of previously

hESCs that maintain this state in dEN or dEC

repressed states.
are likely to be bound by SOX2 and NANOG. P
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Lineage Specific Gain of DNAme - dME/JdEN
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Two regions 20 kb downstream of DBX1 are bound by all three TFs (OCT4,
SOX2 and NANOG) and gain DNAme in dME and dEN.

In contrast, this region maintains low levels of DNAme in dEC, which has
activated transcription of DBX1.

Gifford et al., Cell 153,
1149-1163 (2013) 25
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GO categories in regions gaining H3K27ac
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TF motifs enriched in regions changing to H3K27ac
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&

Color code indicates motif enrichment score .

For each region class, the 8 highest-ranking motifs are
shown.

We detected high levels of SMAD3 motif enrichment in the
repressed dME and dEN, particularly in the poised putative
enhancer populations. Similarly, we observe enrichment of
key lineage-specific TF motifs such as the ZIC family
proteins in dEC, TBX5 in dME, and SRF in dEN.

Interestingly, we also find the FOXA2 motif highly over-
represented in dEN—in which the factor is active, and also
dEC, in which the factor is inactive but becomes expressed
at a later stage of neural differentiation, but not in dME.

Modeling of Cell Fate Gifford et al., Cell 153,
1149-1163 (2013) 27
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Tissue signature enrichment levels of genes
assigned to regions specifically gaining H3K4me1.

Regions that gain H3K4me1 in dEC are associated
with fetal brain and specific cell types found within
the adult brain.

The dME H3K4me1 pattern was associated with
avrange of interrogated tissues, such as heart,
spinal cord, andvstomach, which may be due to
heterogeneity of the tissues collected.

The dEN associations were interesting given that,
as with the RNA-seq and H3K27ac trends,
H3K4me1 was again associated with brain-related
categories.

Modeling of Cell Fate Gifford et al., Cell 153,
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The hESC line H1 was differentiated to ME, TBL, NPCs, and MSCs.
ME, TBL, and NPC differentiation occurred quickly (2 days, 5 days, and 7 days,
respectively) compared to that of MSC (19-22 days).

For each cell type, DNA methylation was mapped at base resolution using MethylC-
seq (20—353 total genome coverage or 10-17.53 coverage per strand). We also
mapped the genomic locations of 13—-24 chromatin modifications by chromatin
immunoprecipitation sequencing (ChlP-seq). Additionally, we performed paired-end
(100 bp 3 2) RNA-seq experiments, generating more than 150 million uniquely
mapped reads for every cell type.
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1134-1148 (2013) 30



Epigenetic marks of H1 cells
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A snapshot of the UCSC genome browser showing the DNA methylation level
(mCG/CG), RNAseq reads (+, Watson strand; , Crick strand), and ChIP-seq
reads (RPKM) of 24 chromatin marks in H1.
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How is the genome differentially transcribed when hESCs are differentiated into
each cell type?

— Examine the expression of 19,056 RefSeq coding genes (33,797 isoforms).
76.6% (14,595) were expressed in at least one cell type.

Using an entropy-based method, we identified 2,408 genes that showed cell-
type-specific expression.

For convenience, we use “lineage-restricted genes” to reflect both H1-specific
and differentiated cell-specific genes.

As expected, known lineage markers were highly expressed in the
corresponding cell types

Xie et al., Cell 153,
1134-1148 (2013) 32
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Lineage-restricted transcripts

Lineage-restricted genes
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N— ¥ % v
(A) Heatmaps showing the expression levels of lineage-restricted coding genes

(left) and IncRNA genes (right). Genes are organized by the lineage in which
their expression is enriched.

Certain genes (such as SOX2) can be expressed in more than one cell type.

Modeling of Cell Fate Xie et al., Cell 153,
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Epigenetic landscape during early development
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Average DNA methylation level The average DNA methylation level

1 in each cell type is shown for a
I:]'H"-— fﬂ-""-'.l-"—-' _ .
D.ﬂ-_\’:\ s subset (n=70) of H1-specific HERV-
3 o6l \ 'w H elements.
Eﬁ DE / L k!
O 0.4 m=lE :
E 0.3 r%‘apf Human endogeneous retrovirus
g:fi h=70 If;*lfﬁlfm (HERV) sequences were inserted
0 — - into the human germline about 30
S

10kb  TR7 HERV-H LTR7 +10kb million years ago. They cover ca.
8% of the human genome.

HERYV sequences are usually silenced by DNA methylation.

These HERV-H elements show hypomethylation in H1 and ME but gain DNA
methylation in other H1-derived cells.

These data suggest that many noncoding RNA genes may be transcriptionally
regulated by endogenous retroviral sequences.
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Epigenetic regulation of promoters for lineage-restricted genes
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Percentages of promoters in
the high, medium, and low
CG classes for genes that are
enriched in each cell type, all
RefSeq genes, housekeeping
genes, and somatic-tissue-
specific genes.

Blue line: percentages of
promoters that contain CGls.

Genes preferentially expressed in early embryonic lineages H1, ME, and
NPC tend to be CG rich and contain CGls. The percentages of CGl-containing
promoters decreased for genes enriched in MSCs and IMR90, which are at

relatively late development stages.

By contrast, a much lower percentage of promoters (23%) contain CGls for
somatic-tissue-specific genes identified from 18 human tissues.
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Epiagenetic landscape during early development

Promoters of lineage-restricted genes
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The DNA methylation machinery has been shown to be a mechanism of gene silencing during
cell differentiation. In addition, the Polycomb protein complex, which deposits H3K27me3 at

target genes, can also repress developmental genes. We set to determine which promoters
are subject to regulation by DNA methylation, H3K27me3, or both.

A detailed analysis showed that promoters with high CG density tend to be enriched for
H3K27me3, whereas those with low CG density are preferentially marked by DNA methylation
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A Differentially regulated intergenic enhancers

Heatmaps showing the average
mH1 EME BENPC BTBL "MSC [ IMR90

K27ac  Kd4mel K27me3 K4me3 mCG/CG levels of H3K27aC, H3K4me1;
EEEEES EEEES S ENEES S EEEES S HEEE H3K4me3, H3K27me3, and DNA
High/medium  gpe— = I I =
CG (n=405) methylation around the centers of
lineage-restricted enhancers.
Low CG Histone modifications, enhancer
(n=6414)

center = 2 kb; DNA methylation,
enhancer center = 500 bp; CG

- density, enhancer center = 500

-2 0 9 04 07 1 bp
Chromatin marks (RPKM) e DNA methylation e :

—
-
=
=
_
=
-
—
=
—
==

Most enhancers are CG poor (94%) and appear to be depleted of H3K27me3.
(However, weak enrichment of H3K27me3 is observed at a subset of enhancers in MSCs and IMR90.)
These enhancers are largely active in H1, ME, NPCs, and TBL, but not in MSCs and
IMR90, as indicated by the levels of H3K27ac.
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A model for 3 classes
of promoters with
distinct sequence
features and
epigenetic regulation
mechanisms in cell
differentiation.

The majority of genes differentially expressed in early progenitors are CG rich
and appear to employ H3K27me3-mediated repression in nonexpressing cells.

Conversely, genes differentially expressed in later stages are largely CG poor
and preferentially show DNA methylation-mediated gene silencing
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