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Abstract
Although progressively restricted to specialized functions during ontogeny,
differentiated somatic cell nuclei can be experimentally directed to other cell
types, including those with complete developmental potential. The technical
challenges inherent to initial nuclear reprogramming methods such as somatic
cell nuclear transfer and cell fusion pose significant hurdles to precisely
dissecting the regulatory programs governing cell identity. The discovery of
reprogramming via ectopic delivery of a defined set of transcription factors
provided a tractable platform to uncover molecular characteristics of cellular
specification and differentiation, cell type stability, and pluripotency. Despite
ongoing progress, a detailed molecular understanding of the terminal events that
coordinate the reprogramming from somatic to pluripotent cell remains elusive.
To better understand how transcription factors mediate such a dramatic change
in cell state, we optimized a time course-based model where differentiating cells
are systematically challenged to reacquire pluripotency. Using this approach, we
identify a transient period of time after pluripotency exit where cells are
developmentally determined, yet respond to induction of exogenous
reprogramming factors by reverting to the pluripotent state in a near-deterministic
fashion. This brief period is followed by a rapid decline into somatic-like
reprogramming kinetics and efficiency. By investigating transcriptional,
epigenetic, and transcription factor dynamics on either side of this window, we
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find several key molecular parameters that prescribe the regulatory boundary
between non-pluripotent and pluripotent identities. We show that the route to
pluripotency is directed through OCT4 engagement at a distinguishable subset of
pluripotent-state enhancers that are uniquely regulated during differentiation in
vitro and in vivo and encode a distinctive combination of cis-regulatory
sequences. From these data, we present a model where delayed silencing of
these enhancers predisposes them to function as primary genetic targets for the
final, deterministic transition into molecular pluripotency.
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Chapter 1
Introduction

Excerpts from this Chapter have been previously published1,2.
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1.1 Introduction
During development, cells within a multicellular organism progressively
differentiate into functionally and phenotypically distinct fates, a specialization
that is enabled by cell type specific gene expression. Once established, cellular
states are remarkably stable and can be sustained over many cell divisions
throughout an organism’s lifespan. The process of differentiation proceeds from
the totipotent zygote, itself formed at fertilization by the reactivation of early
developmental programs within the nuclei of two highly specialized gametes. The
tremendous reprogramming potential of the ooplasm is highlighted by somatic
cell nuclear transfer (SCNT) experiments, where specialized cells from any
somatic lineage are rapidly directed to totipotency by the cytoplasm of the
enucleated oocyte. The ability of SCNT to generate germline competent
organisms proved that developmental processes are imposed strictly by
epigenetic mechanisms and are thus reversible. SCNT remained a major
technology for studying the regulatory mechanisms behind this functional reset
until the demonstration that pluripotency could be accomplished in vitro by the
ectopic expression of only four transcription factors, Oct4, Sox2, Klf4, and c-Myc
(OSKM), to produce induced pluripotent stem cells (iPSCs)3. Direct
reprogramming by transcription factors (TFs) is experimentally tractable and can
be performed in vitro on large populations of cells, enabling systematic
biochemical and genomic characterization of the mechanisms that impose or
surmount the epigenetic constraints governing cellular identity.
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1.2 A brief history of reprogramming
For many years, it was unclear whether differentiation involves irreversible
changes to the genome that would restrict a cell’s developmental potential. Early
work by Briggs and King4 and later Gurdon5 addressed this subject using somatic
cell nuclear transfer (SCNT) from various donor nuclei into enucleated frog
oocytes. Successful generation of viable organisms by SCNT demonstrated that
the genome of a differentiated cell does retain all genetic information necessary
for normal development. Later experiments were able to reproduce these
seminal findings in mammals6. SCNT using donor nuclei from genetically marked
lymphoid cells7 and olfactory receptor neurons8 demonstrated further that even
terminally differentiated and post-mitotic genomes could be reprogrammed.
Other cell types besides oocytes have been shown to possess factors
capable of activating silenced loci in a somatic genome. For instance,
introduction of a chicken erythrocyte nucleus into the cytoplasm of a HeLa cell
results in chromatin decondensation and initiation of RNA synthesis from the
previously inactive erythrocyte genome9. Later studies in mouse and human
demonstrated that fusion of somatic cells with embryonic stem cells (ESCs) or
embryonic germ cells (EGCs) reactivates pluripotency-related genes from the
somatic genome and creates pluripotent, albeit tetraploid (4N), cells10-12. While
these have limited clinical value, their genesis has provided a useful
experimental platform for studying cellular plasticity and reprogramming13.
