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Epigenetic mechanisms in development and disease
Abstract
This thesis presents three ongoing research projects that each attempt to understand the earliest
stages of ontogeny, the assembly of a complex multicellular organism from a single totipotent
cell, and how cellular diversity arises given that these cells must interpret an identical genetic
template. In chapter one, I focus on the global redistribution of cytosine methylation that occurs
within the implantation-stage mouse embryo to create highly divergent embryonic and
extraembryonic epigenomic landscapes. Notably, the extraembryonic landscape is characterized
by globally reduced DNA methylation levels and non-canonical targeting to promoters of
developmental genes, which are generally assumed to be regulated by the Polycomb Repressor
Complexes (PRC) 1 and 2 within embryonic lineages but are aberrantly methylated in most
cancers. By exploring the epigenetic response to certain growth factors and generating mutant
embryos, I establish that this landscape can be acquired deterministically during a brief
developmental window and appears to represent the downstream effects of a dedicated pathway,
suggesting that this pervasively observed feature in cancer may represent a misappropriated, but
developmentally-encoded, mode of genome regulation.

In chapter two, I optimize a platform

for evaluating mutant mouse embryos using single cell transcriptomics that can be used to
investigate the roles of promiscuously utilized epigenetic regulators, which have no innate
sequence specificity yet regulate a highly cell-type specific target spectrum. I then present the
application of this pipeline to investigate PRC2 as it functions in early lineage commitment.
Embryos lacking the essential component Eed fail to properly apportion the primitive streak,
leading to a general posteriorization of the mesoderm and overproduction primordial germ cell-
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like cells. Notably, these defects can be detected within progenitor states before the mutant
phenotype is morphologically apparent. Finally, chapter three represents ongoing efforts to
develop methods for recording cellular lineage agnostically and at single cell resolution using
continuous, stochastic Cas9-based genome editing in lieu of traditional methods. With this tool,
my collaborators and I hope to open up new quantitative avenues for studying the robust nature
of development, where differentiating cellular fields must be synchronously regulated at the
organismal level to effectively reproduce a complete body plan.
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Chapter 1. Epigenetic restriction of extraembryonic lineages mirrors the somatic transition
to cancer

Chapter 1:
1.0 Abstract
Concerted efforts over past decades have established a thorough understanding of the canonical
somatic DNA methylation landscape as well as its systematic misregulation across many
cancers. However, the underlying mechanisms that may direct this genome-scale transformation
remains elusive, with no clear model for its acquisition or understanding of its potential
developmental utility. Here we present base pair resolution analysis of global remethylation from
the hypomethylated state of the preimplantation embryo into the early epiblast and
extraembryonic ectoderm. We show that these two states acquire highly divergent genomic
distributions: while the epiblast establishes the canonical CpG density-dependent pattern found
in somatic cells, the extraembryonic epigenome becomes substantially more mosaic. This
alternate pattern includes specific de novo methylation of hundreds of CpG island promoter
containing genes that function in early embryonic development and are orthologously methylated
across a large number of human cancer types. Based on these data, we propose a model where
the evolutionary innovation of extraembryonic tissues in mammals required cooption of DNA
methylation-based suppression as an alternate pathway to the embryonically utilized Polycomb
group proteins, which otherwise coordinate germ layer formation in response to extraembryonic
cues at the onset of gastrulation. Moreover, we establish that this decision is made
deterministically downstream of promiscuously utilized, and frequently oncogenic, signaling
pathways via a novel combination of epigenetic cofactors. Recruitment of this silencing
mechanism to developmental genes during tumorigenesis may therefore reflect the
misappropriation of an innate regulatory pathway that may be spontaneously sampled as an
alternate epigenetic landscape within somatic cells.
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1.1 Introduction
During development, mammalian genomes transition through two distinct epigenetic states: a
preimplantation architecture of broadly distributed euchromatin and a restrictive, extensively
heterochromatic architecture that cooccurs with specification of the proximal epiblast, from
which nearly all embryonic tissues are derived1,2. Within this second, somatic regime, only
regions of high CpG density – termed CpG islands – retain constitutive euchromatic potential
across cell types, with additional changes to cell fate subsequently directed by local
reprogramming of target chromatin downstream of trans-acting factors3,4. Outside of these
limited, highly cell type-specific contexts, epigenetic features are stably inherited across cell
divisions from the time of their establishment throughout ontogeny and life. However, numerous
cancers depart from this canonical landscape, presumably from a somatic precursor, and exhibit
pervasive silencing of CpG island promoters at developmental and tumor suppressor genes by
DNA methylation, concurrently with depletion of this modification across the greater genome5.
Cancer methylated CpG islands appear to be specifically enriched at bivalently regulated gene
promoters, which are maintained in a facultative, inducible state by Polycomb Repressor
Complex 2 (PRC2)6-8. How these two discrete, opposingly regulated genomic compartments may
become simultaneously disrupted remains an open question: no obvious molecular pathway
appears to encompass both processes, nor has a suitable model been found where they occur
deterministically.
In tandem with the establishment of true embryonic tissue from the inner cell mass (ICM)
of the blastocyst, the primary extraembryonic tissues of the placenta emerge from the apical
portion of the preimplantation embryo9. At this stage in development, both trophectoderm (TE)
and ICM exhibit a seemingly indistinguishable, globally depleted DNA methylation landscape,
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although both exhibit discrete transcriptional programs10-12. However, following implantation,
the two tissues diverge considerably, with embryonic tissues forming a canonical somatic
architecture of global hypermethylation and CpG island hypomethylation. In contrast,
extraembryonic tissues exhibit an apparent, cancer-like methylome, with overall lower CpG
methylation levels but apparent heterochromatin at select CpG island promoters10,13,14. To date,
the investigation of these divergent landscapes has largely been from more differentiated tissues
and has not established whether or not they represent truly distinct modes of genomic regulation
that partition embryonic from extraembryonic tissue at their specification15-17. Moreover, the
general similarities of the placental epigenetic landscape to those of various cancers have not
been directly investigated at the genetic level, and the extent to which CpG island targets are
conserved between this natural, developmental process and tumorigenesis remains unclear18.
1.2 Characterizing divergent post-implantation methylation landscapes by Whole Genome
Bisulfite Sequencing
To assay the establishment of the postimplantation landscape within extraembryonic and
embryonic tissues, we generated Whole Genome Bisulfite Sequencing (WGBS) and RNA-seq
datasets across the later stages of murine preimplantation and of early implantation development,
including precompacted 8 cell stage embryos (E2.25), Inner Cell Mass (ICM) and
Trophectoderm (TE) of E3.5 blastocysts, and the proximal Epiblast and Extraembryonic
Ectoderm (ExE) of the E6.5 conceptus (Figures 1-1 and 1-2). We selected these samples to
include both a prespecification timepoint as well as the presumed progenitors of Epiblast and
ExE tissues, respectively, and selected the final time point such that the conceptus would still
consist of primarily undifferentiated embryonic and extraembryonic tissues.
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Holistically, our time series captures the developmental transitions into and out of the
maximally depleted DNA methylation landscape observed within the ICM and TE (Figure 1-1).
However, while ICM and TE are similarly hypomethylated, global remethylation diverges into
two unique architectures upon implantation, such that ~80% of the genome is differentially
methylated between Epiblast and ExE at E6.5 (Figure 1-1). These unusually disparate dynamics
predominantly stem from a loss of canonical bimodality within the extraembryonic lineage. The
majority of differentially methylated CpGs are moderately hypomethylated in ExE, deviating
from a default methylated state within the embryo proper to a more mosaic pattern (Figures 1-1
and 1-3). In contrast, 1.36% of CpGs are specifically methylated in ExE from what would
otherwise be an unmethylated embryonic state, increasing from a median methylation state of
0.065 in the epiblast to 0.40 in ExE (Figures 1-1 and 1-3). ExE-specific hypo or
hypermethylation segregates into two distinct genomic compartments by both CpG density and
genomic location: most hypomethylation appears to be broadly distributed across the genome,
while differential hypermethylation predominantly occurs within CpG islands located within
transcription start sites (TSSs) or 5’ exons (Figures 1-1 and 1-3). Notably, these two alternative
landscapes are largely stabilized once they are established, such that the somatic pattern is
preserved across embryonic tissues, while the developing placenta remains globally
hypomethylated, with specific targeting to otherwise constitutively unmethylated CpG island
promoters (Figure 1-1).
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Figure 1-1. Divergent DNA methylation landscapes between adjacent extraembryonic and
embryonic compartments
a. Schematic of samples collected for this study. Precompaction 8 cell stage embryos (2.25
days post fertilization; E2.25) represent the latest preimplantation stage where restriction
into extraembryonic or embryonic lineages remains incomplete. Embryo compaction sets
an inside-outside polarity that partially determines differentiation into the early
trophectoderm (TE) or Inner Cell Mass (ICM) of the E3.5 blastocyst. At this final stage
of preimplantation development, genomic cytosine methylation is maximally depleted
within both the embryo-fated ICM and placenta-fated TE. At implantation, the ICM
generates the Epiblast, which remains pluripotent and sensitive to Extraembryonic
Ectoderm (ExE) secreted factors to initiate gastrulation shortly after E6.5.
b. Distribution of CpG methylation status for 100 bp tiles for pre- and postimplantation
samples using WGBS data (See Figure 1-2). From late cleavage to the early blastocyst,
CpG methylation diminishes to its embryonic minimum (excluding germline
development) that only subtly differs between ICM and TE tissues. However, during
implantation, the hypomethylated genome reestablishes a canonical somatic pattern in the
Epiblast but remains only intermediately methylated in ExE.
c. Line plots tracking the CpG methylation status of 100 bp tiles as a function of their CpG
density. The predominant loss of DNA methylation from 8 cell to blastocyst appears to
represent a default global demethylation of low CpG density regions. At implantation, the
Epiblast reestablishes a canonical somatic architecture characterized by low methylation
at CpG-rich regions and default hypermethylation elsewhere. Alternatively, the ExE
shows more substantial methylation than Epiblast at higher CpG densities and reaches
only intermediate global methylation levels. Comparatively higher methylation at
intermediate CpG densities within ExE can be largely attributed to higher methylation
levels of some gene bodies (See Figure 1-3). Shaded area represents the 25th and 75th
percentiles.
d. CpG methylation boxplots for all covered CpGs (gray) as well as those that are
significantly hyper (red) or hypo (blue) methylated within ExE compared to Epiblast.
ExE-hypomethylated CpGs largely reflect differential remethylation compared to
Epiblast across the genome. Alternatively, ExE-hypermethylated CpGs are unmethylated
in ICM and TE and remain so in Epiblast, indicating an ExE-specific mechanism. Edges
refer to the 25th and 75th percentiles, and whiskers the 2.5th and 97.5th percentiles,
respectively.
e. Feature level enrichment for ExE-hyper and ExE-hypo methylated CpGs compared to the
genomic average. For each feature, the percent of Differentially Methylated Loci (DMLs)
that can be assigned to each class are shown. ExE-hypomethylated CpGs are
disproportionally enriched within non-genic sequences, including SINE, LTR, and LINE
retrotransposons. ExE-hypermethylated CpGs are predominantly found within CpG
islands (CGI), Transcription Start Sites (TSS) and 5’ Exons. In this figure, TSS refers to
the 1 kb upstream of an annotated TSS only, while 5’ Exon refers to first annotated exon.
Exons refer to the enrichment within all other exons.
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Figure 1-1 (continued)
f. Violin plots of 100 bp methylation data for early embryonic, placental, and adult tissues
demonstrate general epigenetic retention of either the somatic Epiblast or extraembryonic
ExE architecture throughout subsequent development. White dot highlights the global
median, while blue and red reflect the median of ExE-hypomethylated tiles and ExEhypermethylated CpG islands, respectively. Notably, extraembryonic tissues largely
preserve the hypomethylated global landscape and targeted methylation of otherwise
canonically hypomethylated CpG island promoters after they are established by E6.5. We
show tiles and islands for ExE-specific hypomethylation and hypermethylation
respectively to restrict CpGs to a notable feature where they change as a group. WGBS
data of adult tissues taken from Ref 15.

7

Figure 1-1 (continued)
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Figure 1-2. Tracking divergence in DNA methylation landscapes during mouse
implantation
a-f. Sequencing metrics and coverage information for Whole Genome Bisulfite Sequencing
(WGBS), RNA-seq, and ATAC-seq data including hierarchical clustering and Pearson
correlation for CpGs, genes, and gene promoters, respectively. WGBS data also includes
Euclidean distance, which can be beneficial for examining sample similarity in globally
hypomethylated samples, as well as similarity scores for 100 bp tiles, which locally
merge the intrinsically higher variance of intermediately methylated CpGs to reduce
noise. For RNA-seq and ATAC-seq data, biological replicates cluster together, as do 8
cell and post-implantation WGBS data, while tissues of the E3.5 blastocyst cluster
together but not as discrete ICM and TE compartments. In general, there is minimal
variation between the methylation status of the ICM and TE, with only slight global
deviations around the minimal global value that is reached during this developmental
period.
g. Isolation of the Epiblast and Extraembryonic Ectoderm (ExE) from the E6.5 postimplantation embryo. The conceptus is first removed from maternal decidual tissue and
portioned into Epiblast and ExE fractions, taking care to remove the apical Ectoplacental
Cone (EPC). Then, outer visceral endoderm and trophoblast cells are enzymatically
digested and mechanically removed using a thin glass capillary.
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Figure 1-2 (continued)
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Figure 1-3. Unique features of the extraembryonic methylation landscape
a. Distribution of significantly hypermethylated and hypomethylated CpGs between ExE
and Epiblast (ExE hyper and ExE hypo, respectively). Hypomethylation appears to be a
global feature of the ExE and deviates from a default hypermethylated state in the
Epiblast. Alternatively, increased DNA methylation appears to be directed focally and de
novo at regions that are hypomethylated within the Epiblast and subsequent embryonic
and adult somatic tissues.
b. Alternate CpG density distributions for ExE hypomethylated and hypermethylated CpGs
indicate differential enrichment within distinct genomic features. While ExE
hypomethylated CpGs resemble the global average, hypermethylated CpGs occur within
higher CpG densities.
c. The fraction dynamically methylated CpGs that fall within annotated exons as a function
of distance to their assigned transcription start site (TSS). 44% of exonal ExE
hypermethylated CpGs fall within 2 kb of their associated TSS.
d. The fraction of dynamically methylated CpGs that fall within annotated CpG islands
based upon their proximity to the nearest TSS. ExE-hypermethylated CpG island CpGs
are generally TSS proximal and skew downstream of the TSS, with 43% falling within +
or – 2 kb.
e. DNA methylation distribution for different genomic features including those associated
with genic (TSS, Exon, Intron and CpG island) and repetitive (LINE, SINE, and LTR)
sequences. For reference, black bar and arrows highlight the global median and 25th/75th
percentiles. Globally, all features exhibit the expected passage through minimal DNA
methylation values within the ICM and TE of the E3.5 blastocyst prior to remethylation
at implantation. Compared to its global distribution, ExE exhibits higher levels of de
novo methylation within Exons and Introns, and lower than global levels within regions
of LINE and LTR retrotransposon origin. The Epiblast exhibits nearly complete hyper or
hypomethylation depending on the genomic feature, and is bimodal at TSSs, which
frequently contain CpG islands. N’s refer to the number of annotated features of a given
type.
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Figure 1-3 (continued)
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1.3 Extraembryonically methylated CpG islands are enriched at early developmental gene
promoters
Nearly 60% of murine coding genes are regulated by CpG island promoters, which are often
either maintained in a Histone-3 lysine 4 trimethylated (H3K4me3), transcriptionally permissive
state or a “poised” H3K4/H3K27 dually-methylated state3. This facultative bivalent architecture
is established by Polycomb Repressive Complex 2 (PRC2) during the transition from naïve,
ICM-like pluripotency to the lineage-primed epiblast in vitro, an event that cooccurs with
genomic remethylation19,20. Intriguingly, ExE-methylated CpG islands are highly enriched for
PRC2 targets and include an extensive set of transcription factors that are sensitive to
developmental growth factors and involved in germ layer and body axis formation (Figure 1-4).
ExE-hypermethylated CpG island (ExE Hyper CGI) promoters include members of all four Hox
clusters as well as primary ectodermal (Pax6, Dbx2 and Otx2), endodermal (Foxa2, Sox17,
Hnf1b) and neural crest (Pax3, Gsc, Foxd3) specifiers, as well as the tumor suppressor Ink4a
(Figure 1-5). The DNA methylation architecture around the promoters of targeted genes appears
to be largely dispersive, with flanking regions less methylated in ExE than Epiblast, but a
maximal increase specifically at the TSS (Figure 1-4). Moreover, while the de novo methylation
at ExE Hyper CGIs is only ~0.25, methylated CpGs are distributed across 80% of unique
sequencing reads that fall within them, compared to only 24% in epiblast, with a median per read
methylation status of 0.25 (Figure 1-4). The consistency between per read and aggregate
methylation measurements can only be explained by homogenous recruitment of de novo
methylation machinery to target loci across the majority of cells within the population, followed
by stochastic methylation of CpGs at a specific allele, similar to what has been described for
Chronic Lymphocytic Leukemia and numerous cancer cell lines21,22.
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As many of these genes are actively utilized to establish the primary germ layers during
gastrulation, we hypothesized that their selective methylation within the extraembryonic lineage
may act as an alternative suppressor to preclude spontaneous sensing of embryo-specifying,
ExE-secreted growth factors9. In general, while unmethylated promoter regions exhibit an
equivalent relationship to gene expression in both ExE and Epiblast, the association between low
to intermediate promoter methylation and repression is clearly distinct, with a particular
sensitivity to even low methylation levels (≥0.1) in ExE (Figure 1-4). To determine if de novo
methylation affects the chromatin status of ExE Hyper CGI associated promoters within
Blastocysts as well as the Epiblast and ExE fractions of the E6.5 conceptus, we used the assay
for transposon-accessible chromatin (ATAC-seq, Ref 23). As expected, we observe minimal
open chromatin over developmental gene promoters within the Blastocyst, but substantial
differential enrichment between Epiblast and ExE, indicating selective disassembly of poised or
open chromatin within this compartment (Figure 1-4). In many cases, differential methylation of
these promoters is associated with tissue-specific expression (Figure 1-4), though many
additional transcriptional regulators with downstream developmental functions, such as all four
Hox clusters, are also targeted (Figures 1-4, 1-5, and 1-6). As another example, definitive
endoderm and extraembryonic tissues share notable master regulators, such as Eomes and Cdx2
(Refs 24-26), but can be distinguished by the expression of additional factors, including Sox17
and FoxA2 (Ref 27). Notably, Cdx2 and Eomes are induced and their promoters remain
unmethylated in ExE, while these additional embryo-specific factors are both suppressed and de
novo methylated (Figure 1-7).
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Figure 1-4. Extraembryonic DNA methylation is targeted to early developmental gene
promoters as an alternate mode of promoter silencing
a. Select gene set enrichment analysis of ExE-hypermethylated transcription start sites
including Gene Ontology, Canonical Pathways, and Genetic and Chemical Perturbations.
ExE-hypermethylated promoters are highly enriched for transcription factors and
signaling pathways involved in patterning the early embryo. Moreover, these CpG island
regulated genes are canonical targets of PRC2, which coordinates selective expression of
key developmental regulators during gastrulation.
b. Median methylation architecture surrounding ExE-hypermethylated transcription start
sites (TSS) within embryonic and extraembryonic tissues, as well as of the relative
difference (Δ methylation). Prior to implantation, the ICM and TE are indistinguishably
unmethylated around these promoters. However, at implantation, the Epiblast remains
hypomethylated around the TSS and hypermethylated in the surrounding area.
Alternatively, the ExE exhibits intermediate methylation across the TSS, such that it is
hypomethylated in the periphery and methylated in the center. Shaded area represents the
25th and 75th percentiles per 100 bp bin.
c. Read level methylation of ExE hypermethylated CpG Islands (ExE Hyper CGIs) in ExE
and Epiblast. The methylation status for every sequencing read within a given CGI was
ranked and binned into percentiles. Plotted are the median and 25th/75th percentile for
these ranks across ExE Hyper CGIs for both ExE and Epiblast. In general, ~80% of
reads falling within these regions are methylated in ExE, with a median methylation
value of 0.25, very close to the average value for the CpG island entirely, indicating that
de novo methylation occurs within a high fraction of cells within the ExE and to a similar
extent.
d. Line plot for Log2 Transcripts Per Million (TPM) as a function of promoter methylation
reveals a higher sensitivity to low methylation levels in ExE in comparison to Epiblast.
Promoters are binned by methylation levels of 0.1. The difference between ExE and
Epiblast in the fraction of promoters that fall within each methylation bin is plotted below
as a heatmap and highlights a higher enrichment for intermediate promoter methylation in
ExE and for high promoter methylation in Epiblast. The fraction of unmethylated
promoters is very similar between each tissue and exhibit comparable median and
25th/75th percentile Log2 TPM values. Promoters are calculated as + or – 1 kb of an
annotated TSS.
e. Median open chromatin signal as measured by ATAC-seq for ExE Hyper CGI-associated
TSSs in the transition from pre- to postimplantation. ExE Hyper CGI-associated genes
are heavily enriched for roles in patterning the embryo proper and are primarily not
expressed until the onset of gastrulation. In the transition from Blastocyst to Epiblast,
these promoters gain open chromatin signal, suggesting transcriptional priming or
activation, which is not observed within the ExE, where they are de novo methylated.
Shaded area reflects the 25th and 75th percentile per fixed 100 bp bin.
f. Log2 fold change in expression for genes regulated by ExE Hyper CGI-containing
promoters demonstrate collective suppression within this tissue. “Hypo CGIs” refers to
ExE-hypomethylated, CpG-island promoter containing genes, which show only slight
upregulation within ExE.
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Figure 1-4 (continued)
g. Genome browser tracks for WGBS, ATAC-seq and RNA-seq data capturing three
emblematic loci for the pervasive suppression of embryonic lineage regulators through
selective DNA methylation in ExE, including the neural-lineage specifier Otx2, the
endodermal factor Gata4, and the HoxC cluster, which patterns the anterior-posterior axis
following gastrulation and is not yet expressed. For Otx2 and Gata4, ExE-specific
methylation of CpG island promoters corresponds with epiblast-specific expression, and
loss of open chromatin signal in the ExE for all three loci. Log2 normalized TPM is
shown for Otx2 and Gata4. No genes within the HoxC cluster exhibit substantial
transcription over this developmental window. CpG islands are highlighted in green, and
the positions of included TSSs are highlighted in red.
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Figure 1-4 (continued)
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Figure 1-5. Transcriptional differences between Epiblast and ExE are directed in part
through DNA methylation
a. DNA methylation and open chromatin dynamics for the tumor suppressors p16Ink4a,
p19Arf, and p15Ink4b. While these loci are either basally or non-transcribed during early
development, three regions are dynamically methylated in ExE (highlighted in gray),
including a >10 kb region that encompasses the entirety of the p16Ink4a locus and is either
wholly unmethylated in Epiblast or extensively methylated in ExE. CpG islands are
highlighted in green, and the positions of included TSSs are highlighted in red.
b. Scatterplot of Log2 expression dynamics versus differential CGI methylation between
Epiblast and ExE. While most dynamically methylated CGI-promoter containing genes
have functions in later embryonic development and are not yet highly expressed, de novo
methylation in ExE is generally associated with transcriptional repression. ExE
hypermethylated CpG Islands (ExE hyper CGI) are highlighted in pink. Promoter CGIs
are assigned to the most proximal gene within a + or – 2 kb boundary.
c. Expression and differential promoter methylation of key epigenetic regulators over early
embryonic and extraembryonic development. Most epigenetic regulators exhibit minimal
expression differences between Epiblast and ExE, with the Dnmts being notable
exceptions. Key isoforms of Dnmt3a and Dnmt3b are upregulated in Epiblast in
conjunction with global remethylation, while the suppression of Dnmt3a in ExE
corresponds with de novo promoter methylation. Alternatively, the maintenance
methyltransferase Dnmt1 and the non-catalytic cofactor Dnmt3l are induced within the
blastocyst and maintained at higher levels in ExE, with reciprocal methylation of the
Dnmt3l promoter in Epiblast. The histone 3 lysine 36 demethylase Kdm2b displays
differential expression of catalytically active and inactive isoforms within Epiblast and
ExE, respectively, with isoform switching seemingly imposed by de novo methylation
around the somatically utilized CpG island promoter. The difference in promoter
methylation refers to the annotated TSS that exhibits the greatest absolute difference
between ExE and Epiblast. TPM: Transcripts Per Million.
d. Expression and developmental regulation of key transcriptional regulators as in c. The
ExE is characterized by persistent expression of the master regulators Cdx2, Eomes, and
Elf5 (Refs 24-26,28), while the still pluripotent epiblast remains Pou5f1 (Oct4) positive.
Many additional regulators of subsequent developmental stages are basally expressed
within the Epiblast and their promoters de novo methylated in ExE.
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Figure 1-5 (continued)
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Figure 1-6. Transcriptome-wide confirmation of DNA methylation based repression of
embryonic polycomb targets during early extraembryonic development

a. Unsupervised hierarchical clustering of 11,780 genes over late preimplantation and early
post-implantation development, partitioned into 20 distinct dynamics (“clusters”).
Cluster 10 includes genes that are specifically induced within the Epiblast but not the
ExE. Heatmap intensity reflects the row-normalized Z score.
b. Significant Gene Ontology enrichment for the 20 gene expression dynamics characterized
in e, including for those regulated by ExE-methylated CpG island promoters, as
calculated using the binomial test. Cluster 10 is enriched for both developmental
functions and ExE promoter methylation.
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Figure 1-7. Unique bifurcation and epigenetic reinforcement of transcriptional regulators
during postimplantation development
Genome browser tracks for whole genome bisulfite sequencing (WGBS), ATAC-seq and RNAseq data for transcriptional regulators associated with embryonic or extraembryonic
development. CpG islands are highlighted in green, and the positions of included TSSs are
highlighted in red.
Embryonic regulators include Pou5f1, Nanog, and Pdrm14, which are progressively expressed
over preimplantation and for which Pou5f1 and Nanog remain expressed in the Epiblast. For
these genes, repression in ExE is accompanied by differential methylation of their TSSs, which is
strikingly apparent as a local hypermethylation “peak” at the Pou5f1 locus within an ~5kb region
that is otherwise hypomethylated in Epiblast. At the Nanog locus, an upstream region remains
hypomethylated in both tissues. Finally, de novo methylation of the Prdm14 promoter is
representative of the unique de novo methylation at CpG islands that is observed within the ExE
and includes numerous other developmental gene promoters with functions in later development.
Extraembryonic development is in part directed by the master regulator Elf5, which is not
induced until implantation and is reciprocally methylated at its TSS in Epiblast. Intriguingly,
many transcriptional regulators associated with pluripotency and germline development persist
within the ExE, including Zfp42 and the paralogs Dppa2 and Dppa4. As with Elf5, the
promoters for these genes are differentially methylated in Epiblast and frequently characterized
by broad kilobase-scale hypomethylation surrounding their TSS in ExE.
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Figure 1-7 (continued)
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1.4 Modulating targeted de novo methylation with external conditions
In general, suppression largely overlaps with downstream effectors of the WNT pathway, which
is induced in the apical epiblast in response to ExE secreted BMP4 and essential for primitive
streak formation (Figure 1-8a). However, ExE highly expresses additional Wnt growth factors,
such as Wnt6 and Wnt7b, and displays notable asymmetries to the epiblast in the expression of
specific Fibroblast Growth Factors (FGFs) and their receptors (Figure 1-8b). Reciprocal
expression of numerous FGFs within the epiblast and of receptors within the extraembryonic
compartment is specified late during preimplantation and appears to be epigenetically
constrained by targeted de novo methylation upon implantation: promoter proximal CpG islands
for the embryonically-expressed Fgf4, 5, 8, and 15 are methylated and repressed in ExE whereas
the promoters of receptors such as Fgfr2, Fgfr4, as well as the potentiating protein Fgfbp1,
maintain extended regions of ExE-specific hypomethylation (Figures 1-8b and 1-9). Within the
early embryo, the decision to proceed into either an extraembryonic or an embryonic methylation
landscape appears to proceed deterministically from an equivalently hypomethylated state and to
depend on two major signaling pathways, WNT and FGF, that are promiscuously utilized in
many downstream developmental processes and are frequently misregulated in cancers29-31.
To investigate this hypothesis systematically, we tracked the DNA methylation dynamics
of immunosurgically isolated ICM explants cultured in the presence or absence of these factors10.
We selected the ICM as a model for global genome remethylation because it is indistinguishably
hypomethylated in comparison to the TE and can be cultured independently of FGF signaling,
whereas extraembryonic development is rapidly attenuated32. ICMs were cultured in four
conditions using combinations of the growth factor FGF4, the Mitogen-Activated Protein Kinase
Kinase (MAPKK or MEK) inhibitor PD0325901 (PD) 32,33, and the GSK3β inhibitor
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CHIR99021 (CHIR), which acts as a WNT agonist. Outgrowths were subsequently isolated and
analyzed for expression and DNA methylation by a combined RNA-seq and Reduced
Representation Bisulfite Sequencing (RRBS) approach (Figure 1-10). In combination, PD and
CHIR comprise the “2i” condition, an FGF-impeded, WNT-activated state that maintains
preimplantation-like DNA methylation levels (Figure 1-11a)34,35. We find that this condition
exhibits both global and CpG island hypomethylation, as previously described, while culturing in
FGF4 drives both global and CGI hypermethylation (Figure 1-11b). Outgrowths cultured in
FGF4 and CHIR (FGF+WNT) diverged into two separate tissues that could be morphologically
distinguished and independently isolated: an internal core (inside) and an external rind (outside).
Surprisingly, while both compartments display similar global hypomethylation, the transition
from inside to outside includes the specific de novo methylation of many developmental CGIs,
as well as a similar bifurcation in growth factor and receptor expression as observed in epiblast
and ExE: Fgf4 is highly expressed within the interior and repressed in the exterior (32.0 to 3.6
Transcripts Per Million, TPM), while Fgfr2 is induced (2.3 to 12.7 TPM). Seemingly, the
presence of FGF4 is sufficient to drive global genome remethylation from the hypomethylated
ICM, including at numerous promoter proximal CpG islands, but the presence of an additional
WNT input augments this signal to direct a more extraembryonic-like global hypomethylation
that includes de novo methylation of more ExE targets (Figures 1-11c and 1-11d).
FGF appears to induce both global and CpG island methylation, the specificity of which
can be redirected by additional growth factor inputs, such as WNT, which also maintains a
globally hypomethylated, extraembryonic-like landscape. In keeping with this modular
recruitment model, CpG island promoters that are shared between ExE, WNT+FGF, and FGF
include early embryonic factors such as Prdm14 and Lefty2, which are expressed in 2i and either
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the ICM or epiblast, respectively (Figure 1-11e). Alternatively, CpG islands that are targeted in
ExE and WNT+FGF but remain unmethylated in FGF include a host of later, predominantly
neuroectodermal regulators, such as Otx2 and Pax6. Finally, exclusively ExE methylated CGIs
are located within the promoters of developmental genes that are lowly expressed in 2i and
become highly induced in the transition from WNT+FGF inside to outside, specifically those
associated with extraembryonic and embryonic endoderm development, such as Foxa2, Hnf1b,
Gata4, and Sox17 (Figure 1-11e). Thus, global hypomethylation and DNA methylation-based
repression of developmental regulators can be directed in vitro by WNT and FGF in a manner
that implicates FGF signaling as the primary driver of de novo CpG island methylation, though
not necessarily of primary repression. Moreover, the specificity of CpG island targets can
modulated to include both neuroectodermal and endodermal transcriptional programs in ExE or
to neuroectodermal programs only in WNT+FGF, suggesting a progressive restriction of this
alternative silencing pathway over early embryonic development.
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Figure 1-8. Dynamic regulation of major signaling axes in the establishment of early
embryonic and extraembryonic lineages
a. Schematic image overlay for the partitioning of signaling pathway components between
Epiblast (blue) and ExE (red) that interact through extensive positive feedback to support
their respective development and induce the primitive streak9. Fibroblast Growth Factors
(FGFs) expressed by the Epiblast promote ExE development, which expresses Bone
Morphogenic Protein 4 (BMP4) to induce the expression of Wingless (WNT) proteins
that together promote induction of the primitive streak. Simultaneously, ExE-sensing of
Epiblast secreted pro-Nodal promotes BMP4 expression and the secretion of processing
enzymes, which establish an essential gradient along the proximal-distal axis.
b. Expression and differential promoter methylation of key signaling components over early
embryonic and extraembryonic development, including those that are dynamically
regulated. Many FGFs and their associated receptors exhibit reciprocal expression and
promoter methylation between Epiblast and ExE. Alternatively, while Wnt3 is
exclusively expressed in the Epiblast, and suppressed by promoter methylation in ExE,
additional Wnt factors, such as Wnt6 and 7b, are highly induced in this tissue. Nodal
expression is also specific to the Epiblast and, along with additional factors such as
Goosecoid (Gsc) and Sonic Hedgehog (Shh) that have downstream developmental
functions, exhibits ExE-specific promoter methylation. The difference in promoter
methylation refers to the annotated TSS that exhibits the greatest absolute difference
between ExE and Epiblast. TSS methylation is calculated within a + or – 1 kb interval.
c. Genome browser tracks for WGBS, RNA-seq and ATAC-seq data covering the Fgf4 and
Fgfr2 loci over late preimplantation and early postimplantation development. Bifurcation
of Fgf4 and Fgfr2 expression between embryonic and extraembryonic tissues is already
apparent within the Inner Cell Mass (ICM) and Trophectoderm (TE) but is epigenetically
reinforced by DNA methylation upon implantation. Fgfr2 contains an expanded
hypomethylated promoter-associated domain in ExE, as well as two upstream lowly
methylated regions that resemble distal enhancer signatures. CpG islands are highlighted
in green, and the positions of included TSSs are highlighted in red. TPM: Transcripts per
Million.
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Figure 1-8 (continued)
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Figure 1-9. Epigenetic restriction of Fgf production and sensing to embryonic or
extraembryonic compartments
Genome browser tracks for whole genome bisulfite sequencing (WGBS), ATAC-seq and RNAseq data for Fgf growth factors, receptors, and potentiators that are dynamically regulated during
early post-implantation development. Fgf4 and Fgfr2 tracks from Figure 1-8 are included to
highlight the general trend.
Fgf’s such as the ICM-specific Fgf4 and Epiblast-specific Fgf5 and Fgf8 are all regulated by
CpG island containing promoters that are de novo methylated in ExE. Alternatively, Fgf sensing
genes such as Fgfr2, Fgfr4 and the potentiating protein Fgfbp1 become specific to the ExE and
are characterized by broad kilobase-scale hypomethylated domains surrounding their respective
TSSs in this tissue. CpG islands are highlighted in green, and the positions of included TSSs are
highlighted in red.
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Figure 1-9 (continued)
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Figure 1-10. Generation of dual expression and methylation libraries from outgrowth and
embryonic knockout data
a and b. Sequencing metrics and coverage information for dual RRBS and RNA-seq
libraries generated for the evaluation of ICM outgrowths and CRISPR/Cas9 disrupted
E6.5 embryos, including similarity metrics between replicates (Euclidean distance and
Pearson Correlation for RRBS and Pearson correlation for RNA-seq). Mean and median
methylation of 100 bp tiles is also included for the RRBS samples.
c. CRISPR/Cas9 disrupted embryos were generated by zygotic injection of three single
guide RNA (gRNA) sequences specific to early exons that are shared across different
isoforms. The genomic coordinates and protospacer sequences are provided (see
Methods).
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Figure 1-10 (continued)
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Figure 1-11. De novo methylation of early developmental gene promoters can be modulated
by external conditions
a. Bright field images of ICM outgrowths after 2 or 4 days under disparate growth factor or
small molecule conditions. All ICM were cultured on irradiated feeders in a basal
N2/B27 media supplemented with Leukemia Inhibitory Factor (LIF). 2i refers to the
canonical FGF-inhibited, WNT-active condition supplemented with the MEK inhibitor
PD0325901 and the GSK3β inhibitor CHIR99021, which functions as a WNT agonist.
PD refers to culture with PD0325901 alone and represents repressed FGF signaling in the
absence of an additional WNT input. FGF4/CHIR represents dual FGF and WNT
activity by culture in recombinant FGF4 and CHIR99021 and includes notable interior
and exterior tissue structures that were independently isolated and profiled. Finally, ICM
were cultured in FGF4 alone. Outlines highlight the specific components of each
outgrowth that were subsequently purified for analysis by dual RRBS and RNA-seq
profiling (see Methods). Scale bar shown on the bottom right.
b. Methylation boxplots for the conditions highlighted in b as measured by RRBS,
including all captured 100 bp tiles and for ExE-targeted CGIs (ExE Hyper CGIs). The 2i
and PD conditions preserve global and CpG island level hypomethylation, while the
FGF/CHIR condition shows specific methylation of ExE Hyper CGIs from inside to
outside (median increase from 0.06 to 0.19, while 100 bp tiles decrease overall by 0.06).
FGF4 is a strong driver of global genome remethylation that includes a subset of ExE
Hyper CGIs. Notably, the bifurcation in CGI methylation corresponds to the expression
of Fgfr2 and repression of Fgf4, as is observed in vivo. PD and FGF/CHIR conditions are
also uniquely positive for Dnmt3b and 3l expression, but ExE Hyper CGI methylation is
not observed with PD present (Log2 TPM = 4.89 and 5.97 for Dnmt3b and Dnmt3l in
FGF/CHIR outside, and 5.95 and 5.40 for PD). Edges refer to the 25th and 75th
percentiles, whiskers the 2.5th and 97.5th percentiles, respectively.
c. The ExE, FGF/CHIR exterior outgrowth, and FGF outgrowth all display substantial CGI
methylation compared to the Epiblast. Shown is the intersection of methylated CGIs with
≥0.1 increase in CGI methylation in comparison to Epiblast for these three conditions
(n=1,421). The FGF input alone has the highest number of methylated CGIs, but fewer
intersect with ExE than is observed with the addition of CHIR.
d. Clustering of differentially methylated CGIs by their deviation from Epiblast, with
methylation status in ExE and association with a PRC2 regulated gene as defined in Ref
36 included on the right. 31% of ExE methylated CGI’s overlap with both conditions,
while 57% overlap with the exterior of the FGF/CHIR outgrowth.
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Figure 1-11 (continued)
e. Differential methylation of CGIs in vitro differs from ExE according to developmental
trajectory. Shown are specific TSS-associated CGIs that are either methylated in ExE and
both conditions, ExE and FGF/CHIR, or ExE-only and the corresponding Log2 fold
change in gene expression, compared to Epiblast or the median across outgrowth
conditions, respectively. Shared targets include early developmental genes such as Mael,
Lefty2, and Prdm14 that are repressed in each case, though highly expressed in the
FGF/CHIR interior. FGF differs from the ExE and FGF/CHIR conditions in the
methylation of CGI’s associated with either the epiblast or neuroectoderm, including
genes that are expressed in the FGF condition, such as Otx2, Igfbp2, Crabp1, and Sfrp2.
Finally, ExE and FGF/CHIR diverge in the methylation of endodermal gene promoters,
such as Foxa2, Hnf1b, Gata4, and Sox17, which are highly expressed in the transition
from FGF/CHIR inside to outside.
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Figure 1-11 (continued)
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1.5 The extraembryonic methylation landscape is directed by a novel configuration of
epigenetic regulators
With an improved understanding of the signaling pathways that determine embryonic versus
extraembryonic landscapes, we sought to investigate the configuration of epigenetic regulators
that carry out this transition. As with the bifurcation in FGF growth factor and receptor
expression, we observe asymmetric induction of Dnmt3l, which remains present in ExE, and of
Dnmt3a isoform 2 (Dnmt3a2), which is highly induced in the Epiblast and repressed via de novo
methylation in ExE (Figures 1-12 and 1-13). Alternatively, Dnmt1 and Dnmt3b are expressed in
both tissues. Notably, Dnmt1 is moderately upregulated in ExE and an upstream TSS that
encodes an oocyte-specific isoform is preserved in an unmethylated state (Figure 1-12a).
Similarly, ExE maintains expression of a truncated isoform of the H3K36 demethylase Kdm2b
that is present during preimplantation development; this isoform retains its CpG islandinteracting CxxC domain but that lacks its critical Jumonji (JMJ) demethylase domain37 (Figure
1-13). Otherwise, epigenetic regulator expression is relatively stable between the two tissues at
this time, indicating that a difference in how they are integrated could explain the assembly of
such profoundly different landscapes.
To investigate this hypothesis, we acutely disrupted the Dnmt1, 3a, 3b, and 3l, the
essential PRC2 component Eed, and the Kdm2b locus by CRISPR/Cas9 injection into zygotes,
followed by uterine transfer into pseudopregnant females at E3.5 and collection of E6.5 stage
embryos (See Figure 1-10 in Chapter 1.4). In each case, ≥ 3 replicates of purified Epiblast and
ExE samples were isolated as pools of ≥4 embryos and submitted to dual RRBS and RNA-seq
methylation profiling. Our objective was to compare the capacity of these enzymes to direct the
global disparity between extraembryonic and embryonic methylation landscapes as well as the

35

specific targeting to embryonically bivalent CGI-containing promoters. By E6.5, some evidence
of the protective capacity of Kdm2b to preserve hypomethylation at these islands in Epiblast is
apparent, though the effect is subtle (Figure 1-14a). More dramatically, we find that, in
descending order of influence, Dnmt1, 3b and 3l ablation substantially disrupts the ExE
methylome both globally and at CGIs (Figures 1-14a, 1-14b, and 1-15). The global loss of
methylation observed in ExE is greater for Dnmt3b and 3l than in Epiblast, indicating unique
modes of de novo methylation between the Dnmt3b and 3l positive ExE and the Dnmt3a and 3b
positive Epiblast. Similarly, the near complete loss of methylation in Dnmt1-null ExE compared
to matched Epiblast indicates diminished de novo activity and a higher reliance on DNMT1’s
maintenance function in this tissue despite the prolonged expression of the non-catalytic cofactor
Dnmt3l (Figures 1-14a and 1-14b).
We confirm from these data that DNMT3B is the primary enzyme responsible for de
novo methylation of developmental CGI-containing promoters, which is assisted by DNMT3L
and stabilized by DNMT1. However, in these cases, the methylation of ExE Hyper CGIs is
similar to the surrounding regions, and no appreciable change in expression for the genes
associated with these targets is observed (Z-score = 0.87, -3.3, 1.6 for Dnmt1, 3b, and 3l,
respectively, Rank Sum Test, FDR = 1) which suggests coordination of this mechanism by an
upstream repressor. Surprisingly, disruption of Eed demonstrates a notable loss of methylation at
the majority of ExE Hyper CGIs without altering peripheral or global methylation levels within
the ExE (Figures 1-14c, 1-14d, and 1-15). Moreover, unlike for Dnmt1, Dnmt3b, or Dnmt3l
disruption, Eed-null ExE demonstrates a loss of repression for these targets comparable to that
which is observed in matched Epiblast (Z-score = 6.77 and 6.31 for ExE and Epiblast,
respectively, Rank Sum Test, FDR < 0.001). Taken together, our CRISPR/Cas9 screen of
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epigenetic regulators reveals a mechanism where EED, and presumably PRC2, coordinates de
novo DNA methylation of developmental CGI’s upstream of DNMT3B as part of a novel
developmental pathway.
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Figure 1-12. Dynamic expression and epigenetic regulation of the DNMTs during early
implantation
Genome browser tracks for whole genome bisulfite sequencing (WGBS), ATAC-seq and RNAseq data for the Dnmt1, Dnmt3a, and Dnmt3b loci, as well as corresponding RNA-seq data (in
Log2 Transcripts Per Million, TPM, to highlight the expression of selected isoforms). CpG
islands are highlighted in green, and the positions of included TSSs are highlighted in red.
a. Dnmt1 is not appreciably expressed in early cleavage, in part due to a transient maternal
imprint over the somatically-utilized TSS (Dnmt1s)20,38, but shows moderate induction
within the ICM. Then, at implantation, it is induced within both the Epiblast and ExE.
Dnmt1 is expressed at higher levels within the ExE and displays persistent focal
hypomethylation around the maternal-specific TSS (Dnmt1o) that is not observed in the
Epiblast, which resolves an area of preimplantation-specific hypomethylation to the
hypermethylated genomic average.
b. The short Dnmt3a2 isoform is induced to high levels during implantation and is also
expressed within embryonic stem cells (ESCs). Alternatively, the CpG island-containing
promoter of Dnmt3a2 is methylated in ExE and its transcription is suppressed.
c. Like Dnmt1, the Dnmt3b promoter contains a CpG island that is maternally imprinted
during preimplantation20,38. Induction is apparent within the blastocyst, but becomes
asymmetrically abundant within the epiblast following implantation and a
hypomethylated region upstream of the TSS is de novo methylated in ExE.
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Figure 1-12 (continued)
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Figure 1-13. Persistent expression of key epigenetic cofactors within extraembryonic tissues
Genome browser tracks for whole genome bisulfite sequencing (WGBS), ATAC-seq and RNAseq data for the Dnmt3l, and Kdm2b loci, as well as corresponding RNA-seq data for highlighted
isoforms (in Log2 Transcripts Per Million, TPM). CpG islands are highlighted in green, and the
positions of included TSSs are highlighted in red.
a. Dnmt3l is a non-catalytic cofactor that enhances the de novo activity of Dnmt3a and b,
with specific functions in the early embryo and germline39. During implantation, Dnmt3l
is initially expressed in both ICM and TE, but it remains expressed in ExE and is silenced
by de novo methylation in the Epiblast.
b. The Histone-3 lysine 36 (H3K36) demethylase Kdm2b has specific roles in establishing
the boundary between promoters and actively transcribed gene bodies, as well as in PRC2
recruitment and the establishment of facultative heterochromatin40-43. A catalyticallyinactive isoform, Kdm2b2, initiates from an alternate TSS downstream of exons encoding
the demethylating Jumonji (JMJ) domain of the catalytically active Kdm2b1 (Ref 37).
Kdm2b2 is the most prevalent isoform during preimplantation development and remains
expressed in the ExE. Alternatively, Kdm2b1 is only induced during implantation within
the Epiblast, while its CpG-island containing promoter gains methylation in ExE. Like
Dnmt1s and Dnmt3b, the CpG island promoter of Kdm2b1 is a maternally-methylated
imprint that resolves to hypomethylation during implantation20,38.
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Figure 1-13 (continued)
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Figure 1-14. A novel configuration of epigenetic regulators contributes to the
extraembryonic methylation landscape
a. Boxplots for matched E6.5 Epiblast tissue for wild type and CRISPR/Cas9 disrupted
samples, including for 100 bp tiles and ExE-hypermethylated CpG islands (ExE Hyper
CGIs), as measured by RRBS. Global methylation levels are most affected by disruption
of Dnmt1 and Dnmt3b. Alternatively, disruption of Kdm2b results in encroaching
methylation at ExE Hyper CGIs, though this affect is limited by E6.5. Edges refer to the
25th and 75th percentiles, whiskers the 2.5th and 97.5th percentiles, respectively.
b. Boxplots for matched ExE tissue for wild type and CRISPR/Cas9 disrupted samples,
including for 100 bp tiles and ExE Hyper CGIs, as measured by RRBS. The global ExE
methylome is highly dependent on DNMT3B, in cooperation with DNMT3L, and
exhibits diminished de novo activity overall as indicated by the near complete loss of
global methylation when Dnmt1 is targeted. In these three cases, loss of methylation at
ExE Hyper CGIs is comparable to the global loss, indicating that, while DNMT3B is
responsible for de novo methylation at these sites, it is not specific to them.
Alternatively, disruption of Eed does not affect the global methylation landscape but does
lead to a loss of CGI methylation. Edges refer to the 25th and 75th percentiles, whiskers
the 2.5th and 97.5th percentiles, respectively.
c. Heatmap of the difference in CGI methylation between CRISPR/Cas9 targeted Epiblast
or ExE compared to their respective wild type tissues. Any CGI that is differentially
methylated from wild type epiblast by ≥0.1 in any sample are included and row clustered
by Euclidean distance. ExE methylation status is highlighted on the right. In general,
disruption of these epigenetic regulators has a minimal effect on CGI methylation status
in Epiblast, with the exception of Kdm2b, which displays aberrant de novo methylation at
select CGIs. In the ExE, targeting of Dnmt1, 3b, and Eed lead to comparable levels of
depressed methylation for a majority of ExE-targeted CGIs, while Dnmt3l has a
noticeable but somewhat lesser effect.
d. Composite plots of ExE Hyper CGI-containing promoters in CRISPR/Cas9 targeted
Epiblast and ExE respectively. In general, only limited effects are observed in Epiblast
other than a slight increase in the peripheral methylation within the Eed-null sample.
Alternatively, both TSS proximal and peripheral methylation is decreased in Dnmt1-, 3b-,
and 3l-null samples. Specificity for diminished methylation at the TSS is observed in
Eed null ExE, particularly downstream within the first kilobase. In both Epiblast and
ExE, the wild type median is included in dark gray for comparison. Line represents the
median and shaded area the 25th/75th percentiles, respectively. For RRBS data, composite
plots are of the median for 200 bp windows, taken at intervals of 50 bp.
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Figure 1-14 (continued)
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Figure 1-15. Extraembryonic genome remethylation is highly dependent on Dnmt3b and
Dnmt1

Pairwise comparisons of 100 bp tiles as measured by RRBS for wild type Epiblast and ExE (y
axis) versus those for which specific epigenetic regulators have been disrupted by CRISPR/Cas9
(x axis). Extraembryonic methylation levels dimish genome-wide when Dnmt1, Dnmt3b and
Dnmt3l are disrupted. The Epiblast is only sensitive to Dnmt1 and Dnmt3b disruption, both to a
lesser extent than the ExE, presumably because of compensation from Dnmt3a. Intriguingly, the
decrease in global methylation levels is greater for ExE than Epiblast when Dnmt1 is deleted,
indicating a higher dependence on maintenance and less efficient de novo methyltransferase
activity in this tissue. The identity line is included in gray and the best fit by LOESS regression
in red. The number of 100 bp tiles used in each comparison and the r2 are included in the upper
left of each plot.
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1.6 Extraembryonic targets of de novo methylation are conserved across human cancers
Our data indicate a point in early development where sensitivity to promiscuously utilized
growth factors instructs the assembly of a novel epigenome that is not subsequently observed in
embryogenesis. However, the silencing of CpG islands by de novo methylation has also been
observed as a general feature of in vitro tissue culture and across numerous cancer cell lines and
primary tumors, suggesting that somatic cells may remain susceptible to this state later in
development after the embryonic landscape has been set (Figures 1-16a and 1-17)5,44. To
investigate whether there may be a link between the early developmental program and the
emergence of this landscape in cancer, we mapped orthologous CpG islands from mouse to
human and directly compared extraembryonically-methylated CpG islands across patient
matched DNA methylation profiles acquired as part of The Cancer Genome Atlas (TCGA)
project, as well as the collection immortalized cell lines profiled by ENCODE and primary tissue
isolates from the Roadmap Epigenomics Project45-47.
We find that, of the 15 TCGA tumor types with patient matched normal biopsied tissues,
14 display significant overlap between hypermethylated CpG islands and our ExE Hyper CGIs,
as well as for hypermethylation of CpG islands in general (Figure 1-16b). The signal is
surprisingly robust, such that the ExE Hyper CGI set segregates by methylation status between
tumor and normal tissue when measured as a feature across patients or when examining the
average value of each CGI individually (Figures 1-16c and 1-18). Moreover, we observe
extensive overlap between ExE and tumor differentially methylated CpG islands – 84% are
shared with at least one cancer type – and a greater degree of conservation across tumor types
than when intersecting tumor methylated CpG islands alone (Figure 1-16d). Moreover, matched
mutational and methylation data from the entire TCGA data set (n=10,629 tumors) demonstrate a
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notable and significant association between the methylation level of ExE Hyper CGIs and the
genetic status of the FGF pathway, with the average methylation for this feature set rising by
~19% (a change of 5.3 percentage points) amongst tumors with mutations in this pathway
compared to those that do not (Figure 1-16e).
Over the more expansive, but less internally controlled, ENCODE and ROADMAP data,
cancerous tissues and immortalized cell lines clearly separate from primary tissues by the
methylation status of ExE targets (Figure 1-19). Notably, human extraembryonic tissues,
including a trophoblastic cell line and primary placenta, also share conservation with mouse.
Normal tissues that appear to exhibit higher mean methylation of ExE Hyper CGIs include
numerous endodermal lineages, such as colonic mucosa, stomach and liver (mean methylation of
0.275, 0.185 and 0.179, respectively) as well as mature cell types of the adaptive immune
system, such as CD8+ and CD4+ T lymphocytes and B lymphocytes (mean methylation of
0.199, 0.173 and 0.173, respectively). In contrast, ectodermal and epithelial cells are
comparatively less methylated than other somatic tissues, although cancer cell lines and primary
tumors derived from these tissues remain sensitive to hypermethylation. Seemingly, these CpG
islands appear to reflect the activities of a conserved regulatory pathway between mouse and
human that is utilized during early development and generally misregulated during malignant
transformation (Figure 1-20).
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Figure 1-16. Extraembryonic targets of de novo methylation are conserved across human
cancers
a. Disruption of the global methylation architecture leads to similar biases for CpG islands
and promoters between ExE/Epiblast and matched normal/tumor tissue comparisons in
TCGA. Heatmap shows the log Z score enrichment for different features as specifically
hypermethylated in ExE compared to Epiblast or tumor compared to matched normal
tissue by the binomial test. Primary Colon Tumor and Chronic Lymphocytic Leukemia
(CLL) taken from Refs 4 and 22. TCGA samples include Bladder Urothelial Carcinoma
(BLCA), Breast Invasive Carcinoma (BRCA), Colon Adenocarcinoma (COAD),
Colorectal Adenocarcinoma (COADREAD), Esophageal Carcinoma (ESCA), Head and
Neck Squamous Cell Carcinoma (HNSC), Kidney Renal Clear Cell Carcinoma (KIRC),
Kidney Renal Papillar Cell Carcinoma (KIRP), Liver Hepatocellular Carcinoma (LIHC),
Lung Adenocarcinoma (LUAD), Lung Squamous Cell Carcinoma (LUSC), Prostate
Adenocarcinoma (PRAD), Stomach and Esophageal Carcinoma (STES), Thyroid
Carcinoma (THCA), and Uterine Corpus Endometrial Carcinoma (UCEC). Of these 15
tumor types, only THCA does not show enrichment for comparable features as ExE and
does not display a notably dysregulated methylome in general. N’s refer to the number of
matched tumor/normal tissue isolates for each type included in this analysis.
b. Of the 768 CpG islands characterized as hypermethylated in mouse ExE, 489 can be
mapped to orthologous CpG islands in human. For these islands, boxplots of the mean
methylation status for orthologous CpG islands to those methylated in ExE (ExE Hyper
CGI), calculated as a feature per tumor or normal tissue for the 14 tumor types that
display notable enrichment for CpG island hypermethylation in general. Note: CLL
samples were measured by RRBS (n=119) and represent a comparison between agematched healthy B lymphocytes (n=24). Edges refer to the 25th and 75th percentiles,
whiskers the 2.5th and 97.5th percentiles, respectively.
c. Differential methylation heatmap for 8,942 orthologous CGIs measured in TCGA or by
RRBS and clustered by Euclidean Distance. DMR bar includes the cumulative number of
cancers a given island is called as differentially methylated, as well as the DMR status in
either human placenta compared to human embryonic stem cells (hESCs), mouse ExE
compared to Epiblast, or shared between both comparisons (Conserved). PRC2 (hESC)
denotes regulation by polycomb in hESCs. Numbers reflect the proportion of each set
that is differentially methylated in at least one cancer type.
d. Intersection analysis for DMR status across TCGA and CLL samples. Both Placenta and
ExE DMRs are similarly enriched for methylation in at least one human cancer type
(86% and 84% respectively, compared to 35% for all CGIs) and are more frequently
methylated across them. Inter-tumor enrichment for conserved DMRs is greater than for
extraembryonic DMRs from each individual species, and 94% are methylated in at least
one cancer type.
e. Boxplots of the average methylation for the orthologous ExE Hyper CGI feature set for
10,629 tumors available in TCGA with matched mutational and methylation data,
segregated by mutational status of genes that function as part of the FGF signaling
pathway. In aggregate, tumors with FGF pathway mutations have a median average ExE
Hyper CGI methylation level of 0.328 compared to 0.275 for those that do not (p<10-16,
Rank Sum Test). Edges refer to the 25th and 75th percentiles, whiskers the 2.5th and 97.5th
percentiles, respectively.
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Figure 1-16 (continued)
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Figure 1-17. General features of the cancer methylome and of CpG island DMRs

a. Median methylation of hyper and hypomethylated, CpG island containing promoters in a
primary colon tumor isolate and Chronic Lymphocytic Leukemia (CLL) compared to
colon and B lymphocytes, respectively. ExE-hypermethylated CpG islands as identified
in this study are included for reference. The median methylation difference between
extraembryonic or cancerous tissue compared to Epiblast or normal tissue is also
included. The general features of both cancer methylomes are similar to that of the ExE:
hypermethylated CpG islands show a maximal increase in DNA methylation centered at
the TSS that steadily diminishes within the periphery and hypomethylated CpG islands
are maximally different a distance away from the TSS, within the boundary or “CpG
island shore,” as previously reported for cancer48. Shaded area represents the 25th and 75th
percentiles per 100 bp bin.
b. Read level methylation of hypermethylated CpG islands in ExE vs Epiblast, Colon
Tumor vs Colon, and CLL vs B lymphocyte. The methylation status for every
sequencing read within a given hypermethylated CGI was ranked and binned into
percentiles. Plotted are the median and 25th/75th percentile for these ranks across CpG
islands called as hypermethylated in each pairwise comparison. The ExE-Epiblast and
CLL-B lymphocyte comparisons exhibit very similar distributions that indicate general
discordance, meaning similar aggregate methylation across the feature as is observed in
phase, which can only be obtained by dispersive de novo methylation across the majority
of alleles within the population. Alternatively, Colon Tumor exhibits substantially higher
read level methylation, with a median per read methylation of ~0.7. However, the perread methylation level of the non-tumorous, matched colon tissue is also quite high, with
>50% of reads exhibiting some methylation. This could indicate a transition in the
epigenetic status of these loci within colon tissue that precedes tumorigenesis, as has been
noted for several other tissues.
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Figure 1-18. Extended analysis of TCGA data shows that target loci are often methylated to
cancer-specific levels
a. Data taken from ENCODE samples that reflect embryonic and extraembryonic identities
in human in comparison to the well-characterized human cancer cell line HCT116. The
human embryonic stem cell line HUES64, a proxy for the pluripotent epiblast, displays
notable enrichment for both repressive, PRC2-deposited H3K27me3 and activating
H3K4me3 modifications at orthologous ExE Hyper CGIs. Alternatively, human placenta
exhibits diminished enrichment for both modifications at these regions, as does HCT116.
As a control, “ExE hypo” demonstrates uniformly high H3K4me3 levels across all three
tissues. Enrichment density heatmaps are provided for the full ExE-hyper set and are
ranked across plots according to their enrichment for H3K27me3 in HUES64.
Normalized enrichment represents the fold ChIP-enrichment against sample matched
Whole Cell Extract (WCE).
b. Boxplots of mean methylation for 489 ExE-methylated, orthologous CGIs (ExE Hyper
CGIs) across the 14 tissue-matched TCGA tumor types that display disregulated DNA
methylation landscapes and for CLL. Note: CLL samples were measured by RRBS
(n=119) and represent a comparison between age matched healthy B lymphocytes
(n=24). Edges refer to the 25th and 75th percentiles, whiskers the 2.5th and 97.5th
percentiles, respectively.
c. Boxplots for TCGA data sets and CLL for the absolute methylation values of All
orthologously mapped CGIs, those methylated across Cancer, and those that are
specifically methylated in mouse ExE. In all 15 cancer types that exhibit general global
hypomethylation and CGI methylation as part of their departure from somatic cells, ExE
Hyper CGIs are specifically enriched, more so than for CGIs that are observed as
hypermethylated in any tumor.
d. Boxplots for the same TCGA data for tumor-specific CGIs and those that are also
methylated in mouse ExE. Notably, the extent to which mouse ExE Hyper CGIs are
methylated reflect the tumor, with some cancer types exhibiting higher absolute
methylation values than others. However, in 14 out of 15 cases, the absolute methylation
status of tumor-specific CGI DMRs and those that are also methylated in ExE are nearly
identical, and often slightly greater. Absolute methylation values therefore appear to be
determined by the cancer type, while targeting of extraembryonically methylated CGIs is
a general feature.
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Figure 1-18 (continued)
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Figure 1-19. Broad conservation of extraembryonic methylation patterns across cancer
types and cell lines

Boxplots of orthologous ExE Hyper CGIs across 107 ENCODE/Roadmap samples with notable
additional features of each sample highlighted below. Notably, human extraembryonic tissues,
including a trophoblastic cell line and primary placenta, also share conserved CGI methylation
with mouse. Normal tissues that appear to exhibit higher mean methylation of ExE Hyper CGIs
include numerous endodermal lineages, such as colonic mucosa, stomach and liver (mean
methylation of 0.275, 0.185 and 0.179, respectively) as well as mature cell types of the adaptive
immune system, such as CD8+ and CD4+ T lymphocytes and B lymphocytes (mean methylation
of 0.199, 0.173 and 0.173, respectively). In contrast, ectodermal and epithelial cells are
comparatively less methylated than other somatic tissues, although cancer cell lines and primary
tumors derived from these tissues remain sensitive to hypermethylation.
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Figure 1-20. Structural similarities between ExE and cancer methylation landscapes

Genome browser tracks for orthologous loci as originally presented for mouse development in
Figure 1-4 display high similar transitions during transformation. Loci include OTX2, GATA4,
and the entire HOXC cluster in three human fetal tissues that represent each germ layer (Brain,
Ectoderm; Heart, Mesoderm; Stomache, Endoderm), primary human B lymphocytes, and a
Chronic Lymphocytic Leukemia (CLL) sample. CGIs around these loci are preserved in a
hypomethylated state during embryonic development, where the bimodal architecture of the
DNA methylation landscape is clearly maintained. In B lymphocytes, some low-level,
encroaching methylation is already apparent over developmentally hypomethylated regions, as is
also observed in the Roadmap sample in Figure 1-19. However, in the transition to CLL,
extensive methylation is observed across these islands while methylation values drop in the
surrounding areas. Red line and shaded area reflect the local mean and standardized deviation as
calculated by local regression (LOESS) to compensate for the greater number of CpGs within the
human orthologs versus mouse, which can complicate visual estimates of local methylation at
these scales. CGIs are highlighted in green, and the positions of included TSSs are highlighted in
red.
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1.7 Conclusions
We present the developmental acquisition of a novel epigenetic landscape that partitions
extraembryonic tissues within the embryo and resembles a frequent, global departure in genome
regulation in human cancers. We find that this landscape cooccurs with the establishment of the
first major signaling axis, apical sensing of FGF, by the asymmetric restriction of several
receptors and potentiating proteins to the extraembryonic ectoderm and production of growth
factors by the epiblast. The asymmetric allocation of FGFR2 expressing cells during the
specification of the ICM indicates that this tissue is still sensitive to these growth factors prior to
the epigenetic restriction that is imposed by DNA methylation during implantation49. During this
stage, the ICM remains responsive to FGF such that highly similar de novo methylation of
developmental gene promoters can be directed in vitro. At the chromatin level, the assignment
of an extraembryonic versus a somatic landscape appears to be determined by disparate
regulation of the DNMTs and associated cofactors. The epiblast induces both Dnmt3a and
Dnmt3b to extraordinarily high levels50, in tandem with embryo-specific production of the fulllength isoform of Kdm2b, which has roles in establishing PRC2-based promoter bivalence and
protecting CpG islands from spurious hypermethylation40-43. Alternatively, the ExE produces
comparatively less Dnmt3b and suppresses Dnmt3a entirely. In addition to reduced de novo
DNA methyltransferase expression, the ExE maintains high levels of the non-catalytic co-factor
Dnmt3l, and upregulates Dnmt1. Notably, we demonstrate a near complete in vitro
recapitulation of the extraembryonic methylation landscape by supplementation with FGF4 and
the WNT-agonist CHIR99021, which partitions Fgfr2 and is both Dnmt3b and Dnmt3l positive.
Alternatively, supplementation with the MEK inhibitor PD0325901 induces comparable
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expression of these factors and maintains a globally hypomethylated genome, but does not direct
de novo methyltransferase activity to developmental CpG island promoters.
The segregation of epigenetic modifiers appears to be intimately linked with the
acquisition of opposing landscapes, one that retains induction potential of key developmental
regulators and one that silences them more permanently, and suggests an alternate pathway for
genome remethylation at implantation that is less dependent on the catalytic activity the
Dnmt3’s. We were especially surprised to find that recruitment of de novo methylation to CpG
islands in the ExE could only be specifically blocked by disrupting PRC2 itself, which indicates
either a transient direct interaction between this complex and DNMT3B, an upstream
requirement for primary silencing by this complex, or an essential role in stabilizing this
component of extraembryonic development. How these two epigenetic repressors may
coordinate this alternative, and presumably more permanent, mode of developmental gene
promoter silencing warrants further investigation.
Both the extraembryonic landscape and its apparent drivers share notable parallels to the
somatic transition to cancer. Most obviously, FGF sensing passes through the RAS/MAPK/ERK
signaling axis, which is essential for extraembryonic development and has extensive oncogenic
potential, with putative roles in cancer methylome establishment across numerous systems51-54.
At the genomic level, Dnmt3a is frequently mutated in Acute Myeloid Leukemia (AML) and
Myelodysplastic Syndrome (MDS), while induction of Dnmt3b and Dnmt1 appear to act
cooperatively to establish aberrant CpG island methylation during colorectal transformation55-59.
Analyses of transgenic mouse cancer models confirm a conserved mode of targeting to ExE
Hyper CGIs in similar contexts (Figure 1-21). More broadly, these data indicate that multiple
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independent genetic pathways may converge on a highly similar mode of aberrant epigenetic
regulation.
How the loss of Dnmt3a contributes to the progression of hematopoietic malignancies has
been studied using tissue-specific knockout models, which note a paradoxical prevalence of CpG
island hypermethylation in a system that should lack de novo DNMT activity entirely, as
catalytically active isoforms of Dnmt3b are specific to the early embryo60,61. Specification of the
extraembryonic lineage utilizes a molecular pathway where de novo methyltransferase activity is
similarly attenuated, suggesting potential feedback between these enzymes and the acquisition of
this alternate landscape. Similarly, encroachment of DNA methylation into Polycomb-regulated
gene promoters is a notable artifact of cell culture and the serial reconstitution of hematopoietic
stem cells in vivo, indicating some degree of spontaneous sampling within somatic cell
populations that may confer selective advantages5,44,62,63. We observe evidence of this within our
own analyses, as both hematopoietic and endodermal lineages demonstrate higher than expected
methylation of ExE Hyper CGIs, which may indicate a comparative redundancy between the
ExE and these developmental programs.
Finally, the apparent dependence of this landscape on extrinsic cues with numerous
downstream developmental functions may present an extended opportunity to acquire aspects of
this landscape as an embedded developmental program that may not require genetic mutation.
For a given tumor, the extent to which this set of CpG islands has been targeted for de novo
methylation, and the greater genome depleted of this modification, may reflect the extent to
which this regulatory regime has been activated or the duration with which a transforming
lineage has existed within it. We pinpoint the emergence of a cancer-like methylome to a noncanonical global remethylation program that acts deterministically to restrict extraembryonic
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development at implantation. Whether or not additional morphological and molecular features
of placental tissues that appear analogous to cancer hallmarks– such as immune suppression,
angiogenic potential, telomerase and retrotransposon activity, tissue invasion, and increased
insensitivity to DNMT targeting chemotherapeutics18,64,65 – proceed as part or downstream of
this primary epigenetic switch remains unexplored, but would provide a parsimonious
developmental foundation to their systematic emergence during transformation.
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Figure 1-21. Diverse genetic cancer models arrive at a similar landscape and share common
targets

Methylation status of ExE Hyper CGIs across colonic and hematopoietic mouse cancer models
where de novo methyltransferase activity has been perturbed. All samples are measured by
RRBS. Data sets include: primary colon tissue in which Dnmt3b has been overexpressed
(promoter methylation status reported, Ref 66); genetic models of acute myeloid leukemia
(AML) including those transformed by the MLL-AF9 fusion (Ref 67), cMyc and Bcl2
overexpression (Ref 67), and FLT3 internal tandem duplication (FLT3-IDT, Ref 68); and Acute
and Chronic Lymphoblastic Leukemia models driven by Dnmt3a knock out alone (Refs 69 and
70). Methylation of ExE Hyper CGIs is observed in both colonic Dnmt3b overexpression and
hematopoietic Dnmt3a knockout, though additional oncogenic drivers appear sufficient to induce
de novo methylation of these regions in the presence or absence of Dnmt3 expression, indicating
the potential of numerous drivers to activate this pathway. Wild type hematopoietic tissues are
included for reference and taken from Refs 69 and 70. Edges refer to the 25th and 75th
percentiles, whiskers the 2.5th and 97.5th percentiles, respectively.
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1.8 Methods
Sample isolation and library preparation: Preparation of preimplantation and
postimplantation samples was performed as described in Ref 10. Briefly, B6D2F1 hybrid
females between 5-8 weeks old (Charles River) were serially primed with 5 IU Pregnant Mare
Gonadotropin (Sigma) followed by 5 IU Human Chorionic Gonadotrophin (HCG, Millipore)
after 46 hours, and subsequently mated with B6D2F1 male mice ≤6 months old. For
preimplantation time points, zygotes from mated females were isolated from the oviduct the
following morning (E0.5) and cultured in KSOM media (Millipore) droplets under mineral oil
until E2.25. The 8 cell sample was collected by careful monitoring of 4 cell embryos from ~E2
onwards and emergent 8 cell embryos were swapped into KSOM supplemented with 1 µg/ml
aphidicolin (Sigma) to ensure synchronization and minimal entry into the fourth replication
cycle. 8 cell embryos were collected within 4 hours of the first apparent embryo of this stage.
Prior to collection, embryos were serially transferred through Acid Tyrode’s solution (Sigma) to
remove the Zona Pellucida and carefully pipetted with a drawn glass capillary through 0.25%
Trypsin-EDTA (Life Technologies) to remove maternal polar bodies. E3.5 blastocysts were also
treated with Acid Tyrode’s solution to remove the Zona and the ICM and TE of matched samples
were dissected using standard micromanipulation equipment (Eppendorf) and a Hamilton Thorne
XYClone laser with 300 µs pulsing at 100% intensity. Isolation of postimplantation tissues was
performed as described71. The deciduae of mated female mice were isolated on the morning of
E6.5 and the conceptus removed. Then, under a stereomicroscope, the embryo was carefully
bisected along the extraembryonic/embryonic axis, removing the ectoplacental cone from the
extraembryonic ectoderm when apparent. After separation, Epiblast and Extraembryonic
Ectoderm (ExE) were incubated for 15 min at 4ºC in 0.5% Trypsin, 2.5% Pancreatin dissolved in
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PBS and allowed to rest for 5-10 minutes in KSOM at room temperature. Finally, visceral
endoderm was removed by drawing the embryo through a narrow, flame drawn glass capillary
and only samples with no apparent contamination were collected. On average, matched ExE and
Epiblast or ICM and TE samples from 5-10 embryos or from 20 or more 8 cell embryos were
collected per assay.
DNA for Whole Genome Bisulfite Sequencing was isolated according to Ref 20 and
libraries were prepared using the Accel-NGS™ Bisulfite DNA library kit (Swift Biosciences)
according to the manufacturers protocol. Final libraries were generated from 10-12 PCR cycles.
RNA was purified using the RNAeasy Micro Kit (Qiagen) and RNA-seq libraries generated
using the smart-seq v4 Ultralow Input Kit (Clontech) according to the manufacturer’s protocol
with 10-11 LD PCR cycles. Libraries were generated from 150 pg of the subsequent cDNA using
the Nextera XT DNA library preparation kit (Illumina) and 12 PCR cycles. ATAC-seq libraries
were generated according to Ref 23 using a 10 µl reaction and incubation with the TN5
transposase mixture (Nextera DNA library preparation kit, Illumina) for 45 minutes. Reaction
was stopped according to the protocol described in Ref 72 and purified using silane beads
(Thermo Fisher). Tagmented DNA was amplified for 12-14 cycles to generate the library.
WGBS libraries were sequenced as a pool using the HiSeq X ten platform (Illumina), while
RNA-seq and ATAC-seq data were sequenced using the HiSeq 2500 (Illumina).
Outgrowth experiments: To generate controlled outgrowth data, ICM were immunosurgically
isolated from BDF1x129S1/SvImJ strain blastocysts at 96hpf as described10. Briefly, oocytes
were isolated by hormone priming from B6D2F1 females 12-14 hours after administration of
hCG and fertilized by Intracytoplasmic Sperm Injection using piezo actuated injection of
129S1/SvIMJ strain sperm73. At 96 hrs post-fertilization, blastocysts were stripped of their zona
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pellucida by brief incubation in Acid Tyrode’s solution and incubated for 30 minutes in 1:10
diluted whole mouse antisera (Sigma) in CO2 equilibrated KSOM, followed by destruction of the
trophectoderm by culture in 1:10 diluted Guinea Pig Complement Sera (Sigma). After 15
minutes at 37ºC, the ICM separates from the complement-lysed TE and could be cleanly isolated
by brief pulsing through a narrow glass capillary. ICM were isolated in batches of ~12 per drop.
Once isolated, ICM were then plated into basal N2/B27 media supplemented with 1000 U/mL
LIF (made in house) and one of the following conditions; ‘2i’ supplemented with 1 µM
PD0325901 and 3 µM CHIR99021(Reagents Direct)34; ‘PD’ supplemented with 1 uM
PD0325901 and 10 ng/mL BMP4 to promote outgrowth expansion (Peprotech)74; ‘FGF+CHIR’
supplemented with 25ng/mL mouse recombinant FGF4 (R and D) and 3 µM CHIR99021; and
‘FGF’ supplemented with 25ng/mL FGF4 only. FGF4 was selected because it is the most highly
expressed FGF family member in the preimplantation embryo and we sought to direct specific
remethylation changes as is observed in vivo. ICM were plated in gelatin treated tissue culture
dishes plated with irradiated CF-1 strain embryonic fibroblasts to promote attachment. The
primary outgrowth from the ICM, characterized as a centrally expanding, three-dimensional
mass, was isolated after 4 days of culture. In all cases but the 2i condition, an outer layer of
differentiated cells was apparent and removed using an identical strategy to removal of the
extraembryonic endoderm from E6.5 samples described above. However, under the FGF+CHIR
condition, the ‘outer layer’ was often of the same size or larger than the internal outgrowth and
only became defined during the latter portion of culture (see Figure 1-11a). As such, we
collected both interior and exterior portions as they could clearly be distinguished as mutually
ICM-derived. After incubation and either isolation or removal of external cells, outgrowths were
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serially washed through several KSOM drops under mineral oil before being snap frozen in
minimal volume for RRBS and RNA-seq profiling.
Generation of KO embryos by CRISPR/Cas9 and zygotic injection: Zygotic injection was
performed essentially as described75. To improve the efficiency with which null alleles were
generated, three separate guide RNA sequences were designed per target, prioritizing highly
scored protospacer sequences with no high scoring off target sites using the CHOPCHOP web
tool76 and at as 5’ most a coding exon as possible given these constraints. Protospacer sequences
were input into the following oligonucleotide primer pair and used to amplify off of the pX300
plasmid (Addgene): Forward primer,
AGTCAGTTAATACGACTCACTATAGN19GTTTTAGAGCTAGAAATAGCAAG; Reverse
primer, AAAAAAAGCACCGACTCGGTGCCAC. Protospacer sequences that did not begin
with a G to initiate T7 transcription were inserted and an additional 5’ G was added. 200 ng of
gel purified, T7 promoter containing sgRNA templates were used to generate gRNAs by in vitro
transcription using the MEGAshortscript™ T7 transcription kit (Thermo Fisher), followed by
purification with phenol:chloroform and ethanol precipitation. Translation competent spCas9
RNA was in vitro transcribed off of a similarly designed, T7 promoter driven template amplified
off of the pX300 plasmid using the mMessage mMachine™ T7 Ultra kit (Thermo Fisher) and
purified using the RNA Clean and Concentrator Kit (Zymo Research). RNA was resuspended in
an injection buffer comprised of 5 mM Tris-HCl, 0.1 mM EDTA, pH=7.4. Zygotes were
isolated from hormone primed B6D2F1females mated with B6D2F1 males as described above.
Shortly after the formation of visible pronuclei (Pronuclear Stage 3), zygotes were
cytoplasmically injected with 100 ng/ul of all three targeted sgRNAs pooled 1:1:1 and 200 ng/ul
Cas9 mRNA. At E3.5, cavitated blastocyts were transferred in clutches of 10-15 into one uterine
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horn of pseudopregnant CD-1 strain mice (Charles River) that had been mated with
vasectomized male Swiss-Weber strain mice (Taconic) two days prior. To account for the ~1
day offset in developmental progression that results from uterine transfer, appropriately E6.5
stage conceptuses were isolated four days after uterine transfer and epiblast and extraembryonic
ectoderm tissue were isolated as described above prior to snap freezing in minimal tissue. Each
replicate consisted of ≥4 embryos and all experimental series include replicates generated from
at least two rounds of zygotic injection. Care was taken to ensure epiblast and extraembryonic
ectoderm tissue from matched embryos were included for each replicate set and RRBS data
where both fractions did not cover >1 million CpGs at ≥5x coverage each were excluded from
further analysis. Disruption of the target allele was confirmed by PCR amplification from the
primary cDNA using primers that flank all three protospacer sequences to capture multiple
simultaneous perturbations in phase.
Dual RRBS and RNA-seq profiling: Genomic DNA and mRNA purifications from low input
samples were performed as described by Maculay et al. with modifications77. Briefly, the cells
were mixed with 15 µl of RLT plus buffer (QIAGen) containing 1 U/µl of RNase inhibitor
(SUPERase·In, ThermoFisher Scientific), 1% ß-mercaptoethanol (Sigma-Aldrich), and were
then transferred to one well in a 96-well DNA LoBind plate (Eppendorf). After adding 10 µl of
M-280 streptavidin bead-conjugated RT primer to each sample, the reaction was incubated at
72˚C for 3 min in a thermocycler followed by incubation at room temperature for 25 min with
gentle rotation. The genomic DNA and mRNA were separated in a DynaMag™-96 Side Magnet
(ThermoFisher Scientific). The bead-tagged mRNA was subjected to reverse transcription as
described previously77 and the genomic DNA in the supernatant was transferred to a fresh 96well DNA LoBind plate. After reverse transcription, the cDNA was PCR amplified and RNA-
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seq library was generated according to the Smart-seq 2 protocol78. Indexed RNA-seq libraries
were pooled and sequenced in an Illumina Hiseq2500 sequencer.
Genomic DNA was isolated utilizing 1x Agencourt AMPure beads (Beckman Coulter)
and was eluted to 15 µl of low TE buffer. RRBS library was generated as reported previously
with modifications79. We utilized the CutSmart buffer (New England Biolabs) for all three
enzymatic reactions including MspI digestion, end-repair/A-tailing and T4 DNA ligation. To
minimize DNA loss, DNA purification step was eliminated after each enzymatic reaction.
Briefly, the genomic DNA was digested by 16 units of MspI (New England Biolabs) for 80 min
at 37˚C, and followed by heat inactivation at 65˚C for 15 min. The digested DNA fragments
were end-repaired and A-tailed by adding 4 units of Klenow exo- (New England Biolabs), 0.03
mM dCTP, 0.03 mM dGTP and 0.3 mM dATP; ant the reaction was carried out at 30˚C for 25
min; 37˚C for 25 min followed by incubation at 70 ˚C for 10 min to inactive the enzyme. We
then ligated the A-tailed DNA fragments with indexed adapters overnight at 16 ˚C by adding
2,000 units of T4 DNA ligase and 0.75 mM ATP and 7 nM of the adapters. The T4 ligase was
heat-inactivated at 65 ˚C for 15 min before pooling libraries together. To remove adapter dimers,
the library pool was cleaned up using 1.8X AMPure beads and the adapter-tagged DNA
fragments were eluted to 30 µl of low TE buffer. The bisulfite conversion of the adapter-tagged
DNA fragments ware conducted using a QIAGen EpiTect Fast Bisulfite Conversion Kit
following the manufacturer’s instructions with a minor modification. We extended the bisulfite
conversion time from 2 cycles of 10 min to 2 cycles of 20 min to achieve bisulfite conversion
rates >99%. The bisulfite converted DNA fragments were PCR amplified according to the
following thermocycler settings: 98 ˚C for 45 s, 6 cycles of 98 ˚C for 20 s, 58 ˚C for 30 s, 72 ˚C
for 1 min and then 8-10 cycles of 98 ˚C for 20 s, 65 ˚C for 30 s, 72 ˚C for 1 min followed by a
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final extension cycle of 5 min at 72 ˚C. The PCR amplified library DNA was cleaned up using
1.3X AMPure beads and the RRBS libraries were paired-end sequenced for 2x100 cycles. Only
instances where the matched pool of Epiblast and ExE from a given replicate both had over 1
million CpGs covered at ≥5x were included for downstream analysis.
For each sample, 10 µl of M-280 streptavidin beads (ThermoFisher Scientific) were
prepared per the manufacturer’s recommendations. Specifically, after washing with Solution A
(0.1 N NaOH, 0.05 M NaCl) and B (0.1 M NaCl) sequentially, the beads were resuspended in 10
µl of 2x Washing and Binding buffer (10 mM Tris-HCl, 1 mM EDTA, 2 M NaCl) and then
mixed with an equal volume of 2 µM of RT primer77. The mixture was incubated for 15 min at
room temperature with gentle rotation. The bead-bound RT primer was collected in a magnate
and was subsequently resuspended in 10 µl of binding buffer (10 mM Tris-HCl (PH 8.0), 167
mM NaCl, 0.05% Tween-20).
Estimating methylation levels: The methylation level of each sampled cytosine was estimated
as the number of reads reporting a C, divided by the total number of reads reporting a C or T.
Single CpG methylation levels were limited to those CpGs that had at least fivefold coverage.
For 100 bp tiles, reads for all the CpGs that were covered more than fivefold within the tile were
pooled and used to estimate the methylation level as described for single CpGs. The CpG density
for a given single CpG is the number of CpGs 50 bp up- and downstream of that CpG. The CpG
density for a 100 bp tile is the number of CpGs in the tile. The methylation level reported for a
sample is the average methylation by pooling all reads across replicates.
Genomic features: LINE, LTR and SINE annotations were downloaded from the UCSC
(University of California, Santa Cruz) browser (mm9) RepeatMasker tracks. CGI annotations
were downloaded from the UCSC browser (mm9) CpG Islands (CGI) track. Gene annotations
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(Exon, 5’ Exon, Intron) were downloaded from the UCSC browser (mm9) RefSeq track.
Promoters (TSSs) are defined as +/– 2 kb of the RefSeq annotation. Corresponding human
annotations were downloaded from the UCSC browser for hg19. In each case, the methylation
level of an individual feature is estimated by averaging methylation for all CpGs within the
feature that are covered greater than fivefold. Assignment of CGIs to a given TSS (CGI
promoters) included annotated CGIs that fell within this boundary. Methylation was estimated
for “core TSS” sequences defined as –/+ 1 kb of the RefSeq annotation and only included CpGs
measured at ≥5x in both samples (WGBS) or pooled samples (RRBS).
Identification of differentially methylated loci and regions: For WGBS data, identification of
differentially methylated loci was performed by DSS, which use biological replicates and
information from CpG sites across the genome to stabilize the estimation of the dispersion
parameters80. Only CpGs that were covered at least fivefold across all samples were considered
for a given comparison. An FDR cutoff of 5% was used to identify differentially methylated
CpGs. A CGI was called as differentially methylated if it was covered by at least 5 CpGs and
80% of them were significantly hyper/hypo methylated. For TCGA Illumina Infinium
HumanMethylation450K BeadChip data, given that most cancer types have more than 20 tumor
and normal samples, Wilcoxon rank-sum test was used to identify differentially methylated
CpGs, with a FDR cutoff of 5%. All statistical tests throughout this study are two sided. A CGI
was called as differentially methylated if 80% of covered CpGs were significantly hyper/hypo
methylated. For RRBS data, a simple cutoff of 10% difference in CGI-level methylation was
used to call differential methylation.
Gene expression analysis: Alignment was performed using TopHat2 against mouse genome
assembly mm9 with default settings. Isoform-level expression was quantified by kallisto, which
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performs pseudoalignment of reads against cDNA sequence of transcripts. Gene-level expression
was estimated as sum of expression of associated isoforms. Refseq mRNA sequences were
downloaded from UCSC genome browser. Expression levels were reported as Transcripts Per
Million (TPM).
Pathway Enrichment: Pathway enrichment was performed by hypergeometric test using the
GSEA online tool. P-value was adjusted for multiple hypothesis testing according to Benjamini
and Hochberg, with 5% as a cutoff.
ATAC-seq data processing: Reads were aligned to mouse genome mm9 using BWA with
default parameters. Duplicates were removed by function MarkDuplicates from Picard tool kit.
Reads with low mapping quality (< 10) or in mitochondrial chromosome were removed.
NucleoATAC was used to generate Insert density, which was normalized by the total number
insertions in each sample81.
Orthology mapping between human and mouse: Mouse mm9 CGIs were mapped to human
hg19 segments using liftOver with chain file mm9ToHg19.over.chain. Then human orthologous
CGIs were defined as the nearest CGIs to the mapped segments.
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Chapter 2. Single cell dissection of epigenetic regulator function in early mammalian
development

Chapter 2:
2.0 Abstract
Ontogeny describes the orchestrated assembly of a complex multicellular organism from a single
totipotent zygote. As the embryo grows, proliferating cells become restricted in their fate to
establish one of many encoded phenotypes, which is realized through the combined action of
cell-type specific transcription factors and ubiquitous epigenetic machinery9,82,83. Substantial
work has been done to connect molecular observations made from in vitro differentiation models
to the morphological features of mutant animals. However, the complete and unbiased
characterization of any given epigenetic regulator’s role in body plan assembly has been
hampered by their early activity, which often leads to diverse or lineage-specific effects from
gastrulation onwards83-85. Here we report a zygotic sgRNA/Cas9-based perturbation platform
where the status of many embryos can be assayed simultaneously and at single cell resolution.
We provide a reference map of mouse development through gastrulation and early
organogenesis, which can be used to explore the partitioning of early lineages and the stability of
discrete cell states in the absence of regulators. With this approach, we investigated the role of
Polycomb Repressor Complex 2 (PRC2) and find that early embryonic germ layers are initiated
in its absence, but that further progression is substantially disrupted. In particular, we show
evidence of widespread failure to repress key genes associated with the primordial germ line and
observe a posteriorization of the primitive streak. Our study clarifies the role of PRC2 in early
development as it functions to partition the pluripotent epiblast. Moreover, we believe our
experimental framework provides a general opportunity to study how cellular diversity emerges
from a single genome in vivo.
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2.1 A systematic framework for evaluating early germ layer formation and organogenesis
from single cell RNA-seq data
To comprehensively assess the cell states that emerge during the early stages of mouse postimplantation development, we employed a single cell RNA-seq approach whereby multiple
siblings can be pooled and subsequently deconvoluted from the primary data (Figures 2-1a and
2-2). Specifically, we performed intracytoplasmic injection of SNP-diverse B6/CAST F1 sperm
to provide each embryo with a randomly inherited CAST haplotype that can be recovered at the
transcript level (Figure 2-2). With this strategy, we sampled single cells from pools of 7-10
wild-type embryos over the 48 hour window where mouse development proceeds from the
pluripotent epiblast through gastrulation to early organogenesis (Embryonic day (E)6.5 to E8.5,
conducted at 12 hour resolution). We collected all recovered embryos agnostically to provide an
unbiased assessment and representation of the natural variation during this phase. In total, we
sequenced cells from 50 embryos to capture 84,184 high-quality transcriptomes (median
detection of 17,466 UMIs/transcripts and 3,910 genes per cell), which cover a range of ~2-39%
from each embryo, depending on its developmental stage (Figure 2-1b).
We used our single-cell sequencing data to build a map of transcriptional states to serve
as a reference of wild-type development. We performed our assignments iteratively, beginning
with each sample independently before connecting states that are present across replicate
embryos and time points, eventually optimizing a stringent set of criteria that minimized
redundancy and preserved even closely related, but statistically unique, transcriptional states
(Figures 2-1c and 2-3a). Beginning our analysis within specific time points before merging
across the complete data set also accommodates gross differences in the number of cells that
emerge as development proceeds, which could otherwise mask rare populations. After generating
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preliminary clusters, we proceeded through two rounds of cell assignments and confirmed nonredundancy by noting the increased transcriptional distance for cells of one state to those of their
most similar neighboring state. This approach was complicated by the fact that some clusters
express many highly unique genes while others do not (Figures 2-3b and 2-3c). To compensate
for the different information content per cluster, we reduced the number of variable genes to a set
of 712 maximally informative “marker” genes that represent the top 30-most specifically
expressed genes per state (Figures 2-3c and 2-3d). Our cell state assignment pipeline describes
42 reproducible states that emerge from E6.5 to E8.5 (Figure 2-4). Overall, we see tight
correspondence in state occupancy between embryo replicates taken from the same or adjacent
time points as well as an increase in embryo complexity over time (Figure 2-5).
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Figure 2-1. Single cell profiling of early post-implantation development
a. Schematic of our single nucleotide polymorphism (SNP) based cell-to-embryo
assignment strategy using the 10X Genomics microfluidic system. B6D2F1 oocytes are
injected with B6/CAST F1 sperm to generate embryos with a randomly inherited
grandparental CAST haplotype that enables pooling of siblings prior to single cell
dissociation (individual colored embryos). After sequencing the resultant scRNA-seq
library, CAST-specific SNPs are scored on a chromosome by chromosome basis
(highlighted in orange) to generate a 19 autosome vector per sequenced cell that permits
computational deconvolution and assignment to an embryo identity (ID). Expression of X
and Y-Chromosome linked genes allows sex-typing of each embryo (see Figure 2-2).
These data are utilized in tandem with the cell’s transcript counts (Genes) to build a
comprehensive map of early mouse development. The DBA/2 strain present in B6D2F1
females differs by only ~4.5M SNPs from C57BL/6J, compared to ~17.7M for
CAST/EiJ86.
b. Summary statistics of our profiled wild-type embryos from E6.5-8.5 (n = 50). For the
E7.5 time point, two independent pools were generated from 4 and 7 embryos,
respectively. Mean embryo size is estimated using the proportion of cells sequenced per
embryo to the total number of cells in the original suspension prior to loading.
c. Overview of our multistep clustering approach to define cell states and determine
assignment using the Seurat R package87,88. Top to bottom: (1) Cells were clustered
within their developmental stage to generate preliminary clusters for single cell
assignment (dots); (2) For each cluster, the average expression profile is calculated per
embryo (numbers); (3) Embryo averages were clustered across developmental stages; (4)
The new clusters were collapsed into preliminary cell states (representing the median
kernel value to minimize the effect of outliers, X’s); and (5) Cells were re-assigned to
their closest preliminary cell states to refine their expression profiles (for further details
see Figures 2-3 and 2-4).
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Figure 2-1 (continued)
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Figure 2-2. SNP-based clustering to identify cells from the same embryo
a. Embryos were generated by intracytoplasmic sperm injection (ICSI) into B6D2F1
oocytes followed by in vitro culture to the blastocyst stage and transfer to pseudopregnant recipient females. To permit high-resolution deconvolution of single embryos
from pooled embryos, we used sperm from hybrid males (C57BL6/J x CAST/EiJ) for
single nucleotide polymorphism (SNP) based detection of randomly inherited
grandparental haplotypes (orange). Oocytes from B6D2F1 represent a more homogenous
F1 strain with notably fewer SNPs. Subsequently, the autosomal ratios of CAST SNPs
will be specific to each embryo and can be recovered from the scRNA-seq libraries to
demultiplex and group cells by embryo.
b,c,d Example of SNP-based deconvolution of cells into embryos using seven E7.5 wild-type
(WT) embryos sequenced as a pool:
b. Principal Component Analysis (PCA) projection of autosomal CAST SNP ratios for all
sequenced cells (n = 15,815). Cells are colored by cluster assignment, indicating
individual genotypes (embryos).
c. Iterative sampling of 20% of SNPs per cell is used to flag cells with unstable embryo
assignments before further analysis. These cells fall into two classes based upon the
availability of SNPs: those with less than median SNP counts appear to represent low
quality cells (red, n = 884), while those with higher than median SNP counts (black, n =
503) appear to collect in the midpoint between clusters and likely reflect doublets. Cells
with an unstable genotype assignment were excluded from further analysis.
d. PCA projection of all cells that were stably assigned to an embryo (n = 14,428). Cells
colored by cluster (embryo).
e. Per embryo expression of genes used for sex-typing. Embryos with a higher fraction of
cells with detectable Xist (red) than three Y-linked gene (Erdr1, Ddx3y or Eif2s3y, blue)
were classified as female and vice versa.
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Figure 2-2 (continued)
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Figure 2-3. Assignment of single cells into 42 discrete cell states
a. t-SNE projections of cells from each embryonic time point collected for WT.
Preliminary clustering of the embryo pools without taking individual replicate embryos
into account represents the first step in our determination of cell states.
b. To generate a list of informative marker genes that is more uniformly distributed over our
42 cell state clusters, we asked what fraction of variable genes as called by Seurat are
uniquely assigned to a single state when taking the top N-most differentially expressed
genes per cluster. The subsequent curve appears to represent two regimes: a lower N
regime where genes are more unique to specific clusters and a higher N regime where the
inclusion of additional genes does not contribute appreciable to information across
clusters. We selected the top 30 most unique genes (n = 712 genes) as it appears early in
the second regime, effectively maximizing the amount of information per cluster under
the constraint that the number of genes specific to each be as close to one another as
possible.
c. Ranked order distribution for the number of variable or top 30 marker genes that are
expressed in each of our 42 states. Our top 30 marker genes criterion reduces the range
of genes that are used to assign single cells to each state.
d. Single cell Euclidean distances to their closest state (green) compared to their second
closest state (grey). The distribution of differences between first and second closest
cluster are all significant (P < 2x10-16, Wilcoxon test, two tailed, paired test closest vs
second closest grouped by cells assigned to the same cluster). In the boxplots, center line
is median; boxes, first and third quartiles; whiskers, 1.5 x inter-quartile range; data
beyond the end of the whiskers are plotted individually. Number of cells per test (left to
right): n = 3,711; 4,102; 3,354; 1,735; 2,285; 2,038; 670; 1,857; 1,291; 428; 2,793; 3,653;
2,806; 1,984; 1,046; 3,486; 330; 4,131; 951; 3,376; 205; 551; 1,542; 2,429; 2,033; 1,590;
1,191; 1,255; 1,358; 759; 758; 3,036; 394; 2,431; 1,060; 1,785; 661; 3,712; 2,442;
1,633; 5,419; 1,913.

76

Figure 2-3 (continued)
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Figure 2-4. Comprehensive view of 42 cell states that define early post-implantation
development

a. Visualization of the wild-type scRNA-seq data using t-distributed Stochastic Neighbor
Embedding (t-SNE). The 84,184 cells from our 50 embryos across five developmental
time-points are summarized in 42 states (colors) through the multistep-clustering
approach described in Figures 2-1 through 2-3, with no specific order to the numeration.
Clusters are non-redundant, i.e. contain transcriptionally similar cells that differ
significantly from alternative assignments, allowing us to consistently unify cell states
that persist across subsequent developmental stages.
b. Additional dimensions of our data support the sensitivity of cell state detection across
developmental stages (left) as well as contribution of stage-matched embryo replicates to
the same subset of cell states (right).
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Figure 2-5. Cell state composition of individual embryos display high similarity between
replicates

Proportions of cell states in each embryo within a developmental stage. Each dot represents the
percent of cells per cell state within a WT embryo (n = 50). Boxplots summarize each time
point’s cell state proportions across replicates. In the boxplots, center line is median; boxes, first
and third quartiles; whiskers, 1.5 x inter-quartile range; data beyond the end of the whiskers are
plotted individually.
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2.2 Assigning cluster identities and lineage relationships
Next, we cross-referenced the temporal occurrence of each of the 42 states with their
marker gene expression to assemble a lineage tree (Figure 2-6). All embryonic lineages stem
directly from the pluripotent epiblast, which gives rise to early ectoderm, followed by neural and
non-neural sub-lineages, as well as to the products of the primitive streak, including
extraembryonic and embryonic mesoderm, neuromesodermal progenitors in the caudal lateral
epiblast, the embryonic endoderm, and primordial germ cells (PGCs) (Figure 2-7). The cell state
nomenclature presented here provides unifying labels to groups of cells with similar expression
profiles and emergence times, but may not always account for the presence of additional
heterogeneity or substructures. This is particularly relevant for later time points, where embryos
are more complex and less deeply sampled. The extraembryonic endoderm and extraembryonic
ectoderm lineages are disconnected from the tree as they have already segregated in the
preimplantation embryo89.
To connect our gene expression signatures to cell states, we searched localized gene
expression data from whole mount in situ hybridization (e.g. using the Gene eXpression
Database (GXD): http://www.informatics.jax.org/expression.shtml), transgenic reporters or
single-cell expression analysis. We compared these data to a state by gene matrix that reports the
percent of cells where transcripts from that gene were detected. Even in this context, the percent
detected is sensitive to the absolute expression level due to the sparse, drop-out prone nature of
single cell expression data. We called a gene as specific to a state by comparing its expression
estimate within that state to all other states. Our state nomenclature is intended to serve as an
orientation, referring to cell types, anatomical structures or compartments within the embryo
from which a subset of the state’s cells originate. Our annotation considers the developmental
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stage in which a cell state is present as well as the combination of expressed genes. We also
placed our states in a lineage tree according to expected developmental relationships, suggesting
a hierarchical and timely ordered occurrence (Figure 2-7). However, the occurrence of many
states that were placed consecutively in the tree partially overlap, resulting in states connected by
arrows even though some of their cells may transiently coexist within the same embryo.
Epiblast: Cluster 17 represents the “epiblast,” the cell state of the embryo proper mainly
composed of pluripotent cells that are not part of the primitive streak. Its presence is restricted to
our E6.5 timepoint and it displays the highest expression of Otx2 (Ref 90), Zic2 (Ref 91), Nodal
(Ref 92) and Fgf5 (Ref 93). Expression of Fgf4 excludes the possibility of cluster 17 being of
extraembryonic ecto- and endoderm nature94 and high expression of Utf1 argued against a
mesodermal nature, as this gene was reported to be expressed in pluripotent cells and
extraembryonic ectoderm but not expressed in primitive mesoderm{Okuda, 1998 #173, which
agrees with its comparatively reduced prevalence in states of the primitive streak (see below).
Embryonic mesoderm lineage: The primitive streak states (37, 3, 2) were characterized by the
expression of T, Evx1 (Ref 95) and Lhx1 (Ref 96). We assigned cluster 37 to “primitive streak
early” as it is present at E7.0 and expresses Mesp1, which is detected in ingressing mesodermal
cells as they pass through the primitive streak97, as well as Dll1, which was reported for the
primitive streak and mesoderm at this stage98. Cluster 3 is maximal at E7.0 and annotated as
“anterior primitive streak” based on the expression of Foxa2 (Refs 99 and 100) and Gsc (Ref
101).
Cluster 2 emerges around E7.5 as cluster 37 diminishes and contains cells of the
primitive streak and nascent mesoderm. We annotated this state “primitive streak late,” in line
with its high expression of Hoxb1, which extends along the primitive streak and is present in the
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mesoderm of the posterior embryo around E7.5 (Ref 102). Moreover, the expression of Eomes is
substantially reduced compared to the primitive streak states that are mainly present at E7.0
(state 37 and 3).
Cell states of the caudal epiblast (26, 30, 31) also expressed T, Evx1 and Lhx1. Their
more posterior position within the embryo is supported by continued Hoxb1, reported to be
expressed not only in the posterior mesoderm but also in the ectoderm anterior of and lateral to
the primitive streak at E7.75 (Ref 102). Cluster 26 (present around E7.5-8.0) and cluster 31
(present around E8.0-8.5) have a high fraction of cells that co-express T and Sox2, which is
characteristic of neuromesodermal progenitors (NMPs). Thus, these states were annotated as
“NMPs early” (cluster 26) and “NMPs late” (cluster 31) according to their temporal dynamics.
In addition to their mesodermal signature, both states express the neuroectodermal genes Sox3,
Sp8, Nkx1-2 and Olig3 (reported to be expressed in NMPs and derivatives, Ref 103). State 26
(NMPs early) appears to give rise to state 31, at least partially, which might also contain more
neuroectodermally-committed cells, as indicated by a slightly increased fraction of cells
expressing of Pax3 (Ref 103).
In contrast, cluster 30 emerges around E8.0-8.5, does not express Sox2, but instead
expresses genes of the “presomitic mesoderm” such as Tbx6 (Ref 104), Snai1 and Dll1 (Ref
105), and Nrarp (Ref 106). Notably, the intermediate mesodermal marker Osr1 is also detected in
a large fraction of state 30 cells, suggesting that the state may also contain cells of this tissue107.
Transcriptional similarity (e.g. the high expression of Hoxb1, Dll1, T) suggests that state 30 is
derived from state 2, though they may also proceed directly from NMPs. Interestingly, state 31
has a substantially larger fraction of cells expressing Cyp26a1 compared to state 30, which may
indicate a more caudal position within the embryo108.
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Cluster 12 is most prevalent around E7.5-8.5 and comprised of cells of the “posterior
lateral plate mesoderm,” though it may contain mesoderm of other structures as well. It
expresses Foxf1 (Ref 109) and Isl1 (Ref 110). Similar to state 30 (presomitic mesoderm), cluster
12 may also contain cells of the intermediate mesoderm as indicated by expression of Osr1 (Ref
107). Expressed genes specific to the caudal part of the embryo, such as Cdx4 and Hoxd9, also
supports a posterior position26,111.
Cluster 20 is present around E7.5-8.0 and resembles “pharyngeal mesoderm” consisting
of splanchnic lateral plate mesoderm and anterior paraxial mesoderm112. This state specifically
expresses the anterior mesoderm specific Tbx1, which was described to be exclusively expressed
in the in the anterior embryonic mesoderm, rostral to the node at E7.5 (Ref 113). Furthermore,
this state expresses: Tcf21, which is expressed within the first branchial arch at E8.0 (Ref 114);
Isl1, which is expressed at the earliest stages of cardiac development115; and Prdm1, which is
expressed in splanchnic mesoderm116.
Cluster 34 also expresses several genes characteristic for the pharyngeal mesoderm and
is present mainly around E8.5 (Ref 112). We termed this state “pharyngeal arch mesoderm” by
the expression of Tbx1, Six1, Eya1, and Pax9 (Refs 113,117,118), which are associated with this
tissue as well as other cranial mesenchymal structures. Cluster 6, present at E7.5-8.5, was termed
“secondary heart field/splanchnic lateral plate mesoderm” due to the expression of Isl1, a
marker for the secondary heart field (SHF, Refs 110 and 115). It also displays a high expression
Hand2, which is expressed in the lateral mesoderm and developing heart from E7.75 onwards119.
The expression of Foxf1 and Irx3 support the notion that state 6 contains cells of the splanchnic
(Foxf1) and also of the somatic (Irx3) lateral plate mesoderm109. Overall, this state might be
composed of many cells that eventually contribute to the formation of the heart tube. Cluster 21,
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present around E8.0 and 8.5, is largely composed of cells of the “primitive heart tube”
according to the expression of Myl7 (Ref 120), Nkx2-5 (Refs 121 and 122), Hcn4 and Tbx5 (Ref
113), Mef2c and Myocd (Ref 123). Hcn4 and Myocd have been reported to be rather specific for
the FHF115,124. The scarcity of known markers that are distinct for the First and Second Heart
Fields makes it difficult to conclude with certainty whether 6 gives rise to state 21 or whether 21
develops from state 20 independently and in parallel. Nevertheless, higher Hoxb1 expression in
state 6 compared to state 21 suggests that it is located posterior to the primary heart tube.
Cluster 18 begins to emerge at E7.5 and continues through E8.0-8.5. We termed this state
“somites” as it expresses Ripply2, which is reported to be expressed at the site of somite
formation (Somite 0-1, Ref 125), as well as Tbx18 (Ref 126) and Pax3 (Ref 127), which are
expressed throughout formed somites. Higher expression of Aldh1a2 and Foxc1 in this cell state
compared to cluster 30 (presomitic mesoderm) indicates that this state preferentially contains
cells of the somatic rather than the presomitic mesoderm99,128.
The entire lineage of hematopoietic and endothelial cells was marked by the expression
of Tal1. Cluster 13 is present at E7.0 and is thereby the first detected state expressing Tal1, Kdr1
and Etv2, characteristic for “hematopoietic and endothelial progenitors” (Ref 129). Cluster 36
likely arises from Cluster 13 and was termed “primitive blood progenitors.” It is most
prevalent around E7.5 and characterized by the expression of Hbb-bh1, Gata1, Nfe2 (Ref 130),
Klf1 (Ref 131) and Runx1 (Ref 132), genes known to demarcate the first wave of blood
production in the embryo.
Cell states 9 and 22 appear to be “primitive blood early and late.” They are prevalent at
E8.0 and E8.5, respectively, and express marker genes mentioned for cluster 36. Within this
lineage, we see a progressively decreasing fraction of Runx1+ cells from state 36 through 22,
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consistent with previous reports132. Cell state 32 also appears to arise from cells of state 13 at
E7.5. We characterized these cells as “angioblasts” by the high expression of Pecam1 (Refs 129
and 133), Cdh5 (Ref 93), Tek (Ref 134) and Lyve1 (Ref 135). This state also expresses Gja5 and
Ephb4, an arterial and venous signature consistent with their endothelial identity136.
Cluster 38 and 23 represent cells of the axial mesoderm identified by the expression of
Noto (Ref 137), Shh (Ref 138) and Foxa2 (Ref 99). Cluster 38 emerges at E7.0 and was therefore
annotated to be the “node,” formed at the anterior most position of the posterior streak (state 3).
Subsequently, cluster 23 emerges around E7.5 and persists into E8.5, suggesting that these are
cells of the developing “notochord” that expands anteriorly from the node.
Extraembryonic mesoderm lineage: Cluster 15, present around E7.5-8.5, and cluster 41,
present around E8.0-8.5, were annotated as the “amnion mesoderm early” and “amnion
mesoderm late” respectively according to the expression of Foxf1 (Ref 109) and Postn, which is
highly specific139. Foxf1 is also specifically expressed in the “allantois” (cluster 5), another
extraembryonic mesoderm cell state that emerges around E7.0 and then persists throughout the
developmental window investigated here. The allantois expresses Tbx4 (Refs 113 and 140) and
Tbx20 (Ref 141), as well as posterior Hox genes Hoxa10, Hoxa11 and Hoxa3 that are very
specific to this tissue (Ref 142).
Germline: Cluster 27, of which a small number of cells are already present at E6.5, is
unambiguously the primordial germ cell state (“PGC”) according to the expression of Dppa3
and Prdm1 (Ref 143), Prdm14 (Ref 144) and Nanos3 (Ref 145).
Extraembryonic and embryonic endoderm lineages: We identified endodermal cells
according to their expression of Foxa2 (Refs 146 and 147) and Sox17 (Ref 148). Cluster 4 is
most prevalent at E6.5 but persists through E7.0, and was annotated as “primitive and
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definitive endoderm,” with two distinct placements in our lineage tree (Figure 2-7). Cluster 4
represents a large fraction of E6.5 embryos (17%), suggesting an abundance of extraembryonic
endoderm, though it likely also contains cells of the emerging embryonic endoderm. Separating
these cells further is complicated by their highly similar gene expression signatures, which
diverge later to become more obvious147. Cluster 29 and 40 represent “visceral endoderm early
and late” as these two states emerge successively and both express Cubn and Amn (Ref 149) as
well as Amot and Slc39a8 (Ref 150). Cluster 14 appears to be “parietal endoderm,” which
expresses Srgn (Ref 151) and Thbd (Ref 152) as well as Gkn2 and Pga5 (Ref 153). This state
was captured irregularly across embryonic replicates but detected consistently over development,
likely due to technical variability that results from its location as the outermost extraembryonic
layer. Both the parietal and, to a lesser extent, visceral endoderm express Sox7, which
distinguishes them from cluster 7 (Ref 148). Cluster 7 is present around E7.5-8.5 and composed
of embryonic endoderm cells. Because the main endodermal structure present at these
developmental stages is the primitive gut, the state was termed “gut endoderm.” It is
characterized by the absence or comparatively reduced expression of the above mentioned
visceral and parietal endoderm markers, as well as by presence the definitive endoderm markers
Pyy (Ref 154), Foxa1, Cldn8 and Sorcs2 (Ref 147). Whether this cell state directly emerges from
state 3 or proceeds through some intermediate cells contained within state 4 is unclear.
Embryonic ectoderm lineage: Cluster 8 and cluster 19 are both already present at E6.5 and are
generally similar in gene composition to epiblast. Cluster 19 becomes less prevalent towards
E7.5, while cluster 8 peaks in abundance at E7.0 and comprises a substantial fraction of the
embryo. Both clusters are enriched in Otx2, Zic2, Utf1 and Fgf5 albeit to a lesser extent than in
the epiblast state 17. Additionally, expression of Sox2 and Pou3f1 indicate that cells of these
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states originate from the more anterior part of the epiblast, which is in line with the substantially
lower fraction of cells expressing markers of the primitive streak93. Their ectodermal character is
supported by the expression of Sox3 (Ref 155) and a small number of cells (~10%) with
detectable Six3 and Hesx1, which are both neural markers93. Thus, we termed both states
“ectoderm early 1” (cluster 8) and “ectoderm early 2” (cluster 19). We placed these states
jointly within the lineage tree to highlight the ambiguity of their direct developmental
relationship: it is unclear whether one differentiates into another or if they represent distinct
regions of the differentiating pluripotent field. However, state 8 displays a higher fraction of cells
expressing the epiblast markers, which indicates a more direct relationship to state 17.
Furthermore, state 3 cells (anterior primitive streak) are transcriptionally most similar to state 19,
suggesting that state 19 may be comprised of cells that are localized in a similar region within
the epiblast or are fated to transverse through the anterior primitive streak.
Cluster 1, 11, 24, and 39 represent neuroectodermal clusters characterized by the
expression of Sox1, Sox2 (which we consider to be a neuroectodermal marker from E7.5
onwards) and Sox3 (Ref 155). Cluster 24 emerges at E8.0 and expresses fore- and midbrainassociated Otx2, the midbrain marker Wnt1, as well as En1 and Pax2, which mark the midhindbrain border156. This cluster also contains cells that express Foxg1, which emerges around
E8.5 within the anterior neural folds157, and Six3, reported for the most rostral neuroectoderm158.
Taken together, we conclude that cluster 24 represents the developing “fore/midbrain” and
likely emerges from cluster 1, which is present at E7.5-8.0 and is Six3, Otx2, Pax2 and En1
positive. Consequently, cluster 1 was termed “neural ectoderm anterior.” Cluster 11 is most
prevalent at E7.5 and annotated as “neural ectoderm posterior” due to the expression of the
hindbrain marker Gbx2 (Refs 156 and 158) and Hoxa1 (Ref 159). Cluster 39 is present at E8.0-
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8.5 and appears to be “future spinal cord” by its expression of Hoxb8 (Ref 160), Nkx6-1 and
Olig2 (Ref 161). We placed this cell state downstream of state 11 because they both represent
posterior neuroectodermal cells and emerge successively. However, we include a dashed line in
our lineage tree to account for a possible dual origin from neuromesodermal progenitor cell
states (26 and 31).
Cluster 33 is most prevalent at E8.5 and appears to be “neural crest” by the expression
of Sox10, Sox9, Twist, Foxd3, and Tfap2a (Refs 162 and 163). It was placed in the tree
downstream of the developing brain (state 24). However, more posterior structures like the spinal
cord also produce neural crest cells and are expected to contribute to this cell state. Cluster 35 is
present around the same time and did not display any enrichment of specific marker genes that
would have allowed an anatomical or cell type specific annotation. Its transcriptional profile
appears most similar to state 33, which is why it was termed “similar to neural crest” and place
adjacent to it in the lineage tree.
Cluster 10 and 16 both emerge around E7.5 and progressively increase in relative
abundance. The presence of Dlx5 suggests that both are non-neural ectoderm164. Cluster 10
expresses Six1 and Eya1, consistent with a “preplacodal ectoderm” identity165, whereas cluster
16 was annotated as “surface ectoderm” because it expresses Trp63 (Ref 166), Tfap2c (Ref
167) and Grhl3 (Ref 168).
Extraembryonic ectoderm lineage: Cluster 0, 25 and 28 are Elf5 positive and belong within the
extraembryonic ectoderm (ExE) lineage169. Cells of cluster 0 display the highest expression of
Eomes, Cdx2, Sox2 and Esrrb and are annotated as “trophoblast stem cells” (Refs 169 and
170). Along with Spry4, the high expression of these genes also suggests that cluster 0 is located
proximal to the epiblast169. In contrast, canonical trophoblast stem cell markers are detected in
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fewer cluster 25 cells, which we term “distal ExE.” This decrease suggests that cells are
undergoing differentiation or that they are located more distal to the epiblast; both observations
are in line with an enrichment for Ets2 and Ascl2 expression in this state as previously reported
for the distal ExE/ectoplacental cone169. Cluster 28 shows substantially lower frequencies of
trophoblast stem-cell markers and expresses differentiation markers like Plac1 and Prl3d1,
indicating that it is comprised of “differentiated trophoblasts,” including cells of the
ectoplacental cone and trophoblast giant cells (Refs 169 and 171).
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Figure 2-6. Marker gene expression and emergence times of the 42 states

a. Heatmap of cell state prevalence across profiled embryonic stages. For each state, the
median per embryo proportion is calculated for each time point, followed by
normalization across the row. States were then arranged according to their dynamics over
time.
b. Expression heatmap of 712 marker genes that represent the cumulative sum of the top 30
most specific genes (columns) for each of our 42 states (rows as in a). Mean state
expression for each marker gene is normalized over the column and arranged by maximal
expression value across states.
c. Selected marker genes used to inform state annotations.
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Figure 2-7. Assembling cell states into a coherent lineage tree
a. Annotations for our 42 cell states denote morphological regions and cell populations that
correspond to their transcriptional signatures, but may not accommodate all anatomical
and cellular substructures in the embryo. For example, cluster 4 represents both
extraembryonic primitive and embryonic definitive endodermal progenitors, is present
within the E6.5 conceptus as well as in later stage embryos, and is consequently
positioned within two lineages. Our analytical pipeline cannot partition this state further
because they share a high degree of transcriptional similarity146, but markers that are
more associated with definitive endoderm tend to co-occur within the same groups of
cells when this cell state is clustered independently. Colors highlight general relationships
between different states as belonging to one of several discrete lineages. Cell states 26
and 31 contain neuromesodermal progenitors (NMPs) and the dual-coloring highlights
the presence of mesodermal (e.g. T) and neuroectodermal (e.g. Sox2) transcripts.
b. Curated lineage tree of annotated cell states according to their emergence time and
marker gene expression. Colors match assignments in panel a and are used to highlight
major lineages. Solid arrows indicate developmental connections as reported in the
literature and the dashed arrow represents NMP-containing states that are reported to
contribute to neuroectoderm172,173. Extraembryonic ectoderm and endoderm lineages
segregate during preimplantation development and are displayed disconnected from the
tree. In some instances, cell states that partially co-occur in time are connected by arrows
according to their relative dynamics or to developmental logic (e.g. ‘23–notochord’
proceeds from ‘38–node’ even though they temporally overlap in E7.5 because 38
diminishes after this time point while 23 remains stable into E8.5). State 35 was not
enriched in a particular set of marker genes and termed “similar to neural crest” because
of its global transcriptional similarity to state 33 (neural crest).
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Figure 2-7 (continued)
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2.3 Characterizing mutant phenotypes by morphology and developmental progression
Our wild-type reference allows us to explore mutant embryos both anatomically and
molecularly by examining the proportion of cells in each state as well as by comparing their
transcriptional similarity. As a proof of principle, we chose to reexamine the role of polycomb
repressive complex 2 (PRC2) in early development, where its absence causes substantial
morphological abnormalities and embryonic lethality around E9.5 (Refs 174-176). We expanded
our embryo generation approach by co-injecting Cas9 mRNA and three sgRNAs to disrupt the
target gene prior to its zygotic expression (Figure 2-8). As the subunit embryonic ectoderm
development (EED) is essential for the assembly of PRC2 (Ref 177), we targeted three early
exons of Eed and collected a total of 34 mutant embryos from E6.5, E7.5 and E8.5 for single cell
analysis. While Eed-disrupted (referred to as EEDKO) E6.5 embryos initially appear similar to
wild-type (WT), those isolated at E7.5 and E8.5 were substantially smaller and morphologically
abnormal (Figures 2-8 and 2-9).
We generated scRNA-seq data for an additional 41,506 cells from Eed-disrupted embryos
(median detection of 11,682 UMI/transcripts and 3,099 genes per cell) and assigned them to our
42 WT states. We find that mutant embryos become substantially less complex than their
wildtype counterparts over gestational time and are largely comprised of earlier states, even at
later time points (Figure 2-10). To preclude this apparent developmental delay from biasing our
morphological interpretation of EED’s role in body axis patterning, we reassigned EEDKO
embryos to their closest proximal WT time point according to their state composition.
Specifically, we applied an embryo staging approach that utilized the binary presence or absence
of states in combination with their overall proportions to assign a normalized developmental
stage (Figures 2-10d and 2-11). Consistent with our observations, we find that Eed-disrupted
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embryos isolated at E7.5 and E8.5 generally cluster with WT embryos that are ~12 and 24 hours
younger, respectively (Figures 2-10e).
We then compared the relative proportions of each state within Eed-disrupted embryos to
their most similar WT time point, as well as their differential expression compared to the WT
cluster average. Although the earliest extraembryonic and embryonic products of E6.5/7.0 are
present and transcriptionally similar to WT, their derived cell states become either highly
abnormal or fail to consistently develop (Figures 2-12 and 2-13). In particular, lineages
stemming from the primitive streak appear to skew posteriorly, leading to abundant
extraembryonic mesoderm, while the axial mesoderm (node, notochord) shows broad
transcriptional disruption. Subsequently, many later stage embryonic neuroectodermal and
mesodermal lineages are not produced. We also see substantial overrepresentation of the PGC
state (FC >13; 0.6% in WT E7.5 embryos and 7.9% in mutants, respectively), which emerges in
close proximity to the extraembryonic mesoderm in response to similar signaling cues from the
extraembryonic ectoderm and extraembryonic endoderm (Figure 2-14)100,178,179.
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Figure 2-8. Generation of Eed-disrupted embryos
a. Schematic of experimental pipeline to generate mutant embryos for single-cell profiling.
CAST-haplotypable zygotes are produced by intracytoplasmic sperm injection (ICSI) as
in Figure 2-1, but followed 6 hours later by injection of Cas9 mRNA and a pool of three
distinct sgRNAs targeted to Eed (highlighted below in red). Embryos are transferred into
surrogate females and isolated at gestational days E6.5, 7.5 and 8.5 for scRNA-seq (n =
17, 7, 10 embryos respectively, minimum of 8,000 cells per stage sequenced, 17 E6.5
embryos are from two experiments of 8 and 9 embryos, respectively). Nuclease activity
and non-homologous end joining within the first half of the Eed coding sequence is
expected to generate heterogeneous mutations across embryos at an efficiency that
ensures complete disruption of the coding sequence and depletion of the H3K27me3
modification in each embryo.
b. Phenotype of wild-type (WT) and Eed-disrupted (EEDKO) embryos at gestational days
E6.5, 7.5, 8.5. EEDKO embryos appear similar to WT in size and morphology at E6.5, but
are substantially smaller and abnormal at E7.5 and E8.5. We recovered no
morphologically normal EEDKO embryos, validating the efficient disruption of the target
gene as Eed+/– animals are viable and appear phenotypically normal during this period180.
The substantial variability in size and morphology for EEDKO embryos after E6.5 is in
agreement with previous reports of Eed–/– embryos174,176. The absence of strong
abnormalities after implantation may indicate a later biological requirement or mitigating
effects of maternally loaded PRC2, which is present and active until E3.5 in Eed–/–
blastocysts181. Note that WT embryos shown here are generated by natural mating and
isolated at the same gestational age.
c. Representative immunofluorescence (IF) staining of H3K27me3 in WT and EEDKO
embryos. Single z-stacks displaying an anterior region of size-matched WT (E7.5)
and EEDKO(E8.5) embryos (H3K27me3, red channel; nuclei (DAPI), blue channel). The
nuclear signal for H3K27me3 is readily detectable in WT but absent in EEDKO.
d. Size distribution of WT and EEDKO embryos (generated from a representative
experimental panel, see Figure 2-9). Bars indicate mean size, calculated as the area
occluded by the embryo in µm2, with standard deviation (error bars). n = 14, 11, and 11
for WT and n = 9, 4, and 8 for EEDKO from E6.5, E7.5 and E8.5, respectively.
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Figure 2-8 (continued)
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Figure 2-9. High efficiency zygotic disruption of the Eed locus using sgRNA/Cas9 injection

a. Three sgRNAs were designed to balance high efficiency cutting, off target potential, and
coverage across the first half of the coding sequence (see Methods). Then, selected
sgRNAs were injected as a pool to provide a high likelihood of functionally disruptive
mutations.
b. Representative morphology of wild type and EEDKO embryos from E6.5 to E8.5. Rows
show isolated cohorts of embryos without pre-selection to provide an overview of the
size and phenotypic variability from one round of experiments (note that the E6.5 time
point represents the exact samples collected for single cell analysis, E7.5 and E8.5
embryos are from zygotes generated by natural mating). Numerical inset highlights the
area of each image occluded by the embryo in µm2 as presented in Figure 2-8d.
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Figure 2-10. Assigning Eed-null embryos to a normalized developmental age
a. Bar plots of the per time point contribution of cells to each of the 42 cell states, ordered
by their emergence in WT (E6.5, blue; 7.5, green; and 8.5, red). EEDKO embryos develop
fewer cell states by E8.5 and populate earlier states at later time points, suggesting a
developmental delay.
b. Bar plots representing the number of cell states and cell state transitions in WT and
EEDKO embryos over gestational time. WT embryos gain and lose more states over time
compared to EEDKO.
c. State proportion dynamics in WT and EEDKO embryos. Embryonic complexity is
calculated as the Shannon entropy of state proportions (in bits) for all embryos sampled
per developmental stage. Median complexity is represented as points and the 25% and
75% interquartile data as error bars. Extraembryonic states were excluded from these
estimates because they are more difficult to isolate uniformly and therefore contribute
technical variation.
d. Assignment of EEDKO embryos to analogous wild-type stages to establish a normalized
developmental stage. Embryos displayed according to 1st principal components from two
analyses based on either the binary presence or absence of states (x axis) or their precise
proportions (y axis) within each WT embryo. Each embryo (WT, dots; EEDKO,
diamonds) was assigned to its closest WT median (crosses) according to this space. The
binary information on presence or absence is more informative for determining
developmental stage in early embryos, where the transition from the pluripotent epiblast
to early germ layers creates a horizontal spread, while older embryos are more sensitive
to changes in state proportions (see Figure 2-11). Colors indicate the gestational day of
embryo isolation.
e. Summary of our developmental stage assignment based on d. The majority of WT
embryos match their gestational age, whereas the majority of EEDKO embryos isolated on
E7.5 and 8.5 are 12 and 24 hours delayed, respectively. Arrow strength corresponds to
the fraction of embryos matching a WT median (WT, light grey; EEDKO, dark grey). All
subsequent analysis is based on stage-matched comparisons, i.e. EEDKO embryos were
compared to their closest WT median.
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Figure 2-10 (continued)
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Figure 2-11. Normalizing mutant embryos according to developmental age
a. Distribution across Principal Component 1 (PC1) for WT embryos (n = 50, dots) and
their median WT representations (n = 5, squares) per time point. In PC1 space, embryos
from early developmental stages (i.e. E6.5-E7.5) are more similar to each other according
to their proportions than by the presence or absence of specific states. Alternatively, later
time points (i.e. E8.0 and E8.5) share many of the same states, but at different
proportions. We combine these parameters to establish a normalized differential stage.
b. PCA projection of WT embryos (n = 50, dots) and their median WT representations for
all profiled developmental stages (n = 5, squares). PCAs were based on (top, left) cell
state proportions of embryonic tissues or on binary information about presence and
absence of all cell states (bottom, left). PC1 and PC2 are shown on the x and y axis,
respectively. Display of EEDKO embryos (n = 34 embryos, diamonds) projected onto
PCA space as defined by the WT data (left plots) highlight the utility of this approach to
stage mutant embryos that may exhibit developmental delays. Note that “embryonic
tissues” includes extraembryonic mesoderm, which is derived from the epiblast as part of
the primitive streak.
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Figure 2-11 (continued)
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Figure 2-12. Changes in embryo composition and gene expression in EEDKO embryos

State proportions were compared between WT and developmental stage-normalized EEDKO
embryos. Gene expression correlation (purple to yellow) was determined using the 712 marker
genes presented in Chapter 2-2. States are organized according to their lineage and relative
positioning following gastrulation. In general, the earliest cell states of a given germ layer are
less affected compared to later states (states within the conceptus schematic represent early
progenitors). Many later states are not observed (grey), possibly due to the developmental delay
or the abnormality of their precursors. Whether some of these would be produced reliably before
mutant embryos die remains unclear. Only a single EEDKO embryo matched the WT stage E8.0
and had cell assignments to late states, possibly due to inter-mutant variation, and these states
were excluded because the number of replicates supporting their production was insufficient.
Outermost extraembryonic tissues (parietal and visceral endoderm, extraembryonic ectoderm)
are more prone to be affected by technical variability in embryo isolation, and thus proportion
changes for these should be taken with caution. Cluster annotation is as in Figure 2-7.
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Figure 2-13. Cell state proportions as a function of developmental age

Cell state proportions per stage (median percent of cells in a cell state) of WT (n = 50) and
EEDKO (n = 34) embryos, respectively. Proportions of EEDKO are shown for cell states after
correction for their developmental delay. Embryos assigned to stage WT E8.0 and WT E8.5 are
displayed with dashed lines since no valid comparisons for these stages are possible as they
represent measurements from a single mutant embryo. While this embryo is an outlier, it still
displays higher than expected proportions of extraembryonic mesoderm (5–allantois and 15–
amnion) and PGCs (state 27).
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Figure 2-14. General posteriorization of EEDKO embryos leads to overproduction of PGClike cells

a. Cell state proportions of WT and EEDKO embryos demonstrate an overabundance of
extraembryonic mesoderm tissues (Xmeso) and primordial germ cells (PGCs).
Extraembryonic ectoderm (Xecto) and extraembryonic endoderm (Xendo) states are
omitted from the estimated proportion as they are prone to technical variability during
embryo isolation.
b. Estimated absolute number of PGCs for individual embryos shows that the EEDKO
phenotype generates more PGC assigned cells than are observed in WT throughout this
developmental period. For details on estimation, see Methods. Wilcoxon test, two sided,
P-values: 0.322 (E6.5), 0.008 (E7.5), 0.0003 (E8.5), * P < 0.05, ** P < 0.01.
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2.4 Transcriptional dynamics of PRC2-free post-implantation development
We also examined which genes are specifically disrupted within each cell state and connected
this to their wild-type H3K27me3 promoter enrichment in the embryonic or extraembryonic
compartments of the E6.5 conceptus (Figures 2-15a and 2-16)182. Of the 2,588 genes that are
recurrently deregulated within at least one lineage, only 40 are consistently upregulated between
at least a third of the cell states that were confidently present in Eed-disrupted embryos (Figure
2-15a). Notably, seven of these more universally de-repressed genes canonically function in cell
cycle control, including the tumor suppressors and known PRC2 targets Cdkn2a and Cdkn1a183185

. Transcripts from these genes are highly abundant and detected in 62% and 27% more cells

than in wild-type embryos, respectively. Failed silencing of these loci may contribute to the
diminished size of Eed-disrupted embryos, though this effect would have to be lineage dependent
because several overrepresented states also exhibit higher Cdkn2a expression.
Despite broad regulation of developmental genes by H3K27 methylation within
pluripotent precursors, we find that the effects of Eed disruption are largely cell state or lineage
dependent, indicating that PRC2 cooperates with additional components at the onset of
differentiation to determine which genes become expressed. In keeping with this idea,
transcriptional changes largely act to make independent cell states more similar to one another,
particularly within lineages, supporting a model where epigenetic regulation acts to stabilize
barriers between closely related fates as they begin to diverge (Figures 2-15b and 2-17). For
example, we observe failed stepwise induction of homeotic (Hox) genes in the early anterior and
posterior products of the primitive streak (Figure 2-18a). In wild-type embryos, the Hoxb1+
primitive streak matures to generate Hoxb1+/Hoxd9+ caudal mesodermal tissues111,186. In
contrast, Eed-disrupted embryos express Hoxd9 prematurely and destabilize Hoxb1 induction,
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which may contribute to the generally posteriorized mutant phenotype and lack of caudal
embryonic tissues (Figures 2-18b and 2-19).
In summary, we have developed an experimental and analytic pipeline that combines
synchronized fertilization with scalable zygotic perturbation to characterize the molecular roles
of developmental regulators in vivo across replicates and at single cell resolution. Our highresolution wild-type reference enabled us to quantify gross morphological defects of the complex
Eed mutant phenotype as they emerge and to connect these to the early coordination of
embryonic germ layer and germline differentiation. We envision a broad utility of our platform,
including combinatorial or environmental manipulations, to define the underlying parameters
that encode the assembly of comprehensive multicellular organisms from a uniform genetic
template.
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Figure 2-15. Transcriptional changes in EEDKO embryos appear to be lineage specific

a. Binarized heatmap of differentially up or down regulated genes according to their
specific lineage. Only genes that are differentially regulated in at least two states of a
lineage are displayed, with the exception of 17–Epiblast and 27–PGC. 40 genes are
upregulated in >33% of states present within EEDKO embryos, and 7 of these have
canonical functions in cell cycle regulation. Cdkn2a is the most-frequently upregulated
target, scored as such in all states except for those of the extraembryonic ectoderm
lineage, which already express Cdkn2a in WT.
b. Gene expression differences between mutant states ranked by their departure from wild
type. Positive values indicate higher similarity between states in EEDKO compared to WT
(log2 fold change of the ratio between EEDKO and WT pairwise comparisons, calculated
by Euclidean distance, see Figure 2-16). The lineage identity of the two states are shown
below, with an additional index for within lineage comparisons (intralineage). About two
thirds of states are more similar to one another in the EEDKO, suggesting that PRC2
stabilizes distinct transcriptional regulatory networks during differentiation. Mesodermal
lineages appear to be most affected.
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Figure 2-16. General features of Eed-disruption on gene expression
a. Number of differentially up or down regulated genes (y axis) per cell state (x axis) in
EEDKO embryos compared to WT. Notably, early cell states (such as 17–epiblast, 0–
trophoblast stem cell, or 3–anterior primitive streak) have fewer downregulated genes,
suggesting that they are more directly affected by the loss of repressive H3K27me3 than
later cell states.
b. Odds ratio for differentially up (top) and down (bottom) regulated genes in EEDKO across
all genes with H3K27me3 promoter enrichment in E6.5 tissues182. Upregulated refers to
more frequent expression in EEDKO vs WT; downregulated refers to less frequent
expression in EEDKO vs WT. All upregulated genes are significantly enriched in
H3K27me3 while none of the downregulated genes are enriched (hypergeometric test).
Significance was tested and adjusted for multiples testing using Benjamini-Hochberg
(*** FDR < 0.001). 3,354 genes are characterized as having promoter H3K27
methylation. Number of up or downregulated genes per state are as in panel a.
c. Odds ratio for differentially up (top) and down (bottom) regulated genes in the EEDKO
across all genes located on chromosome X. Upregulated refers to more frequent
expression in EEDKO vs WT; downregulated refers to less frequent expression in EEDKO
vs WT. Notably, early extraembryonic ectodermal lineages show significant derepression
of X-linked genes (see state 0–trophoblast stem cell and 25–distal extraembryonic
ectoderm). Significance was tested using the hypergeometric test and adjusted for
multiples testing using Benjamini-Hochberg (* FDR < 0.05; ** FDR < 0.01; *** FDR <
0.001); 1,337 genes are located on chromosome X. Number of up or downregulated
genes per state are as in panel a.
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Figure 2-16 (continued)
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Figure 2-17. Similarity of expression profiles between EEDKO or WT cell states

a and b. Pairwise Euclidean distance (dissimilarity) heatmap between the mean cell state
expression of our 712 marker genes for WT (a) and EEDKO (b) states. Heatmaps are clustered
using the complete linkage method.
c. The difference between WT and EEDKO pairwise state comparisons (log2 of the ratio
between the WT and EEDKO comparisons). Red signifies higher similarity between cell
states in EEDKO than in WT, while blue signifies lower similarity. Heatmap is clustered
according to the complete linkage method. Values from this comparison are ranked in
Figure 2-15b.
d. Correlation coefficient between WT and EEDKO marker gene expression profiles per state
(n = 712, Pearson correlation).
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Figure 2-18. Transcriptional changes associated with th EEDKO phenotype arise in early
progenitor states

a. Failure to stabilize sequential Hox gene induction mirrors the posteriorized EEDKO
phenotype. Shown are the fraction of Hoxb1 and Hoxd9 positive cells within selected
mesodermal lineages and PGCs as they stem from the pluripotent epiblast. The
embryonic mesoderm normally proceeds through a Hoxb1+ primitive streak prior to the
caudal induction of Hoxd9, but EEDKO embryos induce Hoxd9 prematurely, leading to an
expression profile more similar to extraembryonic lineages. States where either Hoxb1 or
Hoxd9 are differentially up or down regulated are highlighted in blue or red, respectively,
while states that are not produced are outlined in light grey.
b. Venn diagrams of the proportion of cells in the anterior primitive streak or early ectoderm
(states 3 and 8, respectively) that are positive for key transcription factors associated with
germline induction187,188. In addition to being more abundant in EEDKO, these genes are
also more frequently present within the same cells, suggesting partial reactivation of a
PGC-supporting subnetwork within alternative lineages. Moreover, PGC marker genes
are significantly upregulated within these two lineages as a whole (hypergeometric test,
FDR = 0.010 and 0.048 for anterior primitive streak and early ectoderm 1, respectively).
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Figure 2-19. General disruption of the PGC regulatory network within the early germ
layers

a. Percent of non-PGC state cells that express the PGC marker genes Dppa3 (y axis) and
Prdm1 (x axis) per embryo for WT (light grey) and EEDKO (dark grey). Cells assigned to
the PGC state were excluded from this analysis to quantify PGC marker gene expression
in the rest of the embryo.
b. Mean gene expression correlation in PGC state cells between WT and EEDKO. High
correlation (r = 0.99, Pearson correlation coefficient) indicates similar gene expression
profiles between WT and EEDKO in PGC cell state. Nonetheless, cells positive for key
PGC marker genes are generally detected at slightly lower frequencies in EEDKO,
suggesting some failure to stabilize the complete network (see below).
c. Expression frequencies (percent of cells where the transcript is detected) of our marker
genes (n = 712) in WT cells (x axis) and EEDKO cells (y axis) in “early ectoderm 1” (n =
5,419 and 6,022 WT and EEDKO cells, respectively), “anterior primitive streak” (n =
2,429 and 2,803 for WT and EEDKO cells, respectively), and PGCs (n = 205 and 1,784
for WT and EEDKO cells, respectively). Notably, the two states associated with early
ectodermal and mesodermal germ layer formation show significant upregulation of PGCspecific marker genes (hypergeometric test, FDR = 0.0103 and 0.0484 for anterior
primitive streak and ectoderm early 1, respectively). We observe no significant
enrichment for differentially expressed PGC marker genes in the PCG cluster overall
between WT and EEDKO, although several are detected at lower frequencies
(hypergeometric test, FDR>0.05). PGC cell state marker genes are indicated by an
asterisk (n = 30). Differentially expressed genes are highlighted in black.
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2.5 Methods
Embryo generation: Protocols are adapted from those described in Chapter 1.8. Briefly,
B6D2F1 strain female mice (age 6-8 weeks, Jackson labs) were superovulated by serial injection
of Pregnant Mare Serum Gonadotropin (5IU per mouse, Prospec Protein Specialists) followed by
Human Chorionic Gonadotropin (5IU, Millipore) 46 hours later. 12-14 hours after priming, MII
stage oocytes were isolated in M2 media supplemented with hyaluronidase (Millipore) and
stored in 25 µl drops of pre-gassed KSOM with ½ amino acids (Millipore) under mineral oil
(Irvine Scientific). Zygotes were generated by piezo-actuated intracytoplasmic sperm injection
(ICSI) using thawed B6/CAST F1 strain sperm in batches of 30-50 embryos and standard
micromanipulation equipment, including a Hamilton Thorne XY Infrared laser, Eppendorf
Transferman NK2 and Patchman NP2 micromanipulators, and a Nikon Ti-U inverted
microscope. For zygotic disruption, pronuclear stage 3 zygotes were recovered after ~6 hours of
incubation and injected with a cocktail consisting of 200 ng/ml Cas9 mRNA and a 100 ng/µl
equimolar ratio of three guideRNAs targeted to Exons 2, 5 and 6 of the Eed locus (as described
in Chapter 1.5). At ~ 84 hours postfertilization, cavitated blastocysts were transferred into the
uterine horns of pseudopregnant CD-1 strain females (25-35g, Charles River) generated by
mating with Vasectomized SW strain males (Taconic), which results in a 24 hour offset in
gestational time to accommodate implantation.
B6/CAST F1 mice were generated in house by breeding C57BL/6J strain female mice
with CAST/EiJ strain males. Swimming sperm was isolated from the caudal epididymis for
males (> 2 months of age) in M2 media (Millipore), decapitated by brief pulse sonication in a
Branson Sonifier with double stepped tip (Branson), and stored in –40ºC in 25 µl aliquots for use
within 6 months to a year of collection. Cas9 mRNA and guide RNAs were in vitro transcribed
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using the mMESSAGE mMACHINE® T7 Ultra kit or MEGAshortscript® Kits (Thermo
Fisher), purified using the RNA clean and concentrator kit (Zymogen), and resuspended in
injection buffer (5 mM Tris buffer, 0.1 mM EDTA, pH = 7.4).
All procedures have been performed in our specialized facility and follow strict animal
welfare guidelines. Approved by Harvard University IACUC protocol (#28-21) and the Max
Planck Institute for Molecular Genetics (G0247/13-SGr1).
Single-cell transcriptome profiling of embryos: Wild-type (WT) and Eed-disrupted (EEDKO)
embryos were isolated from surrogate mice between E6.5-8.5 at 12 and 24 hour windows,
respectively. Outermost extraembryonic tissues (yolk sac, trophectoderm derived tissues) were
preserved if possible. Microscope images recorded embryo number and morphology. The 4-10
embryos isolated per experiment were serially washed through several droplets of
1xPBS/0.4%BSA, pooled without any morphology-based pre-selection and subjected to tissue
dissociation in 200 µl TrypLE Express (Gibco) for 40-60 minutes at 37ºC, with pipetting in 5
minute intervals. The cell suspension was filtered using Scienceware Flowmi Cell Strainers, 40
µM. Cells were washed twice with 1ml 1xPBS/0.4%BSA and centrifugation for 5 minutes at
1200 rpm. The cell concentration was determined using a hemocytometer and cells were
subjected to single-cell RNA sequencing (10x Genomic, Chromium™ Single Cell 3’ v2) aiming
for a target cell recovery of up to 13,000 sequenced cells per sequencing library. Single-cell
libraries were generated following the manual instructions, with the exception of fewer PCR
cycles than recommended during cDNA amplification or library generation/sample indexing to
increase library complexity. Libraries were sequenced with a minimum of 230 million paired end
reads according to parameters as described in the manual.
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Imaging embryos for morphology and size measurements: E7.5 and E8.5 wild type and
knockout embryos acquired in experiments that were performed independent of the single-cell
sequencing experiments were imaged using ZEISS AxioZoom.V16 microscope and ZENBLUE
imaging software at 10X and 7X objectives respectively with z-stacks of 12-17µm intervals. To
obtain a higher resolution of morphology, individual E7.5 embryo images were acquired at 50X
and E8.5 embryos at 40X objectives. The E6.5 embryos, which were subjected to single-cell
sequencing, were imaged using an Olympus IX71 inverted microscope and Metamorph software.
Images of E6.5 wild-type embryos were acquired at 4X and knockout embryos at 10X. Wild type
E7.5 and 8.5 embryos shown in Figure 2-9 were generated by natural mating to provide a size
and morphological comparison to EEDKO. Surface area (in µm2) of embryos was measured using
the ‘region’ tool by drawing a polygon contour around each embryo in ZENBLUE.
Immunofluorescence: Embryos were dissected from the decidua at specific stages in cold 1X
HBBS and then fixed overnight in 4% Paraformaldehyde (PFA) at 4°C. Embryos were rinsed
three times in 1x PBS and permeabilized with PBT0.5 (0.5% Triton X-100 in 1x PBS) for two
hours followed by blocking for an hour with blocking solution (10% FBS in PBT0.5). Embryos
were incubated for 72 hours at 4°C with the primary antibody anti-Histone H3 Lysine 27 trimethylation (Abcam ab6002), diluted in blocking solution to 1:200. The following day, embryos
were washed with PBT0.5 four times (30mins per wash), and blocked overnight at 4°C in
blocking solution. The day after, embryos were incubated overnight at 4°C with donkey antimouse Alexa Fluor® 488 (Invitrogen A21202), diluted in blocking solution at 1:400. Embryos
were subsequently washed with PBT0.5 four times (30mins per wash), and nuclei were
counterstained with DAPI (0.24µg/mL) for 40 minutes at 4°C. Embryos were washed with
PBT0.5 four times (30mins per wash), and post-fixed with 4% PFA for 20 minutes. Final washes
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(three times, 15 minutes) were performed with 0.02M phosphate buffer (0.025M NaH2PO4;
0.075M Na2HPO4, pH7.4) followed by optical clearing at 4°C for 24 – 48 hours with 1.62M
RIMS clearing agent (Histodenz in 0.02M phosphate buffer). Images were acquired using Zeiss
LSM710 at 63X magnification (oil immersion) and z-stacks of 2.13µm were generated. A
representative z-stack is shown for the figure.
Bioinformatics were conducted using R version: 3.4.3 (“Kite-Eating Tree”): http://www.Rproject.org/
Data preprocessing: The Cell Ranger pipeline (10X Genomics Inc.) was used for each scRNAseq data set to de-multiplex the raw base call files, generate the fastq files, perform the alignment
against the mouse reference genome mm10, filter the alignment and count barcodes and UMIs.
Outputs from multiple sequencing runs were also combined using Cell Ranger functions.
Alignment and genotyping: For each experiment, the scRNA-seq data were aligned against an
mm10 hybrid mouse genome assembly using STAR189 with default settings and “-outSAMattributes NH HI NM MD.” The hybrid genome was prepared using SNPsplit190 to mask
SNPs between the mouse version mm10 (GRCm38) and the CAST/EiJ strain genomes with the
ambiguity base (N). Subsequently, SNPsplit was used to sort reads that cover SNPs by origin
(reference genome). Unambiguous and unique alignments of WT samples were used to create a
list of SNPs that were covered by reads originating from both reference genomes. Finally, reads
covering these SNPs were used to determine the allele composition for each cell, i.e. fraction of
CAST/EiJ specific SNPs.
Cell to embryo assignment, doublet removal, and sex determination: Single cells were
assigned to embryos according to the autosomal fraction of CAST SNPs, a 19-dimension vector
that allowed to us estimate the number of embryos per experiment. A minimum number of 1,000
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covered SNPs and SNP information for each autosome was required. k-means clustering for
multiple k (kmeans function in R, k = 2-15, default parameters) was performed on cells that
fulfilled this criterion and evaluated by calculating the AIC for each model. The k with the
minimal AIC defined the number of detected embryos, and the kernel averages represent the
SNP profile for each embryo in the pool. Cells were then assigned to the embryo based on
minimum distance in SNP profile.
We found that unstable cell to embryo assignments were often either the result of low
UMI counts or of cell doublets. To eliminate these, we performed 100 iterations of our embryo
assignment strategy using a randomly sampled 20% of each cell’s SNPs and discarded cells that
changed their assignments (Figure 2-2). Stably assigned cells were consistently assigned to the
same embryos based on the k-means clustering.
Embryo sex was determined based on the expression of the following genes: Xist
(ENSMUSG00000086503) to count XX contexts and Erdr1 (ENSMUSG00000096768), Ddx3y
(ENSMUSG00000069045) and Eif2s3y (ENSMUSG00000069049) to reliably detect
transcription from the Y chromosome. The Cell Ranger gene barcode matrices were used to
obtain per cell expression counts for these 4 genes and determine the fraction of positive cells per
embryo. Embryos with a high percentage of Xist expressing cells were determined to be female
while embryos with higher fractions of Erdr1, Ddx3y or Eif2s3y were determined to be male.
Transcriptome clustering: The cluster determination was split into three main parts and was
largely done using the R package Seurat with default settings87. In brief, (1) A preliminary set of
clusters were generated by agnostically clustering WT embryos of the same stage as a pool
without taking replicate identity into account, followed by generating per replicate clusters
according to this assignment. Then, (2) replicate embryo clusters from step 1 were clustered
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across time points to obtain preliminary cell states. Finally, (3) all WT and EEDKO cells were
assigned to their most similar cluster by Euclidean distance according to a reduced set of 712
marker genes to determine their specific cell state identity.
Step 1 (Generating embryo-specific centers from WT data): All de-convoluted wild type
single cells of the same developmental stage were processed together after discarding cells that
were not confidently assigned to a genotype/embryo. Parameters were adopted from the Seurat
manual. The expression data were log-normalized, scaled to 10,000 and UMI biases were
removed (vars.to.regress = ”nUMI”), followed by calling of variable genes (parameters:
mean.function = ExpMean, dispersion.function = LogVMR, x.low.cutoff = 0.0125, x.high.cutoff
= 3, y.cutoff = 0.5). Next, the variable genes were used to run the PCA and the first 20 PC’s were
used for cluster detection. The average expression for each embryo and cluster was calculated,
which we refer to as “embryo-specific centers.” This allowed us to detect even rare cell states
while preserving embryo-specific variability.
Step 2 (Cell clustering): The embryo specific centers of all WT stages were combined into one
analysis to determine variable genes. A PCA was run based on the variable genes and the first 20
PC’s were used to cluster the embryo specific centers (parameters adjusted for low ‘cell’
number: k.param = 8, k.scale = 50, prune.SNN = 1/10). This resulted in 42 clusters defined by
the median expression profile from each contributing embryo-specific center, which we used as a
preliminary cell state description. Then, as a temporary step, all WT cells from all stages were
simultaneously assigned to their closest preliminary cell states based on expression similarity
(Euclidean distance of log-expression values of variable genes calculated above) to calculate a
gene expression average. At this stage, we observed that the number of variable genes was
unevenly distributed across preliminary cell states, which created biases when comparing single
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cells across them (clusters defined by a greater number of variable genes have more
opportunities to match sparse single cell measurements, while those defined by fewer variable
genes accumulate more noise by including them). We therefore sought to normalize the number
of state-specific genes that contribute to each cluster by using the top 30 marker genes (highest
difference in fraction of positive cells within the cluster versus other clusters) from each of the
42 cell states. We found that this reduced gene set provides a more stable, lower-noise
assignment without biasing the information to describe each cell state (n = 712 unique genes,
Figure 2-3).
Step 3 (assigning cells to clusters): The WT and EEDKO cells were assigned to the cell states
based on their Euclidean distance log-expression values for the 712 marker genes. Single cell
distances are significantly smaller to their matched cell states than to next-best matches. Cell
states with either an insufficient number of cells from EEDKO embryos (≤20 cells) or
representation from an insufficient number of EEDKO embryos (≤1 embryo) were discarded from
further analysis. Cell states excluded from KO analysis include: 1, 11, 18, 21, 22, 24, 26, 30, 31,
33, 34, 35, 39, 41. These are mainly states that would only be expected later than E7.5 in wildtype development.
Assessing cell state (cluster) prevalence or proportion: Prevalence of cell states with respect
to embryo stage (Figure 2-6a) was evaluated by first normalizing to number of sequenced cells
per stage and then row normalizing across the state.
Cell state proportions per embryo were calculated as the number of cells assigned to a
cell state divided by the total number of cells comprising an embryo. The stage specific median
embryo was calculated as the median proportion of cell state fractions of all embryos of the same
developmental stage (our delay adjusted assignment, see below). Proportion changes in Figure
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2-12 were calculated as the log2 fold change between the mean proportions of developmentally
stage-matched EEDKO and WT embryos.
Embryonic complexity was calculated by treating the proportion of a cell state in an
embryo as the probability pi of observing that state (shown in Figure 2-10c). The complexity of
an embryo was defined as the Shannon entropy based on cell state proportions:
Embryonic complexity bits =

p! log ! p!
! ∈ !"## !"#"$!

Comparing cell state expression profiles: To determine the relative difference between cell
states between WT and KO cells, we calculated all available pairwise Euclidean distances from
the average expression profiles of the 712 marker genes. Then, we calculated the log2 foldchange of the ratio between WT and EEDKO to evaluate whether two states become more or less
similar in EEDKO.
Gene expression profiles were compared between either two different cell states or
between the WT and EEDKO by correlating the average gene expression profiles of the 712
marker genes (R function cor, Pearson correlation).
We called differentially expressed genes between WT and EEDKO for every detectable
cell state. To account for different sequencing depths, we down-sampled to the minimum 25th
percentile of WT and EEDKO UMIs using the SampleUMI function of the Seurat package. A
gene was called differentially expressed within a cell state between WT and EEDKO, if it fulfilled
the following criteria: (1) minimum detectable fraction of 0.1 within at least one group and (2)
either a minimum detectable difference of 0.2 or a minimum absolute log2 fold-change of 1.
We assigned genes as recurrently deregulated if they were differentially expressed in at
least two cell states of the following lineages: Xendo, extraembryonic endoderm; Xecto,
extraembryonic ectoderm; Xmeso, extraembryonic mesoderm; Eendo, embryonic endoderm,
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Eecto, embryonic ectoderm; Emeso, embryonic mesoderm. PGC and epiblast represent single
state lineages and all deregulated genes within these states were included.
We also performed a hypergeometric test to search for differential regulation of statespecific genes between each EEDKO state and group of WT marker genes (R function phyper,
“lower.tail = F”). The testing was performed “all vs. all,” meaning each cell state was tested for
over representation of differentially expressed marker genes for each alternative state as a
separate pairwise comparison.
Enrichment of differentially expressed genes in H3K27me3 and location on X were also
performed using a hypergeometric test (R function phyper, “lower.tail = F”).
For all tests, FDR correction was done with the Benjamini-Hochberg method (R function
p.adjust).
Assigning a developmental age: The gestational age of all EEDKO embryos was adjusted for
developmental delay by comparing to the median of the WT embryos from each time point.
Because some states may be more informative about developmental stage than others, we
performed two distinct principal component analyses (PCA) using the WT replicate data: (1)
using the cell state proportions and (2) using the binary information of presence and absence of a
cell state. For the cell state proportion assignments, only Emeso, Eendo, Eecto, Epiblast, PGCs
and Xmeso cell states were used, since Xendo and Xecto cell state proportions are more sensitive
to embryo dissection and single cell dissociation. The R function prcomp (parameters: retx =
TRUE, center = TRUE, scale = TRUE) was used to calculate PCs for WT embryos and WT
medians and the predict function transformed EEDKO data according to the WT loadings (see
Figure 2-10 and 2-11). The first PCs of both PCAs were used to assign each EEDKO embryo to
its closed median WT by Euclidean distance.
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H3K27me3 ChIP-seq data: Publicly available H3K27me3 ChIPseq data of E6.5 epiblast and
ExE182 were used to calculate the average H3K27me3 occupancy of each gene’s promoter region
(calculated as the region 1500 bp upstream to 500 bp downstream of the TSS). Only the first two
replicates were used for each, since for epiblast as well as ExE these two replicates showed a
similar trend when compared to WT gene expression of the epiblast/ExE cell state, while the
third replicate did not show any linear relation to gene expression. For both data sets, a cutoff of
400 (average H3K27me3 peak level) showed the strongest drop in gene expression and thus most
likely represents functional repression by H3K27me3. The binary assignment of having a
promoter H3K27me3 peak was therefor set at this threshold.
PGC number estimation: The total number of PGCs per embryo was estimated using the
number of recovered state 27 cells divided by the fraction of cells that were recovered compared
to the total number of cells in the single-cell suspension prior to loading (estimated manually
using a hemocytomer, see above). The enrichment was tested using the Wilcoxon test (R
function wilcox.test, two.sided).
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Chapter 3. Molecular recording of mammalian embryogenesis

Chapter 3:
3.0 Abstract
Understanding the emergence of complex multicellular organisms from single totipotent cells
represents a foundational question in biology. The study of mammalian development is
particularly challenging due to the difficulty of monitoring embryos in utero, the variability of
progenitor field sizes, and the indeterminate relationship between the generation of uncommitted
progenitors and their progression to subsequent stages. Here, we present a flexible, high
information, multi-channel molecular recorder with a single cell (sc) readout and apply it as an
evolving lineage tracer to define a mouse cell fate map from fertilization through gastrulation.
By combining lineage information with scRNA-seq profiles, we recapitulate canonical
developmental relationships between different tissue types and reveal the nearly complete
transcriptional convergence of endodermal cells from extra-embryonic and embryonic origins,
illustrating how lineage information complements scRNA-seq to define cell types. Finally, we
apply our cell fate map to estimate the number of embryonic progenitor cells and the degree of
asymmetric partitioning within the pluripotent epiblast during specification. Our approach
enables massively parallel, high-resolution recording of lineage and other information in
mammalian systems to facilitate a quantitative framework for describing developmental
processes.
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3.1 Introduction
Development of a complex multicellular animal from a single cell is an astonishing process.
Classic lineage tracing experiments using C. elegans as a model revealed surprising outcomes,
including deviations between lineage and functional phenotype, but nonetheless benefited from
the highly deterministic nature of this organism’s development191. Alternatively, higher-order
organisms generate larger, more elaborate structures that progress through multiple,
stochastically regulated transitions, raising questions regarding the timing and coordination
between specification and commitment to ensure faithful recapitulation of an exact body
plan192,193.
Single cell RNA-sequencing (scRNA-seq) has permitted unprecedented explorations into cell
type heterogeneity and correspondingly renewed interest in cell fate mapping in the form of
trajectory inference and cell state landscape reconstruction194. Studies profiling tens of
thousands of cells have uncovered transcriptional programs and inferred cellular relationships
underlying numerous biological processes including the development of flatworms195,196,
frogs197, zebrafish198,199, and mouse130,200. More recently, CRISPR-Cas9-based technologies
have made direct recording of cell lineage possible201-203 and, in combination with scRNA-seq,
have been applied in zebrafish to elucidate the fate map underpinning embryogenesis, brain
development, haematopoiesis, and fin regeneration204-206. However, previous implementations of
lineage tracing with single cell readouts have relied on one or two bursts of barcode diversity
generation, which is well suited for those studies but may limit them in more complex
applications, such as monitoring mammalian development. Indeed, to date the feasibility of
these approaches for the generation of a mammalian fate map remains unresolved.
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An ideal molecular recorder for these questions would possess the following
characteristics: 1) minimal impact on a cell’s behaviour or developmental trajectory; 2) high
information content to report the relationships between hundreds of thousands of cells precisely;
3) a single cell readout for simultaneous profiling of functional state204-206; 4) flexible recording
rates that can be tuned to the developmental process in question, ranging from rapid transitions
over the course of days to slower processes that unfold over months; and 5) continuous
generation of diversity throughout the duration of the monitored process. The last point is
especially relevant for recording in mammalian development, where spatial plans are more
gradually and continuously specified and may originate from small, transient progenitor fields
that could create bottlenecks of variable sizes. Moreover, scRNA-seq in mammalian systems
have revealed populations of cells with a continuous spectrum of phenotypes, implying that
differentiation does not occur instantaneously or as discrete step-wise transitions and further
motivating the need for an evolving molecular recorder194.
Here, we generated and validated a method for simultaneously reporting cellular state and
lineage history for thousands of individual cells from single mouse embryos. Our CRISPR-Cas9based molecular recorder is capable of high information content and multi-channel recording
with readily tunable mutation rates. We employ the recorder as a continuously evolving lineage
tracer to observe the fate map underlying mouse embryogenesis through gastrulation and after
the body pattern has been set, recapitulating canonical paradigms for cell type commitment and
illustrating how lineage information may facilitate the identification of novel cell types.
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3.2 A transcribed, multi-channel, and continuously evolving molecular recorder
We set out to create a DNA-based molecular recorder capable of capturing high
information content from multiple independent signals, while being sufficiently flexible to
accommodate a wide range of time scales. Similar to recent reports, we utilized Cas9 to generate
insertions or deletions (indels) upon repair of double-stranded breaks, which are inherited in the
next generation of cells. We record within a 205 base pair, synthetic DNA “target site”
containing three “cut sites”, as well as an 8 base pair random sequence which serves as a static
“integration barcode” (intBC), that we deliver into cells in multiple copies via piggyBac
transposition (Figure 3-1). The target site is embedded in the 3’UTR of a fluorescent protein
under control of a constitutive Ef1α promoter to enable profiling from the transcriptome. A
second vector encodes three guide RNAs, complementary to each of the three cut sites in the
target site, each under the control of an independent promoter, to permit recording of multiple,
distinct signals (Figure 3-1).
Our system is capable of high information storage due to the large diversity of heritable
Cas9 repair outcomes, the utilization of many cut sites, and the presence of an intBC to
distinguish between different genomic integrations of the target site. While DNA repair is able
to generate hundreds of unique indels, the indel distribution is different for each guide and not
uniform: some guides produce highly biased outcomes while others create a diverse indel series
(Figures 3-1c and 3-2)207-209. Indeed, the number of uniquely marked reads in a population of
mutated target sites is lower when the integration barcode is not taken into account. The ability
to tune the mutation rate of the molecular recorder is critical for profiling processes that span
time scales that are not pre-defined, but may range from days to weeks to months. To identify
sequences that cover a broad range of cutting rates, we screened several guide RNAs containing
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mismatches with the sequence they target210 and monitored how these mismatches impacted the
rate of disruption of a GFP reporter over a 20-day time series. We selected three guides from this
set that had a favourable distribution of cutting speeds (Figure 3-1d). Slower cutting rates may
also improve viability in vivo, as frequent double-strand breaks resulting from Cas9 activity can
cause cellular toxicity leading to a fitness cost211,212.
Our integration barcoding strategy also permits tracking multiple discrete founder
populations simultaneously, which we tested by stably transducing K562 cells with a high
complexity library containing thousands of unique intBCs. Because the likelihood of two cells
integrating the same set of intBCs is small, the complement of intBC sequences distinguishes
individual progenitors. To illustrate this point, we sorted populations of 10 cells and propagated
them for 18 days. We utilized the 10x Genomics platform to generate a primary, cell-barcoded
cDNA pool that can be split into two fractions: one to generate a global transcription profile and
the other to specifically amplify our target site. We detected two populations of cells by their
integration barcodes, implying that only two clonal lineages expanded from the initial population
of 10 (Figure 3-3). Moreover, each population exhibited mutations in their target sites,
showcasing our ability to combine dynamic recording with tracing based on traditional static
barcodes.
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Figure 3-1. Optimization of a multi-purpose molecular recorder
a. Schematic of the target site (top) and three guide (bottom) cassettes used in this study.
The target site consists of an integration barcode (intBC) and three protospacer sequences
for mutation-based recording by Cas9. The target site is located in the 3’UTR of a
fluorescent protein (FP) under the control of a constitutive promoter, Ef1α. The three
guide cassette encodes three different single guide RNAs (sgRNAs), each under the
control of an independent promoter. A combination of constitutive and responsive
promoters can be used to permit recording of multiple signals. For applications described
here, three constitutive promoters (mU6, hU6, and bU6) are used.
b. Schematic of molecular recording. Each cell contains multiple genomic integrations of
the target site, which are distinguished by their intBCs (left most colored box in target
sites). sgRNAs expressed from the three guide cassette direct Cas9 to their cognate
protospacer sequences on the target to generate insertion (red) or deletion mutations. For
experiments described here, Cas9 is either ectopically delivered or induced by
doxycycline.
c. Information content scales according to the number of sites used and the presence of the
intBC. In this experiment, a population of K562 cells with 10 target site integrations was
subjected to molecular recording by a Dox-induction of a genomically integrated Cas9expressing transgene for 6 days. The percentage of uniquely marked reads was calculated
using the following information: site 1 only with intBCs masked, sites 1-3 (All) with
intBCs masked, and sites 1-3 (All) with intBCs considered. By incorporating multiple
protospacers within identifiable cassettes, more reads can be distinguished from each
other to maximize data recovery from the system.
d. Guide RNA mismatches to the target site alter mutation rate. A DNA sequence
containing seven independent protospacers was incorporated into the 5’ coding sequence
of a single copy GFP reporter to measure the mutation rate. The protospacer-recognizing
sequence of an sgRNA can be separated into three adjacent regions by proximity to the
PAM: region 1 (proximal), region 2, and region 3 (distal). sgRNAs with either single
mismatches to these regions or dual mismatches in 1 and 2 were integrated into a
population of reporter-expressing cells and the fraction of GFP+ cells was measured by
flow cytometry over a 20 day time course. An sgRNA against Gal4-4 and the coding
sequence of GFP were used as negative and positive controls, respectively. Cut sites are
ordered as they appear in the reporter from 5’ to 3’. The ade2, bam3, and white-B
protospacers were selected for incorporation into the final target site to take advantage of
the dynamic range of cutting efficiencies generated by their respective sgRNA series.
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Figure 3-1 (continued)
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Figure 3-2. Target site indel likelihoods from in vitro experiments

a. Histograms for the relative indel frequency for protospacer sites 1, 2, and 2b within the
target region. In this experiment, single guide RNA expressing vectors respective to each
position were delivered into K562 cells. Repair outcomes and frequencies are different
for each site, but every site produces hundreds of discrete outcomes. The top 20 most
frequent indels for each site are shown. The indel code along the x-axis is as follows:
“Alignment Coordinate: Indel Size Indel type (Insertion or Deletion).” Site 3 was not
profiled in this experiment.
b. Histograms representing the likelihood that any specific base in the target site is deleted
(blue) or has an insertion (red) which begins at that position, for sites 1 and 2,
respectively. The position of the integration barcode (intBC) and protospacer sequences
(sites) within the target site is represented as a schematic along the bottom, with the PAM
for each site proximal to the intBC. Indels, specifically insertions, start at the double
strand break point 3-bases upstream of the PAM sequence.
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Figure 3-3. Simultaneous and continuous molecular recording of multiple clonal
populations in K562 cells

(Left) Strategy for partitioning a multi-clonal population into their clonal populations.
Target sites are amplified from a single cell barcoded cDNA library and the intBCs in each
cell is identified as present or absent. (Middle) Heatmap of the percent overlap of intBCs
between all cells. The cells segregate into two populations representing the descendants of
two progenitor cells from the beginning of the experiment. (Right) Table summarizing
results of the experiment, including the generation of indels over the experiment duration.
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3.3 Tracing cell lineages in mouse development
With a method for molecular recording established, we applied our technology to
generate a cell fate map of mouse early development from totipotency onwards. We integrated
multiple target sites into the zygotic genome and initiated cutting by the delivery of a paternally
encoded Cas9-GFP transgene, which is constitutively expressed following zygotic genome
activation. We screened blastocyst-stage embryos for expression of the target site using
mCherry, transferred highly fluorescent embryos into pseudopregnant females, and isolated them
for lineage analysis after six or seven days of internal gestation at ~embryonic day (E)8.5 or E9.5
(Figure 3-4a). To confirm our molecular recorder’s ability to act as a lineage tracer, we
amplified the target site from bulk tissues representing the placenta, yolk sac, and three
embryonic fractions from a single E9.5 embryo (Figure 3-4b). We were able to recapitulate
expected tissue relationships by clustering tissues according to the similarity in their indel
proportions, with the placenta forming the outgroup, followed by yolk sac, and with the three
embryonic tissues showing the most similar lineage relationships (Figure 3-5).
With this in vivo proof of principle established, we proceeded to generate single cell data
from additional embryos (Figure 3-6). We selected E8.5 as our earliest recovery stage because
it allows for relatively deep coverage of single embryos, but also follows the determination of
major extra-embryonic and embryonic compartments, including many primary derivatives of the
embryonic germ layers. Total cell counts for seven embryos, including yolk sac and placenta,
ranged between 13,680 – 56,400 cells, with 7,364 – 12,990 cells (15.8% – 61.4%) profiled by
scRNA-seq and encoding 167 – 2,461 unique lineage identities. After dissociation of the
embryo, we sampled embryo 2 twice, with each sample occupying independent 10x lanes to act
as technical replicates. We capture at least one target site in 15% – 75% of cells and recover
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between 3 and 15 intBCs, though many target sites are either lowly or heterogeneously
represented (Figures 3-4c and 3-7). We reasoned that incomplete target site capture in embryos
may be due to lower expression and changed the promoter from a truncated form of Ef1α to an
intron-containing version that improves transcript abundance213. After repeating the injection,
the resulting embryo (embryo 7) indeed exhibited ~5x higher target site UMI counts and
increased capture frequencies (Figure 3-7).
Using 40 independent target sites taken from all seven embryos, we find that many indels
are shared with K562 cells, though their likelihoods are different, suggesting that cell type or
developmental status may influence repair outcomes (Figures 3-4d and 3-8)207. Our ability to
independently measure and control the rate of cutting across the target site is largely preserved in
vivo, with minimal interference between cut sites except when using combinations of the fastest
cutting guides that likely reflects end-joining between simultaneous double strand breaks
(Figure 3-4e). As expected, the fastest cutters result in a higher proportion of cells with identical
indels compared to slower cutters, indicative of mutations made earlier in development, and this
comes with a corresponding reduction in indel diversity (Figures 3-4f and 3-4g). Importantly, at
E8.5, most embryos still have unmodified cut sites, which shows that the lineage tracer retains
additional recording capacity beyond the temporal interval studied here.
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Figure 3-4. Lineage tracing in mice from fertilization through gastrulation
a. Schematic of lineage tracing in mouse experiments. The target site (in the 3’UTR of
mCherry) and the three guide cassettes are encoded in one vector flanked by piggyBac
transposon inverted terminal repeats (ITRs) to permit multiple genomic integrations. The
vector, piggyBac transposase mRNA, and Rosa26::Cas9:EGFP strain sperm, are injected
into oocytes to ensure early integration into the totipotent zygote that will enable lineage
tracing in all subsequent cells. The Cas9:EGFP transgene is expressed during zygotic
genome activation to begin indel generation in target sites, though the frequency with
which this occurs is stochastic and dependent upon the gRNA array. Embryos are
cultured in vitro until the blastocyst stage (E3.5), screened for high, uniform mCherry
expression to indicate early integration of multiple target site vectors, and transferred into
pseudo-pregnant females. Embryos were then isolated at E8.5 for single cell analysis or
E9.5 for bulk tissue analysis.
b. Heatmap of correlation coefficients between indel proportions recovered from dissected,
bulk tissue of an E9.5 embryo. Placenta is the most distantly related, followed by the
yolk sac, with the three embryonic compartments sharing the highest similarity,
recapitulating their known developmental relationships (see Figure 3-5).
c. The percentage of cells with at least one target site sequenced from seven embryos. The
target site is separately recovered from the primary cell-barcoded cDNA pool, while the
total number and transcriptional identity of cells is generated from the scRNA-seq library
(see Figure 3-6 and Figure 3-7).
d. Distribution of relative indel frequencies estimated from 40 independent target sites taken
from all embryos. Each site produces hundreds of outcomes, showing the potential for
high information encoding. The indel code along the x-axis is as follows: “Alignment
Coordinate: Indel Size Indel type (Insertion or Deletion).” Note that we do not generate
our likelihood distributions from the indel frequencies themselves, as these measurements
are confounded by when the indel occurred, not how likely it is to occur given a Cas9mediated double stranded break (see Figure 3-8). The most frequent insertions are of a
single base and tend to be highly biased towards a single nucleotide (eg. 92:1I is
uniformly an “A” in 5 out of 7 embryos and never lower than 88%).
e. Violin plots representing the distribution of indels that span one, two, or three sites,
shown per site. The proportion of single-spanning, double-spanning, and triple-spanning
indels sum to 1 for each dot, which represent independent target sites (intBCs). Indels
that span more than one site indicate large deletions, which can disrupt additional
recording. However, most instances of large deletions appear to result from simultaneous
double strand breaks, as the number of multi-site-spanning indels are substantially
reduced by using slower cutters. Colors indicate the three guide array used, with the
mutation to the target sequence for each site included with site 1 represented on the left,
site 2 in the middle, and site 3 on the right (see Figure 3-1d). P = no mismatches; 1 =
mismatch in region 1; 2 = mismatch in region 2.
f. The percentage of cells carrying mutations decreases according to the mismatch between
the protospacer and guide. The indel proportion within one mouse is dependent on the
timing of the mutation. Thus, mutations which happen earlier during development are
propagated to more cells, leading to a higher percentage of cells with a specific indel. P
= no mismatches; 1 = mismatch in region 1; 2 = mismatch in region 2.
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Figure 3-4 (continued)
g. Indel diversity is inversely related to cutting efficiency. For site 1, the number of unique
indels were counted according to the protospacer-guide mismatch. Mutations that occur
earlier in development are propagated to more cells leading to a smaller number of
unique indels. P = no mismatches; 1 = mismatch in region 1; 2 = mismatch in region 2.
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Figure 3-4 (continued)
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Figure 3-5. Capturing early differentiation by pooled sequencing of indels generated within
an E9.5 embryo

Scatterplots of indel proportions from dissected, bulk tissue of an E9.5 embryo. Placenta is the
most distantly related from embryonic tissues, followed by the yolk sac, with the three
embryonic compartments sharing the highest similarity.
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Figure 3-6. Experimental overview

a. Schematic of platform used for generation of single cell RNA-seq libraries and
corresponding target site amplicon libraries, adapted from Adamson et al., 2016 (Ref
214). The barcoded and amplified cDNA library is split into two fractions prior to
shearing: one fraction is used to generate a global transcription profile and the other is
used to specifically amplify the target site.
b. Summary table of lineage traced embryos detailing the type of guides used, the sampling
proportion, and sequencing results. Embryo 4 was omitted from further analysis due to
the absence of cells identified as primitive heart tube.
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Figure 3-7. Target site capture in mouse embryos
a. Scatterplot showing the relationship between the mean number of unique molecular
identifiers (UMIs, a proxy for expression level) sequenced per target site and the
percentage of cells in which the target site is detected, which we refer to as “target site
capture.” Generally, as the mean number of UMIs increases, the percentage of cells also
increases. Using a full length, intron-containing Ef1a promoter in mouse embryos leads
to a higher number of UMIs, which generally results in better target site capture.
b. Percent of cells for which a given integration barcode (intBC) is detected across all seven
embryos profiled in this study.
c. Target site capture and expression level across tissues for Embryo 5, which utilizes a
truncated Ef1α promoter to direct transcription of the target site. Each row corresponds
to a different intBC, indicated in the top left of the histogram. (Left) The percentage of
cells in each tissue for which the target site is captured. (Right) Violin plots represented
the distribution of UMIs for the target site in each tissue. Dashed line refers to a 10 UMI
threshold. The target site may be expressed at different levels in a tissue-specific manner,
leading to higher likelihoods of capture in certain tissues. Examples such as the target
sequences carrying the intBCs AGGACAAA and ATTGCTTG may also be explained by
mosaic integration after the first cell cycle, as these follow a developmental logic and are
preferentially expressed in extraembryonic tissues
d. Target site capture and expression level across tissues for embryo 7, which drives the
target site expression from a full length Ef1α promoter. Each row corresponds to a
different intBC, indicated in the top left of the histogram. (Left) The percentage of cells
in each tissue for which the target site is captured. (Right) Violin plots represented the
distribution of UMIs for the target site in each tissue. Dashed line is a visual threshold
for 10 UMIs. While tissue specific expression may explain some discrepancy in target
site capture, high expression (as estimated from number of UMIs) may still correspond to
low capture rates, as observed for the intBC TGGCGGGG. One possibility is that certain
indels may destabilize the transcript and lead to either poor expression or capture.
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Figure 3-7 (continued)

141

Figure 3-8. Indel frequencies may be underestimated in mouse embryos

Scatterplots showing the relationship between estimated relative indel frequency and the median
number of cells that carry the indel. Since the indel frequency within a mouse is dependent on
the timing of the mutation, we cannot calculate the underlying indel frequency distribution using
the fraction of cells within embryos that carry a given indel. Instead, we estimate this frequency
by the presence or absence of an indel using all of the target site integrations across mice, which
reduces biases from cellular expansion but still assumes that any given indel occurs only once in
the history of each intBC. Since the number of integrations is small (<50), we might expect our
estimates to be poor. Here we see that the number of cells marked with an indel increases with
indel frequency, suggesting that our frequency estimates are under-estimated for particularly
frequent indels. This is likely due to the fact that we cannot distinguish between identical indels
in the same target site that may have resulted from multiple repair outcomes (convergent indels).
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3.4 Assigning cellular phenotype by simultaneous scRNA-seq
Next, to assign functional identities to cells from our lineage-traced embryos, we utilized
annotations from the compendium of wild-type mouse gastrulation (E6.5 – E8.5) described in
Chapter 2, which identified lineage markers for many tissues, including placental (Elf5, Gata2,
Tfap2c), visceral and definitive endoderm (Hnf4a, Apoa4, Afp or Sox17 and Foxa2,
respectively), primordial germ cells (Dppa3, Pou5f1/Oct4), neural ectoderm (Otx2, Sox1),
surface and placodal ectoderm (Dlx5, Krt8), extra-embryonic mesoderm (Foxf1), blood (Klf1,
Gata1), and heart (Nkx2-5). In addition to tissue specificity, the annotations carry information
about developmental timing, for example by distinguishing between early and late visceral
endoderm compartments that are predominant in E8.0 vs E8.5. We assigned cells from our
lineage-traced embryos according to their proximity to the mean expression signature of each
cluster and aged each embryo according to their tissue proportions compared to each stage
(Figure 3-9)87. Notably, we identify primordial germ cells (PGCs) in all embryos, despite their
rarity during this moment in developmental time (<0.2% of cells sequenced).
Six of our seven embryos were chosen for further analysis as they appeared to be
morphologically normal and contain cells of every expected embryonic tissue type. Two of the
six embryos mapped most closely to E8.5, and the remaining four embryos mapped to E8.0,
though these are more likely to be between E8.0 and E8.5 as the proportions of certain tissues are
smaller than expected for E8.0 and indicative of later developmental timing (Figures 3-10 and 311). Placenta was not specifically included during embryo isolation and is present in four of six
embryos, but serves as a valuable outgroup in these samples to establish our ability to track
developmental transitions to the absolute earliest bifurcation. We conclude from these
observations that potential fitness costs of double strand break generation and random integration
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of the transposons in our system do not substantially perturb these early developmental processes
beyond what may be a subtle delay in embryo progression.
We next sought to develop a set of breeder mice that would enable facile exploration of
all stages of development. The method used in the above experiments of injecting Cas9
expressing transgenic sperm and barcoded target sites enabled rapid and iterative in vivo
optimization without having to generate stable transgenic animals. However, in the long term,
this approach is both technically cumbersome and inevitably generates distinct mice for each
experiment. For this reason, we generated P0 mice by injecting target sites into Cas9 negative
backgrounds. Our efforts confirm that this approach is both feasible and can substantially
increase the number of stably integrated target sites (we are readily able to generate mice with 20
or more distinct target sites). These mice can then be crossed with Cas9 expressing strains.
Importantly, this yielded viable Cas9+ F1 litters that maintain continuous, stochastic indel
generation into adulthood (Figure 3-12). These results demonstrate that continuous cutting does
not noticeably interfere with animal phenotype and illustrate the potential of the lineage tracing
approach to explore, in principle, any stage of mouse development.
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Figure 3-9. Assigning cellular phenotype by scRNA-seq
a. Image of a lineage-traced E8.5 embryo (embryo 2, see Figure 3-6b) generated using a
three guide array in which each carries a protospacer mismatch in region 1. Expression
of Cas9:EGFP and the mCherry target site reporter is shown.
b. Plot (t-sne) of scRNA-seq from embryo in a, with corresponding tissue annotations.
(Inset) Pie chart of the proportions for different germ layers. For the pie chart, each germ
layer is divided into lighter shades for embryonic components and darker shades for
extra-embryonic components. Mesoderm is further separated to include blood (red).
Individual cells are colored by their cluster identity to highlight their relationship to one
another. To improve clarity, only large or spatially distinct clusters are labeled.
Clustering of additional embryos is included in Figure 3-10.
c. Dot plot summarizing the expression pattern for canonical tissue-specific markers used in
cluster assignment. The fraction of marker-positive cells within the cluster is indicated
by the size of the circle, while the color intensity refers to the normalized expression level
(cluster mean). At this level of cell-state clustering, the fraction of cells from germ layers
with diverse tissue types, such as ectoderm and mesoderm, are smaller, but the specificity
of those markers to their respective states remains high, especially when considered in
combination. XEcto, extra-embryonic ectoderm/placenta; XEndo, extra-embryonic
endoderm/yolk sac; PGC, primordial germ cell; Endo, embryonic endoderm; Ecto,
embryonic ectoderm; Meso, embryonic mesoderm; XMeso, extra-embryonic mesoderm.
d. Relative tissue proportions from a lineage-traced embryo fall within wild type
boundaries. Boxplot for tissue proportions from 10 wild type E8.0 embryos, with the
tissue proportions for the embryo in a overlaid as red circles. We compared the tissue
proportions for each lineage-traced embryo to each stage of gastrulation from a wild-type
compendium with 0.5 day resolution. Mapping to E8.0 represents a slight developmental
delay for lineage-traced embryos, which are recovered at ~E8.5. Please see Figure 3-11
for the full range of sampled embryos.
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Figure 3-9 (continued)
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Figure 3-10. single cell RNA-seq tissue assignment for all additional embryos used in this
study

Plots (t-sne) of single cell RNA-seq with corresponding tissue annotations for the six lineage
traced embryos used in this study. (Inset) Pie chart of the relative proportions for different germ
layers. Mesoderm is further separated to include blood (red). While 36 different states are
observed during this developmental interval, only broad classifications of certain groups (eg.
“neural ectoderm” or “lateral plate mesoderm”) are overlaid to provide a frame of reference. In
general, the relative spacing and coherence of different cell states are consistent across different
embryos.
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Figure 3-11. Tissue proportions and wild-type assignments for all embryos used in this
study

Boxplots representing tissue proportions from E8.0 (top) and E8.5 (bottom) wild type embryos
(n = 10 each) with lineage-traced embryos mapping to each state overlaid as dots. Wild type
embryos display large variance in the proportions of certain tissues and our lineage-traced
embryos generally fall within the range of those recovered from wild type. Large circles
indicate embryos that were scored as either E8.0 or E8.5, respectively. Note that many processes
are continuous or ongoing between E8.0 to E8.5, such as somitogenesis and neural development.
For example, from E8.0 to E8.5, the embryonic proportions of anterior neural ectoderm and
fore/midbrain are inversely correlated as one cell type presumably matures into the other. Many
of our embryos scored as E8.0 exhibit intermediate proportions for both tissue types, supporting
the possibility that these embryos are somewhat less developed than E8.5 but more developed
than E8.0.
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Figure 3-12. Generation of lineage-traced mice through breeding

a. The target site and guide array cassette are integrated into mouse zygotes as in 3-4a using
C57Bl/6J sperm to generate P0 breeder mice, which are capable of transmitting high copy
genomic integrations of the technology. Then, P0 animals are crossed with homozygous,
constitutively expressing Cas9 transgenic animals to enable continuous cutting from
fertilization onwards in F1 progeny. Shown is Sibling 2 of a cross between a P0 male and
a Cas9–EGFP female.
b. Bar charts showing the degree of mutation (% cut, red) for a P0 male (top row) and 4 F1
offspring generated by breeding with a Cas9-EGFP female prior to weaning (21 days post
partum). Each row represents a mouse and each column represents a target site. Each
sibling inherits its own subset of the 23 parental target site integrations, and demonstrates
different levels of mutation throughout gestation and maturation.
c. Indel frequencies for the 10 most frequent indels from 3 siblings in a common target site
integration (column 1 in panel b). Each mouse shows a large diversity of indels and the
different frequencies observed in each animal demonstrates an independent mutational
path.
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3.5 Single cell lineage reconstruction of mouse embryogenesis
To analyze our data at single cell resolution, we developed phylogenetic reconstruction strategies
that were designed to exploit the characteristics of our lineage tracer, namely the categorical
nature of indels, the irreversibility of mutations, and the presence of missing values (See
Methods). To determine the best reconstruction for each embryo, we estimate the tree
likelihood by summing the log-likelihoods for all indels that appear in the tree (Figure 3-13).
Importantly, individual indel likelihoods are generated using data across all embryos (Figure 34a). When cell type identity from scRNA-seq data is overlaid onto the tree, we observe
functional restriction during development with fewer cell types represented as we move from the
root to the leaves of the trees (Figures 3-14 and 3-15).
scRNA-seq-based strategies for ordering cells, such as trajectory inference, typically
assume that functional similarity is a result of close lineage194. To investigate this question
directly, we used a modified Hamming distance normalized to the number of shared cut sites to
measure pairwise lineage distance and compared these values to cell-to-cell RNA-seq
correlation. Generally, cells separated by a smaller lineage distance have more similar
transcriptional profiles, though the relationship is clearer in some embryos than in others
(Figures 3-14, 3-15, and 3-16). This result is consistent with the notion of continuous restriction
of potency as cells differentiate into progressively restricted cell types.
To explore lineage relationships between different tissue types, we developed a shared
progenitor score that estimates the degree of common ancestry by evaluating the number and
specificity of shared nodes between cells assigned to different clusters (Methods). Despite the
stochastic timing of indel formation, this approach yields high-information trees that can
reproducibly recover emergent tissue relationships between embryos. For example, they point to
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a possible shared origin between angioblasts and endothelial/hematopoietic progenitors, anterior
somites and pharyngeal mesoderm, as well as between neuromesodermal progenitors and the
future spinal cord (Figure 3-17a). The full map of shared progenitor scores can also be clustered
to create a comprehensive picture of tissue relationships during development (Figure 3-17b).
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Figure 3-13. Performance of tree building algorithms used on embryonic data

a. Table of allele complexity, number of nodes, and log-likelihood scores for embryos.
Tree likelihoods are calculated using indel frequencies estimated from all embryo data
(see Methods). Bold scores indicate the reconstruction algorithm selected for each
embryo (see Figures 3-14, 3-15 and 3-16).
b. Log likelihood of trees generated using either the greedy or biased sampling approach as
a function of complexity, which is measured as the number of unique alleles. There is
near equivalent performance of the two algorithms for low complexity embryos, but the
greedy algorithm produces higher likelihood trees for embryos with larger numbers of
unique alleles.
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Figure 3-14. Single cell lineage reconstruction of mouse embryogenesis for embryo 2
a. Reconstructed lineage tree comprised of 1,732 nodes for embryo 2 with three different
developmental lineages highlighted. Each branch represents an independent indel
generation event, and subsequently, each node can be represented by an allele which
includes the indels from all branches leading to it. Cells are assigned to the first node that
includes all indels that they contain. Colors of the inset pie chart is as in Figure 3-9.
b. Example paths from root to leaf from the selected tree (highlighted by color). Cells for
each node in the path are overlaid onto the t-sne representation from Figure 3-9, with the
tissue proportion at each node in the tree included as a pie chart. The number of tissues
decreases with increased tree depth (the depth of the tree root is 0), confirming that
functional restriction progresses over the course of development. Bifurcated sublineages
are also included for the top and bottom paths. In the top (red) path, this bifurcation
occurs within the final branch and follows specification into primitive blood. An earlier
bifurcation creates the middle (green) path, which subsequently resolves to neural crest.
In the bottom (blue) path, bifurcation happens early within bipotent cells that are fated to
become either gut or visceral endoderm. After bifurcation, each lineage resolves towards
only one fate.
c. Violin plots representing the relationship between lineage and expression for individual
pairs of cells. Lineage distance is calculated using a modified Hamming distance.
Expression correlation decreases with increasing lineage distance, showing that closely
related cells are more likely to share function.
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Figure 3-14 (continued)
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Figure 3-15. Single cell lineage reconstruction of early mouse development for embryo 6
a. Reconstructed lineage tree comprised of 2,690 nodes generated from our most
information-dense embryo (embryo 6), which we used to compare shared progenitor
scores with embryo 2. Each branch represents an independent indel generation event,
and each node contains a pie chart of the germ layer proportions for the cells contained
within it (colors are as in Figure 3-9).
b. Example paths from root to leaf from the selected tree (highlighted by color). Cells for
each node in the path are overlaid onto the t-sne representation in Figure 3-10, with the
tissue proportion at each node in the tree included as a pie chart. In the top most path
(pink), the lineage bifurcates into two independently fated progenitors that either generate
mesoderm (secondary heart field/splanchnic plate mesoderm and primitive heart tube) or
neural ectoderm (anterior neural ectoderm and neural crest). Note that the middle path
(green) also represents an earlier bifurcation from the same tree and eventually produces
neural ectoderm (neural crest and future spinal cord). These paths begin with a
pluripotent node that can generate visceral endoderm but subsequently lose this potential.
Alternatively, the bottom path (dark blue) begins in an equivalently pluripotent state but
becomes restricted towards the extraembryonic visceral endoderm fate.
c. Violin plots representing the relationship between lineage and expression for individual
pairs of cells as calculated for embryo 2. Expression correlation decreases with increasing
lineage distance, showing that closely related cells are more likely to share function.
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Figure 3-15 (continued)
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Figure 3-16. Summary of results from additional mouse embryos
Representative highest likelihood tree analyses for additional embryos, including:
a. Reconstructed trees as shown in Figures 3-14 and 3-15.
b. Shared progenitor score heatmaps, normalized to the highest score for each embryo to
account for differences in total node numbers. Here, the shared progenitor score is
calculated as the number of nodes that are shared between tissues scaled by the number
of number of tissues within each node (a shared score is calculated as 2–(n–1) where n is
the number of clusters present within that node). In general, clustering of shared
progenitors is recapitulated across embryos, with mesoderm and ectoderm sharing the
highest relationship and either extra-embryonic ectoderm or extra-embryonic endoderm
representing the most deeply rooted and distinct outgroup, though these scores are
sensitive to the number of target sites and the rate of cutting. By shared progenitor, PGCs
are also frequently distant from other embryonic tissues, but this often reflects the rarity
of these cells, which restricts them to only a few branches of the tree in comparison to
more represented germ layers. The number of heterogeneous nodes from which scores
are derived is included for each heatmap.
c. Violin plots representing the pairwise relationship between lineage distance and
transcriptional profile as shown for embryo 2 in Figure 3-14 and 3-15. Lineage distance
is calculated using a modified Hamming distance. The exact dynamic range for lineage
distance depends on the number of intBCs included and the cutting rate of the three guide
array. Here, distances are binned into perfect (0), close (0 > x >0.5), intermediate ( 0.5 ≤
x < 1), and distant (x ≥ 1) relationships for all cells containing 3 or 6 cut sites. As lineage
distance increases, transcriptional similarity decreases, consistent with functional
restriction over development.
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Figure 3-16 (continued)

158

Figure 3-17. Estimating lineage relationships using shared progenitor scores
a. Comparison of shared progenitor scores between two of our most information-dense
embryos (embryo 2, n = 1,400 alleles; embryo 6, n = 2,461 alleles). Cells from closely
related transcriptional clusters, such as those found in primitive blood or visceral
endoderm (where there are early and late clusters), derive from common progenitors
which appear as shared nodes in our trees. These relationships score as highly related in
both embryos, serving as an internal positive control of our shared progenitor score. We
also observe a close link between mesoderm and ectoderm that may be driven by a shared
heritage between neuromesodermal progenitors (NMPs) and more posterior neural
ectodermal tissues, such as the future spinal cord172. Shared progenitor score is
calculated as the sum of shared nodes between cells from two tissues normalized by the
number of additional tissues that are also produced (a shared score between two cells is
calculated as 2–(n–1) where n is the number of clusters present within that node). In this
manner, the relationship between cells within nodes occupied by only two clusters confer
twice the weight as those in nodes occupied by three clusters.
b. Comprehensive clustering of shared progenitor scores for embryo 6, which has the
greatest number of unique alleles and samples multiple extraembryonic tissues. In
general, extraembryonic tissues that are specified before implantation, such as
extraembryonic endoderm or ectoderm, co-cluster away from embryonic tissues, while
the amnion and allantois of the extraembryonic mesoderm cluster with other mesodermal
tissues. The co-clustering of pharyngeal (arch) mesoderm and somites may reflect the
continuous nature of somitogenesis from presomitic mesoderm during this period, with
production of only the most anterior somites by E8.5. Note that the gut endoderm cluster
has been further portioned according to embryonic or extra embryonic lineage (see
Chapter 3.6).
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Figure 3-17 (continued)
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3.6 Transcriptional state and developmental origin do not always correspond
While we find that our reconstructed tissue relationships generally recapitulated
canonical knowledge of development, extra-embryonic and embryonic endoderm represents a
consistent and unexpectedly close relationship that we sought to examine in greater detail
(Figure 3-18a). The extra-embryonic endoderm derives from the hypoblast in the second
differentiation event in mammalian development, while the embryonic endoderm emerges
several days later from the embryo-restricted epiblast. Manual inspection of the trees revealed a
subpopulation of cells that appear transcriptionally as embryonic endoderm but that lineage
analysis shows as present within extra-embryonic branches (see blue paths in Figures 3-14 and
3-15). Consistent with this finding, an earlier, targeted study using marker driven lineage tracing
identified a latent extra-embryonic contribution to the developing hindgut at the onset of
gastrulation, although it was not possible from those studies to broadly evaluate the
transcriptional state of these cells215.
Here, the scRNA-seq profiles collected in tandem with the lineage readout allowed us to
assess the degree of convergence in the endoderm functional signatures and identify genes that
distinguish the populations. We compared the expression profiles of these cells to the RNA-seq
cluster centers of the extra-embryonic and embryonic endodermal types. The endodermclassified cells derived from extra-embryonic origin are most similar to the endoderm cell type,
but do share slightly higher expression similarity with yolk sac than other endoderm cells
(Figure 3-18b). Notably, these differences are not apparent when the embryonic or extraembryonic lineages are overlaid onto the t-sne projection of the full embryo (Figure 3-18c).
Given the independent origins of definitive endoderm, we might expect a subtle, but persistent,
transcriptional signature reflecting their developmental history. To explore this possibility, we
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separated the endoderm cells according to their lineage to identify differentially regulated genes.
Strikingly, two X-linked genes, Trap1a and Rhox5, are consistently up-regulated in the extraembryonic origin endoderm across lineage-traced embryos (K–S test, Bonferroni corrected pvalue <0.05, Figures 3-18d and 3-18e). Both genes are general markers for extra-embryonic
tissue216,217, supporting a model where these cells diverge prior to specification of the embryo
proper. Additionally, in an independently generated scRNA-seq data set of mouse
embryogenesis, these markers exhibit uniform expression in extra-embryonic endoderm and
extra-embryonic ectoderm, but highly heterogeneous expression in hindgut (Figure 3-19)130.
These observations support our lineage-based evidence that a subpopulation of these seemingly
embryonic endoderm cells derive from an extra-embryonic origin. We conclude that our lineage
tracer can successfully pinpoint instances of convergent transcriptional regulation during
embryogenesis.
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Figure 3-18. Disparities between transcriptional identity and lineage history within the
extra-embryonic endoderm
a. Heatmap of the shared progenitor score for different tissues from embryo 2, calculated as
the number of nodes that are shared between two tissues scaled by the number of tissues
represented in each node (see Methods). Reconstructed tissue relationships using these
progenitor scores correctly recreate expected relationships from studies of development.
The number of nodes that include cells from different lineages is also highlighted
(Heterogeneous nodes). Heatmaps for additional embryos are included in Figure 3-16.
b. Histograms representing the relative distances from the mean expression profile of either
the endoderm cluster or the extra-embryonic endoderm cluster for cells of either
embryonic origin (Endo) or extra-embryonic origin (XEndo) for embryo 2. While the
majority of XEndo cells cluster together, there is a subset of cells with gut endoderm
functional identity that stem from branches with clear extra-embryonic origin.
c. Plots (t-sne) of scRNA-seq data for embryo 2, with gut endoderm cells highlighted.
Endoderm cells segregate from the rest of the embryo, and cannot be distinguished by
origin.
d. Lineage tree for endoderm cells from embryo 2 showing the differential expression of
two extra-embryonic marker genes, which correspond to cellular origin (middle bar).
The expression of each gene is significantly different between the lineages using the
Kolmogorov-Smirnov test. Dark blue, extra-embryonic origin; light blue, embryonic
origin; grey, ambiguous origin.
e. Boxplots for genes Trap1a and Rhox5 confirms consistent differential expression across
lineage-traced embryos according to their embryonic or extra-embryonic ancestry.
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Figure 3-18 (continued)
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Figure 3-19. Expression characteristics of extra-embryonic and embryonic endoderm

a. Violin plots representing the pairwise scRNA-seq correlation coefficients for within or
across group comparisons according to lineage (X, extra-embryonic; E, embryonic) and
cluster assignment (light blue, gut endoderm; dark blue, visceral endoderm). Within
group comparisons for cells with the same lineage and transcriptional cluster identity are
shown on the left, while across group comparisons are presented on the right. Notably,
extraembryonic cells with gut endoderm identities show higher pairwise correlations to
embryonic cells with gut endoderm identities (column 4) than they do to visceral
endoderm cells, with which they share a closer lineage relationship (column 5).
b. Expression boxplots for the extra-embryonic markers Trap1a and Rhox5 from an
independent single cell RNA-seq survey of E8.25 embryos (Ibarra-Soria et al., 2018, Ref
130). Both genes are heterogeneously present in cells identified as mid/hindgut but
uniformly present in canonical extra-embryonic tissues, consistent with a subpopulation
of cells of extra-embryonic origin residing within this otherwise embryonic cluster.
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3.7 Towards a quantitative fate map
Simultaneous single cell recording of historical lineage and phenotype also provides the
unique opportunity to infer the cellular potency and specification biases of ancestral cells
reconstructed in our fate map. For example, we can set a lower boundary on the progenitor field
size by counting the number of nodes in the tree that produce multiple tissue types (Methods).
Each node represents a unique lineage identity and can be thought of as stemming from a single
reconstructed progenitor cell. In this manner, we investigated the founding number of
progenitors during the earliest transitions in cellular potential218-220. We defined totipotency as a
node that gives rise to both embryonic and extra-embryonic ectodermal/placental cell types and
tiered pluripotency into “early” and “late” according to the ability to form extra-embryonic
endoderm, which is restricted independently from the epiblast within the inner cell mass (Figure
3-20)221.
We find that the contributions of these founders to extant lineages are asymmetric in their
overall contribution to the embryo, suggesting that even though a progenitor may be biased
towards a specific fate, it retains the ability to contribute to other cell types. These results
highlight the temporal disconnect between positional specification and true fate commitment and
are expected in organisms that display indeterminate development. It is also possible that
asynchronous expansion of a certain tissue type occurs after commitment, leading to substantial
drift that could affect our inference of specification bias. Nonetheless, our data also provides
lower bound estimates for the number of progenitors at these early developmental restriction
points, suggesting a range of 1–6 totipotent cells, 10–20 early, and 18–51 late pluripotent
progenitors from our current data (Figure 3-20). The variable number of multipotent cells at
these stages reflects the encoded robustness that must exist to ensure successful assembly of a

166

functioning organism, particularly given that only one pluripotent cell can be used to
experimentally generate all somatic lineages in an embryo222. Future studies using more
replicates generated by breeding may enable statistical approaches to evaluate these organismscale developmental considerations.
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Figure 3-20. Quantifying early embryonic progenitors

a. Relative tissue distribution of cells descended from reconstructed or profiled pluripotent
progenitor cells for embryo 2. “Profiled” refers to a unique lineage identity
corresponding to multiple cells directly observed in the data set. While pluripotent cells
are able to form all germ layers, they show divergent propensities towards different cell
fates, illustrating the asymmetric partitioning that can occur during positional
specification from a field of otherwise equivalently potent cells. Pluripotent nodes
highlighted in grey and overlaid with an asterisk represent those that give rise to
primordial germ cells (lineages 1, 4, and 5 include 9, 1, and 1 PGCs each).
b. Estimated progenitor field sizes for three types of early developmental potency for the 6
embryos used in this study. Totipotent cells can give rise to all cells in the developing
embryo, including placental lineages of trophectodermal (TE) origin, while pluripotent
progenitors are partitioned into early and late modes by their ability to generate extraembryonic endoderm (XEndo) in addition to the epiblast (Epi). Each dot represents an
estimate from a single embryo; a solid grey line connects progenitor field estimates that
stem from the same embryo.
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3.8 Conclusions
In this study, we present a cell fate map underlying mammalian gastrulation using a custom
technology for high information, multi-channel, and continuous molecular recording. Several
key ideas have emerged, including the transformative nature of CRISPR-Cas9-directed mutation
with a single cell RNA-seq readout15-17, how historical information from such a molecular
recorder can complement RNA-seq profiles to characterize cell type, and an early framework for
quantitatively understanding stochastic transitions during mammalian development.
The modularity of our molecular recorder allows for simple substitutions that will
increase its breadth of applications. Here, we use three constitutively expressed guide RNAs of
varying efficiencies to record continuously over time, but future modifications could potentially
employ environmentally-responsive promoters that sense stress, neuronal action potentials, or
cell-to-cell contacts223, or combine these approaches for multifactorial recording. Similarly,
Cas9-derived base editors224, including those that create diverse mutations225, can be substituted
for the Cas9 nuclease, allowing for content-recording in cells that are particularly sensitive to
DNA double strand breaks211,212.
Our cell fate map identifies an intriguing phenotypic convergence of independent cell
lineages, showcasing the power of unbiased organism-wide lineage tracing to separate
populations that appear similar in scRNA-seq alone. Specifically, we substantiate the extraembryonic origin of a subset of cells that resemble embryonic endoderm. While the initial
specification of these two lineages are known to rely on largely redundant regulatory programs,
they are temporally separated by several days, emerge from transcriptionally and epigenetically
distinct progenitors, and form terminal cell types with highly divergent functions. The exact
location or function of these extra-embryonic-originating cells is unclear, but the identification of
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highly predictive markers that segregate by origin provides a clear outline for further exploration.
For example, previous studies have observed Trap1a expression within the embryonic
endoderm154, suggesting that this population provides a novel developmental function despite its
early spatial sequestration, and its precise location can be elucidated through spatial
transcriptomics226,227. By showing the nearly complete convergence of cells of extra-embryonic
origin to an embryonic endoderm state, our studies provide a functional foundation for classic
lineage tracing experiments215. More generally, our approach can be used to investigate other
convergent processes or to discriminate heterogeneous cell states that arise due to transient
effects from persistent signatures that reflect a cell’s past, both of which will be critical for the
complete assembly of a comprehensive cell atlas228. The scope of transdifferentiation within
mammalian ontogenesis remains largely unexplored, but can be practically inventoried using our
experimental system.
Ultimately, our cell fate mapping technology is designed to quantitatively address
previously opaque questions in ontogenesis. Higher order issues of organismal regulation, such
as the location, timing, and stringency of developmental bottlenecks, as well as the
corresponding likelihoods of state transitions to different cellular phenotypes, can be modeled
from the unbiased assembly of historical relationships. To that end, we used our platform to
estimate the number of several multipotent progenitor fields and described the asymmetric biases
of their developmental outcomes. Our hope is that characterization of these attributes will lead to
new insights that connect large-scale developmental phenomena to the molecular regulation of
cell fate decision-making.
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3.9 Methods
Plasmid design and construction: Because the principles governing Cas9 efficiency and
subsequent indel generation are not absolute, we screened fourteen protospacers for potential
inclusion in our target site, including nine protospacers known to function with moderate
efficiency and five additional protospacers hypothesized to function229-238. Each protospacer was
checked against the human and mouse genomes using bowtie to limit off target effects. A gene
block library of the fourteen protospacers (no additional bases between sequences) with an 8
base pair randomer was ordered from IDT representing target site version 0.0.
The target site (tS) v0.0 vector backbone was derived from a previously described
Perturb-seq lentiviral vector (pBA439, Addgene, Cat#85967) 214 with the following changes: the
cassette for mU6-sgRNA-EF1a-PURO-BFP was removed and replaced with EF1a-tSv0.0-sfGFP
using Gibson assembly with the target site in the coding sequence of sfGFP for use in the
fluorescent reporter assay (PCT10, sequence available upon request).
A gene block library of five protospacers (ade2-whiteL-bam3-bri1-whiteB; no additional
bases between sequences) with an 8 base pair randomer was ordered from IDT representing
target site version 0.1. Protospacers in positions 1 (ade2), 3 (bam3), and 5 (whiteB), are used for
cutting in subsequent experiments and are referred to as sites 1, 2, and 3.
Target site (tS) v0.1 was also cloned into pBA439 with the following changes: the
cassette for mU6-sgRNA-EF1a-PURO-BFP was removed and replaced with EF1α-sfGFPtSv0.1, followed by BGH pA on the original backbone (PCT12). Here the target site sits in the
3’ UTR of GFP. To improve the delivery of multiple targets into the same cell, we swapped the
v0.1 target site cassette into a commercially available piggyBac transposon vector (Systems
Biosciences, #PB533A-2) with the following changes: IRES-Neo was swapped for either GFP
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(PCT16) or mCherry (PCT29). The backbone was digested with restriction enzymes and target
site v0.1 gene block was PCR-amplified to add Gibson arms. Following Gibson assembly, the
plasmids were transformed into at least 100uL of Stbl2 competent cells (Thermo Fisher,
Cat#10268019), and plated onto 1-2 large plates (Fisher, #NC9372402) with LB/Carbenicillin to
generate high complexity target site libraries (PCT17, and PCT30, respectively).
The three-guide expression vector design and cloning protocol were adapted from Ref
214 to utilize guides against the three sites in the target site. The guide for site 1 (ade2) is under
the control of the mU6 promoter, site 2 (bam3) under the control of hU6 promoter, and site 3
(ade2) under the control of bU6-2 promoter. All guides are constitutively expressed in this
system. Additionally, the triple-guide cassette was moved onto the piggyBac backbone
described above.
Two further modifications of the plasmids described above were used in this study. First,
in an attempt to decrease the cutting percentage variation between embryos, we cloned the tripleguide expression cassette without BFP into PCT29, and then cloned in the target site with intBCs
to generate the resulting vectors (PCT41-43, for guide combinations (P,1,P), (1,1,1), and (2,1,2),
respectively). In the second modification, we changed the truncated form of Ef1α in PCT29 to a
promoter sequence comprised of the ubiquitous chromatic opening element (UCOE) and a fulllength, intron-containing Ef1α and cloned in a triple-guide expression cassette for the guide
combination (2,1,P), followed by cloning in of the target site to make PCT60. In these
modifications, target site plasmid libraries (PCT41-43, PCT60) were transformed and expanded
in 1-2L of liquid LB/Carb culture rather than on large plates.
A new target site design, v1.1, was utilized for further experiments to generate P0
breeders (see below). A gene block library of three protospacers (ade2-bri1-whiteB; 30-60 bases
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between sequences) with a 14 base pair randomer was ordered from IDT representing target site
version v1.1. For this target site, site1 is ade2, site2 is bri1, and site3 is whiteB. We cloned v1.1
into the same backbone as PCT60 with guide combinations (2,3,3) or (2,1,2) to make PCT61 and
PCT62, respectively.
The production of lentiviral particles or transfection of plasmids as is as described in Ref 214.
K562 GFP reporter assay: To construct the target site GFP reporter cell line, a
doxycycline(Dox)-inducible Cas9 K562 cell line was stably transduced with PCT10 (8%
infected, <0.1 MOI), and GFP positive cells were sorted using fluorescence activated cell sorting
on a BD FACSAria2. For each protospacer in the target site, 1-4 guides was designed to achieve
a series of mutation efficiencies and cloned into single guide expression vectors210. On Day -4,
the reporter cell line was plated into wells and stably transduced with a different guide against
target site v0.0, GFP-targeting protospacer EGFP-NT2 (positive control), or Gal4-targeting
protospacer (negative control) in each well. On Day -2, cells were selected for guide cassette
integration using 3 ug/mL puromycin. On Day 0, 50ng/mL Dox was added to induce Cas9
expression, and maintained through the course of the experiment. GFP fluorescence was
recorded on a LSR-II flow cytometer (BD Biosciences) on every 2nd day starting at day 0, except
day 13 was recorded in place of day 12. Data was analysed in Python using
FlowCytometryTools (http://eyurtsev.github.io/FlowCytometryTools/). For guide virus
produced in this experiment, labels were systematically shifted during production resulting in
incorrect ordering of guide effect on GFP fluorescence, which was corrected for presentation in
the manuscript. We confirmed the activity order of the guide series for three guides (ade2,
bam3, and bri1) in sequencing experiments where new virus was prepared.
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K562 single cutting pooled assay: To construct the cell line used here, a Dox-inducible Cas9
K562 cell line was stably transduced with PCT12 (6% infected, <0.1 MOI), and GFP positive
cells were sorted on a BD FACSAria2. On Day -5, the cell line was plated and stably transduced
with a different guide against target site v0.1, or GFP-targeting protospacers in each well. On
Day -2, cells were selected for guide cassette integration using 3 ug/mL puromycin. On Day 0,
50ng/mL Dox was added to induce Cas9 expression, and maintained through the course of the
experiment. Wells were sampled every 3-6 days for 20 days with cell pellets frozen down.
Genomic DNA was isolated from frozen cell pellets, and the target site was PCR-amplified to
make sequencing libraries (refer to Pooled embryo library preparation below for library prep
protocol), which were sequenced on the Illumina Miseq. Timepoint samples were pooled and
reads with no indels were removed to calculate relative indel frequencies.
K562 multiple target site integration cell line: To construct a cell line with multiple
integrations, we nucleofected 200,000 Dox-inducible Cas9 K562 cells with 1500ng PCT17 and
200ng piggyBAC transposase using set program T-016 (Lonza #V4SC-2096; Systems
Biosciences, #PB210PA-1).
K562 triple guide cutting assay, and multi-clonal lineage tracing experiment: Multipleintegration cells described above were stably transduced with a triple guide expression vector
(Perfect-Perfect-Perfect; fastest cutting) and recovered for 2 days. GFP (target site) and BFP
(triple guide) double positive cells were sorted using fluorescence activated cell sorting on a BD
FACSAria2. For the multi-clonal lineage tracing experiment, 10 cells were sorted into wells
containing 200uL of pre-conditioned media on a 96 well plate (12 wells total). At day 18, wells
were inspected under the microscope and the 3 wells with the largest populations were selected
for single cell analysis on the 10x Chromium. Two of the lanes suffered wetting failures, and the
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remaining sample was taken through library preparation described below (refer to Target site
amplicon library preparation). The library was sequenced on the Illumina Miseq and would
benefit from additional sequencing.
For the pooled experiment, ~112,000 cells were sorted into a tube, spun down,
resuspended in fresh media, split into two wells with 50ng/mL Dox added to one of the wells.
Cells were collected 6 days post-sort, genomic DNA was isolated, and the target site was PCRamplified to make sequencing libraries (refer to Pooled embryo library preparation), which
were sequenced on the Illumina Miseq. The 10 intBCs with the most reads were used for
analysis.
Embryo and P0 breeder generation: Protocols are adapted from those described Chapter 1.8.
To enable in vivo lineage tracing, B6D2F1 strain female mice (age 6 to 8 weeks, Jackson Labs)
were superovulated by sequential intraperitoneal injection of Pregnant Mare Serum
Gonadotropin (5IU per mouse, Prospec Protein Specialists) and Human Chorionic Gonadotropin
(5IU, Millipore) 46 hours apart. Twelve hours after delivery of the second hormone, MII stage
oocytes were isolated and injected with in vitro transcribed piggyBAC transposase mRNA (100
ng/ul) prepared in an injection buffer (5 mM Tris buffer, 0.1 mM EDTA, pH = 7.4). Decapitated
sperm isolated from an 8 week old Gt(ROSA)26Sortm1.1(CAG=cas9*,EGFP)Fezh/J strain
mouse (Jackson labs) was resuspended with the purified piggyBAC library in the same injection
buffer at concentrations ranging from 0.5 to 1.4 ug/uL.
Transposase-injected oocytes were then fertilized by piezo-actuated intracytoplasmic
sperm injection (ICSI). Injected embryos were cultured in 25 uL EmbryoMax® KSOM drops
(Millipore) covered in mineral oil (Irvine Scientific) in batches of 25-50 embryos. After 84 or 96
hours, successfully cavitated blastocysts were screened for uniform fluorescence of the target
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sequence cassette and transferred into one uterine horn of 6-10 week old pseudopregnant CD-1
strain female mice (Charles River). Uterine transfer results in an ~24 hour lag, so the day of
transfer was scored as E2.5 and embryos were dissected from euthanized animals 6 or 7 days
later at ~E8.5 or E9.5, depending on the experiment. All techniques utilized standard
micromanipulation equipment, including a Hamilton Thorne XY Infrared laser, Eppendorf
Transferman NK2 and Patchman NP2 micromanipulators, and a Nikon Ti-U inverted
microscope.
The generation of breeders was conducted identically by coinjecting target design v1.1
piggyBAC plasmids with sperm from C57BL6/J strain males (Jackson labs), transferring
uniformly bright mCherry blastocysts into CD-1 strain mice, and allowing live pups to be
brought to term. Genotyping was conducted using tail tip genomic DNA purified using the
Quick DNA Miniprep Plus kit (Zymogen) isolated prior to weaning. Animals with large intBC
counts (n=23 for the male used in Figure 3-12) were then bred into either male or female
Gt(ROSA)26Sortm1.1(CAG=cas9*,EGFP)Fezh/J strain animals to generate live pups with
continuous cutting. Fluorescence of live animals was confirmed and documented using a dual
fluorescent protein flashlight (Nightsea).
Pooled embryo library preparation: RNeasy Mini Kit (Qiagen, #74104) was used to isolate
RNA from whole embryos or dissected tissue for embryonic tissue. Alternatively, genomic tail
tip DNA was used for P0 breeders or Cas9+ F1 animals. Following purification and/or first
strand synthesis of cDNA from 1 ug of RNA (Promega), the target site was amplified using a 2stage PCR protocol. In the 1st stage, <100ng of diluted DNA template was amplified using 0.6
uM forward and reverse primers and Kapa HiFi HotStart ReadyMix according to the following
PCR protocol: (1) 98C for 3 min, (2) 98C for 30 s, 69C for 30 s, 72C for 15 s (16 cycles for
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cDNA, 24 cycles for genomic DNA), (3) 72C for 5 min. Following 0.7X SPRI selection, the
elute served as template for 2nd stage PCR, using 0.6uM barcoded P5 and P7 secondary primers
and Kapa HiFi HotStart ReadyMix according to the following PCR protocol: (1) 98C for 3 min,
(2) 98C for 30 s, 60C for 30 s, 72C for 30 s (4-6 cycles), (3) 72C for 5 min. PCR products
underwent 0.6X SPRI-selection and were eluted in 20-40uL of elution buffer to produce the final
library. Libraries were sequenced on the Illumina HiSeq 2500 (Rapid Run) or Miseq, with the
following run parameters: Read 1: 175 cycles, i7 index: 8 cycles, i5 index: 8 cycles, Read 2: 175
cycles.
For v1.0 target sites, the following primary primers were used:
MC38:
CGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCAGGAGCGGATTGCTTCGAACC
MC39:
TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACAACCACTACCTGAGCACCCAG
TC
For v1.1 target sites, the following primary primers were used:
P5_PCT48-49_F:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATCCAGCTAGCTGTGCAGC
ODY120_PCT48_R_PB:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCGATGGACGATTGCGGAAGAC
AG
Secondary amplification was conducted using the following primers:
P5 primer:
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AATGATACGGCGACCACCGAGATCTACAC[ILLUMINA
INDEX]TCGTCGGCAGCGTCAGATGTGTA)
P7 primer
CAAGCAGAAGACGGCATACGAGAT[ILLUMINA
INDEX]GTCTCGTGGGCTCGGAGATGTGTATAAG
Embryo dissociation: Embryos are washed through several drops of PBS after isolation to
reduce debris and put into ~100 uL PBS droplets on a microscope slide and screened for uniform
fluorescence of the target site cassette on an Olympus IX71 inverted microscope running
Metamorph. Selected embryos were dissociated to single cell suspensions by adding 100 uL of
TrypLE (Invitrogen, #12605010) and pipetting the embryo or embryo pieces every 5 minutes for
~30 minutes until complete dissociation was visually confirmed. Trypsin was deactivated by
adding 100 uL PBS+BSA is added to the droplet and moving cells into a 1.5 mL eppendorf
tube, followed by several rounds of additional collection with 100 to 200 uL of PBS+BSA to a
final volume of 1 mL. The dissociated cells are filtered through a Flowmi filter tip (Bel-Art
Products, #H13680-0040) into a new tube, and spun down for 5 minutes at 1200 rpm on a
tabletop centrifuge. Following the spin, 900uL of PBS+BSA is removed and the remaining
volume is resuspended with an additional 900uL of PBS+BSA. The suspension is spun for 5
minutes at 1,200 rpm, 800 uL of PBS+BSA is removed, the remaining volume is spun for 5
minutes at 1,200 rpm, and PBS+BSA is removed until only ~30 uL of volume remains. 2 uL of
the final resuspended cells were used for counting using a hemocytometer. We load ~17,000
cells into the 10x machine (Chromium Single Cell 3’ Library & Gel Bead Kit v2) for a targeted
recovery of 10,000 cells.
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scRNA-seq library preparation and sequencing: Single cell RNA-seq libraries were prepared
according to the 10x user guide, except for the following modification. After cDNA
amplification, the cDNA pool is split into two fractions. 15uL of EB buffer is added to one of
the fractions of 20uL of the cDNA pool, and scRNA-seq library construction proceeds as
directed in the 10x user guide. RNA-seq libraries were sequenced on the Illumina HiSeq 4000
system.

Target site amplicon library preparation: The target site-specific amplification protocol was
adapted from Ref 214. 50-100 ng of template from the cDNA pool, 0.3 uM P5-truseq-long
(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T), 0.6 uM MC63
(TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGCAGGAGCGGATTGCTTCGAAC
C) was split across four parallel PCR reactions, and was amplified using Kapa HiFi HotStart
ReadyMix according to the following PCR protocol: (1) 95C for 3 min, (2) 98C for 15 s, then
69C for 15 s (8-12 cycles). Reactions were re-pooled during 0.9X SPRI selection, and eluted
into 60 uL. A second PCR with the elute as the template, 0.3 uM P5
(AATGATACGGCGACCACCGA), 0.6 uM barcoded P7
(CAAGCAGAAGACGGCATACGAGAT[ILLUMINA
INDEX]GTCTCGTGGGCTCGGAGATGTGTATAAG) was split across four parallel PCR
reactions, and amplified using Kapa HiFi HotStart ReadyMix according to the following PCR
protocol: (1) 95C for 3 min, (2) 98C for 15 s, then 69C for 15 s (6 cycles). Reactions were repooled during 0.9X SPRI selection and then fragments of length 200-600bp were selected using
the BluePippin. Target site libraries were sequenced on the Illumina HiSeq 2500 (Rapid Run),
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with the following run parameters: Read 1: 26 cycles, i7 index: 8 cycles, i5 index: 0 cycles, Read
2: 350 cycles.
scRNA-seq library data processing: scRNA-seq data was processed and aligned using 10x Cell
Ranger v2. The filtered gene-barcode matrices were then processed in Seurat
(https://satijalab.org/seurat/) for data normalization (global scaling method “LogNormalize”),
dimensionality reduction (PCA), and generation of t-sne plots, which use the first 16 principal
components.
scRNA-seq tissue assignment: Cluster centers from Chapter 2 for 712 marker genes were used
to assign cells to tissues. For each cell in lineage traced mouse embryos, we calculated the
Euclidean distance between the cell’s expression profile and the mean expression profile for each
tissue using the 712 marker gene set, and assigned the cell to the tissue identity with the
minimum distance. Expression values were transformed to log space using log(normalized UMI
count + 1) before calculating the Euclidean distance.
Embryo staging: The wild type mouse gastrulation compendium consists of five time points,
profiling every 0.5 days from E6.5 to E8.5 with at least 10 embryos collected for each time point.
Tissue proportion is calculated as the number of cells assigned to the tissue divided by the total
number of cells in the embryo. The median tissue proportion was calculated for each time point
treating each tissue independently. For each lineage-traced embryo, the Euclidean distance
between its tissue proportions and the median tissue proportion for each time point was
calculated and the embryo was assigned to the time point with the minimum cumulative distance.
All lineage-traced embryos were assigned to either E8.0 or E8.5 stages.
Target site data processing: A custom software pipeline was built to align and call indels in
the target site. The logic is as follows: (1) Assign cell barcode and UMIs to each read, (2) find
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the consensus sequence for each UMI, (3) align the consensus sequence to the target site
reference sequence, (4) identify most likely integration barcodes (intBC) and create custom
reference sequences, (5) repeat alignment against all reference sequences and select highest
scoring alignment for each UMI, (6) call intBC and indels in the target site, (7) correct the intBC
and allele using UMIs which appear in the same cell, (8) remove doublets. Details appear below:
(1) Assigning cell barcode and UMIs to each read. Specific amplification libraries of the target
site amplicon were processed using 10x Cell Ranger software to assign cell barcodes and UMIs
to each read. The target site is designed to be orthogonal to the human and mouse genome, and
does not align in Cell Ranger processing. Unaligned reads from the Cell Ranger output bam file
are parsed into fastq format with the cell barcode and UMI identifiers appended to the read
name.
(2) Finding the consensus sequence for each UMI. To potentially increase the speed of consensus
sequence finding, we attempt to trim reads to the same length for each UMI. The read is
trimmed to remove sequence beyond the polyA tail using cutadapt software
(http://cutadapt.readthedocs.io/en/stable/) with the following parameters: [–a AAAAAAAAAA –
e 0.1 –o trimmedFile.fq –untrimmed-output=untrimmedFile.fq –m 20 –max-n=0.3 –trim-n].
Reads that do not contain polyA sequence appear in the untrimmed file and are subjected to a
second round of read trimming using a sequence which appears in the 3’ end of the target site
assuming the sequence has not been deleted from DNA repair, with cutadapt run using the
following parameters: [-a GCTTCGTACGCGAAACTAGCGT -e 0.1 -o trimmedFile2.fq -untrimmed-output=untrimmedFile2.fq -m 20 --max-n=0.3 --trim-n --no-indels]. The adapter
sequence used in the last round of trimming is then concatenated back on to the trimmed
sequence to improve target site alignment in the next step. If >=60% of trimmed sequences for a
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given UMI are the same sequence, then the sequence is taken as the consensus sequence.
Otherwise, a multiple sequence alignment is performed using BioPython and the consensus
sequence is extracted from the alignment. Ambiguous bases are reported if there is <50%
agreement for any position in the alignment.
(3) Aligning to the target site reference. We use the emboss implementation of the smithwaterman algorithm to align sequences to the target site reference sequence with the following
parameters, which were determined empirically: [emboss water –asequence targetSiteRef.fa –
sformat1 fasta –bsequence consensusUMI.fa –sformat2 fasta –gapopen 15.0 –gapextend 0.05 –
outfile sam –aformat sam]. In this first alignment, the ambiguous sequence NNNNNNNN is
used to represent the intBC. A minor bug had to be corrected in the emboss implementation to
successfully output sam format. For target site v1.1, the gapopen penalty was increased to 20
and the gapextend penalty to 1.
(4) Identifying the most likely intBC. A perl script is used to parse the intBC from the alignment.
The intBCs with the highest number of UMIs are substituted into the target site reference
sequence to make custom reference sequences. This step was included because upon manual
inspection, there were obvious misalignments due to the ambiguous intBC sequence, which were
corrected upon substitution of a real sequence.
(5) Selecting the highest scoring alignment for each UMI. Repeat smith waterman alignment
against all custom reference sequences and select alignment with the highest score for each UMI.
(6) Calling indels and intBCs. A perl script is used to parse the intBC and indels from the
alignment using the CIGAR string. The boundaries for each site is defined and indels
overlapping site boundaries are called as an indel in that site. Sequence of the indel is not
considered.
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(7) Correcting indels using multiple reads with the same UMI from the same cell. UMIs are
filtered for alignment score and only cells that are in the matched scRNA-seq data set are kept.
An intBC is corrected to an intBC with a higher UMI count in the cell if the intBCs are within an
edit distance of 2 and the alleles are the same. An allele is the combination of indels in sites 1, 2,
and 3. An allele is corrected to an allele with a higher UMI count in the cell if the intBC is the
same and the allele is within a 1-indel difference. Only UMIs with greater than or equal to 3
UMIs are kept.
(8) Eliminating doublets. Cells that report two alleles for the same intBC are removed if the
dominant allele is <80% of the total UMI count for the intBC. This removes 4.1-18.3% of cells
in our embryos.
Tree reconstruction strategies
Biased sampling of phylogenetic space: We simulate the evolutionary process leading from a
collection of uncut target sites to the final data set. The set of mutations (including “no
mutation”) across all target sites in a cell is referred to as an allele. In the final tree, each branch
represents a mutation, and each node represents the allele of a cell, which may be a reconstructed
ancestral allele, i.e. it is not present in the data set.
Input: table of unique alleles
-

each allele may represent multiple cells

-

we cannot distinguish between identical indels in the same position that may result from
independent mutation events (convergent indels) if they appear with an identical set of cosegregating indels

Algorithm:
-

Create root node in tree representing an allele with 0 mutations (c_allele)
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-

remove alleles in the table that match c_allele

-

While alleles remain in table:
-

choose indel from table that can be added to current allele
-

can only add indels in positions that have no mutation

-

create new node by adding indel into c_allele (c_allele2)

-

draw directed edge labeled with indel between nodes from c_allele to c_allele2

-

remove alleles in table that match c_allele2
-

includes alleles that match c_allele2 with missing values for positions that have no
mutations

-

if indels in table can be added to c_allele2, then c_allele = c_allele2; else, c_allele does
not change

-

when indels cannot be added to c_allele, traverse up edges to ancestral nodes until an
allele to which an indel can be added is found

We tested two methods that are used to choose indels. The first method, “Random,” selects a
position where an indel can be added, and then selects an indel from the data set for that position;
both selections occur in an unbiased manner. The second method, “Frequency Normalized
Weighted” (FNW), identifies all of the indels that can be added to the current allele and scores
them according to the fraction of alleles they are found in divided by the expected independent
frequency of the indel (see Figure 3-4d). These scores are used as weights to bias selection of
the indel. The reasoning behind FNW is that indels that are found in many cells (or alleles) are
more likely to have occurred early, but this has to be balanced against their expected likelihood
of occurring. FNW biases the search towards more likely trees. To further increase the search
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for good trees, we first remove all indels that are unique to a single allele since we can assume
that these indels occur at the leaves of the tree. The indels are added as branches leading to
leaves in the final tree before the final tree likelihood is calculated.
The log likelihood of the tree is calculated as the sum of the likelihoods of all the indels
that appear in the tree. The likelihood of each mutation is estimated from the embryo data set
(Figure 3-4d).
It is worth noting that the number of trees that are possible grossly exceeds 30,000;
however, the search is biased towards finding good trees and performs markedly better than
those that are randomly generated. Using high scoring trees to direct the search towards better
ones, such as by grafting high scoring branches, could further improve our algorithm’s ability to
identify high scoring trees.
Greedy search to reconstruct larger trees: Our greedy algorithm consists of building the tree
top-down, recursively splitting cells into mutually exclusive groups based on the presence or
absence of a specific mutation. In particular, these splits are prioritized by selecting mutations
that appear frequently in the dataset, but are known to be an improbable outcome from a Cas9
mutagenesis event. This transform is equal to the product of the observed frequency of the
mutation and the log prior-probability. The mutations prioritized this way, we reason, are very
likely to have occurred only once and relatively early in the experiment. Under this assumption,
these mutations are useful to a top-down approach as they efficiently create maximally
informative tree-splits. In practice, we can calculate the prior-probabilities of mutations several
ways but while describing this algorithm we assume the priors are provided (Figure 3-4d).
To deal with missing values, we first split cells based on the presence or absence of a
mutation. Then, for each cell that reports a missing value for this cut site, we assign the cell to
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the group with which it shares the greatest similarity. Here, we define similarity as the average
number of mutations it shares with the cells in each group. We follow this procedure until only
one cell remains. Note that for application to the dataset described in this manuscript, we filled
missing values with unique indels to force the algorithm to choose splits based on the presence of
mutations rather than absence.
Theoretically, building the tree in this fashion is possible due to the special case of
multistate compatibility afforded by our model of evolution, namely that mutations can only
arise once at a particular site (i.e. Cas9 cannot re-cut a site). This context allows one to consider
a traditional Gusfield algorithm239 in which one infers phylogenies by selecting character-splits
based on the most frequently occurring mutations. In a special regime of “perfect-phylogeny”
(where every mutation arose exactly once), this algorithm is provably optimal and extremely
efficient as compared to other algorithms (linear in the number of cells and mutations, or
O(|number cells| * |number of mutations|)). In the case of multi-state characters, the notion of
compatibility often breaks down as this typically implies that a character can mutate many times
to different states. Yet, as described previously, in our system this cannot happen – namely, once
a mutation is obtained at a site, it cannot be changed again along that evolutionary path. In this
way, we can apply an approximated Gusfield algorithm to reconstruct trees, where perfect
phylogeny is possible although still confounded in cases where the same mutation arises twice
independently.
Trees are visualized using the Python ete library (http://etetoolkit.org/).
Pairwise single cell lineage distance measure used for violin plots: A cut site can take 2
forms, uncut or indel. The distance is a modification of hamming distance where uncut is
considered a special state.
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Distance = (2*(sites with different indels) + 1*(sites with indel vs uncut))/(number of sites
recovered in both cells)
Estimating ancestral tissue relationships: Each node, including leaves, that includes more than
one tissue type is considered a “progenitor.” Progenitors found at the leaves are not
reconstructed or inferred but result from the lack of new indels that distinguish between tissues
(ie. the lineage tracer does not produce new indels past the progenitor stage).
The shared progenitor score is calculated between two tissues as the number of shared
progenitors scaled by the number of tissues each progenitor contributes to, and is calculated
using the following algorithm:
For each progenitor,
tList = list of tissues progenitor contributes to
pScore = 1/(2^len(tList)-1)
for each pair of tissues in tList:
progenitorScoreForPairOfTissues += pScore
Example for a single progenitor:
tList = [Endo, Meso, XMeso]
pScore = 1/(2^(3-1)) = ¼
ProgenitorScoreEndoMeso += ¼
ProgenitorScoreEndoXMeso += ¼
ProgenitorScoreMesoXMeso += ¼
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The resulting matrix is a shared progenitor score matrix. To transform the similarity
matrix to a distance matrix, we use 1-(matrix/maxScoreInMatrix). The distance matrix is then
hierarchically clustered using either ward or average as the cluster joining criteria.
To account for the potential effect of cluster sizes (for example, if we assume that
differentiation occurs for all tissues instantaneously, then the larger cluster sizes for mesoderm
and ectoderm would increase the likelihood of detecting a progenitor between the two tissues),
we downsampled each tissue before calculating the shared progenitor score: 150 cells were
randomly sampled from each tissue and the tree was pruned to only include the sampled cells.
For tissues with less than 150 cells, all cells were included. For embryo 2, we downsampled to
300 cells since it is a merger of two biological replicates and is therefore doubly sampled. The
shared progenitor score was calculated from the pruned tree and the process was repeated 1000
times for each embryo. The median progenitor score is presented in the heatmap. For higher
resolution clusters (Figure 3-17), we downsampled 500 times instead of 1000 times.
Note that the number of nodes reported below the heatmaps in Figures 3-16 and 3-18
represents the number of progenitors that are found in the complete tree. The number of nodes
used to calculate the shared progenitor score depends on the sampled set of cells chosen.
For high resolution shared progenitor scores calculated for embryos 2 and 6 (Figure 317), we bolstered some populations prior to calculating shared progenitor scores by merging
some cluster identities if they represent the linear maturation of one tissue type to another, are
primarily one cluster versus the other at the assigned developmental time point, and have very
close transcriptional profiles (See Chapter 2.2). Specifically, we merged node with notochord,
amnion mesoderm (early) with amnion mesoderm (late), primitive blood progenitor with
primitive blood (early), and pharyngeal mesoderm with pharyngeal (arch) mesoderm. We also
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merged surface and preplacodal ectoderm due to the similarity of their transcriptional profiles
and omitted “similar to neural crest 2” as this transcriptional cluster is ambiguously determined
(the cluster is globally most similar to neural crest but not obviously comprised of specific
marker genes).
Endoderm lineage assignment and differentially regulated gene identification: Endoderm
cells can have one of three origins based upon our tree: extra-embryonic, embryonic, or
ambiguous. Cells are considered extra-embryonic if there is a progenitor in its lineage whose
descendants include ≥ 40% extra-embryonic cells. Cells have ambiguous origin if they descend
directly from the root node. Otherwise, cells are considered to be from embryonic origin. We
identified endoderm cells of extra-embryonic origin in all embryos but embryo 7.
We use the Kolmogorov-Smirnov test (Python scipy.stats.ks_2samp) to identify
differentially regulated genes between embryonic and extra-embryonic origin endoderm cells.
Only highly variable genes in the embryo are considered for testing, and genes are significant if
they have a Bonferroni corrected p-value under 0.05.
Multipotent field size estimation and asymmetry: Progenitors are considered pluripotent if
their descendants include at least one mesoderm (Meso or XMeso or Blood) cell, one ectoderm
(Ecto) cell, and one endoderm (Endo) cell. A pluripotent progenitor is considered early
pluripotent if it also has at least one extra-embryonic endoderm descendant, and further
considered totipotent if it has at least one extra-embryonic ectoderm descendant. To estimate the
lower bound for the number of multipotent cells, we start at the bottom level of the tree and
count the number of multipotent cells at that level. If multipotent cells exist, then the number of
multipotent cells is propagated to its ancestor in the above level, otherwise we count 0 for that
level. We add one progenitor for every level that includes a multipotent cell and other cells to
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represent the progenitor that lead those non-multipotent cells at that level. The number of
multipotent cells is then the number of cells propagated to the root of the tree. Progenitor
asymmetry is simply the proportion of descendants from each of the tissues for that node.
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