Moreover, the fusion experiments offered evidence that ESCs, like oocytes,
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zygotes and early blastomeres, contain factors that are sufficient to reprogram a
somatic cell.
Initial evidence for the capacity of selected transcription factors (TFs) to
direct cellular reprogramming came from the classic MyoD experiments and
subsequent lineage conversions in the hematopoietic system (reviewed in14).
However, a major advancement in the field occurred in 2006 with the landmark
study by Takahashi and Yamanaka, who reported the generation of induced
pluripotent stem cells (iPSCs) through ectopic expression of only four TFs3.

1.3 Molecular definition of cell fate
Cellular identity and differentiation potential were originally assigned on
the basis of phenotype and lineage history, as well as from the stability of these
traits following transplantation of cells to ectopic sites within the developing
embryo. Molecular regulation of cellular identity focused on master transcription
factors that are expressed at the beginning of a cell lineage and were often
necessary or sufficient to direct its identity15. However, genomic expression
profiling approaches revealed redundancy in the function of some master
regulators within different cell types of the same lineage, or even across
lineages, indicating that they perform context-specific activities within the same
genome16-18. For instance, the transcription factor Sox2 can regulate
pluripotency19, specification to the neural lineage20 or adult tissue homeostasis.21
The differing sets of genes targeted by these TFs give rise to the functional
differences between different cells, as in the case of Sox2, pluripotent stem cells
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(PSC) or neural progenitors. This differential targeting is achieved in part by
partnering with lineage-specific cofactors18,22.
Although the combinatorial expression of master transcription regulators
presents a simple and attractive model for the control of diverse cell functions
during development, the genomic distribution of transcription factor bindingsequences (motifs) or the co-expression of factors within a given cell type are
surprisingly imprecise predictors of target loci or transcriptional output. These
limitations hinder efforts to identify sets of factors that reprogram one cell type to
another, which is instead usually achieved by systematically testing known
regulators to identify a sufficient combination, as performed by Takahashi and
Yamanaka23-25. During development, the genomic occupancy of master
transcription regulators and their cofactors is often restricted to local
“nucleosome free regions” where cis-regulatory sequences are not occluded by
chromatin, making it difficult to study the stepwise coordination of cell typespecific regulatory elements from static snapshots26-28. Recent efforts to map
regulatory networks across mammalian cell types demonstrate the complex
interplay between transcription regulators and the underlying epigenetic
landscape as they cooperate to direct cellular identity29,30. Integrating
transcriptional and chromatin state data provides and unprecedented and
powerful way to more precisely define the molecular state of a cell, employing
empirically determined definitions of cell function, lineage, and developmental
potential to delineate a precise molecular genomic state.
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1.4 Molecular features of pluripotency
Successful reprogramming of the somatic state culminates in the
establishment of stable, self-renewing, and functionally pluripotent stem cell
lines31,32. Although pluripotency exists only transiently during early embryonic
development in vivo, the derivation of PSC lines that can be stably propagated in
vitro has served as a powerful model for numerous developmental processes,
including the mechanisms regulating downstream lineage restriction,
commitment, and eventual maintenance of a terminally differentiated state33. The
critical transcriptional regulators of pluripotency, OCT4 and NANOG, in
cooperation with SOX2, were identified through genetic studies demonstrating
their role in embryonic development and pluripotency maintenance both in vivo
and in vitro19,34-36. Subsequent genome-wide localization and interaction analyses
revealed that OCT4, SOX2, and NANOG bind and regulate pluripotency-specific
genes, often co-occupying the same target loci to form a regulatory circuit
consisting of both feedforward and autoregulatory loops that maintain their own
expression as well as those of other key genes37. Unlike somatic cells states, this
network must also maintain an extensive and unbiased differentiation potential,
but remain sensitive enough to integrate differentiation cues efficiently and
robustly. Active suppression of lineage specification is a key feature of
pluripotency that is only partially controlled through the direct action of OCT4,
SOX2, and NANOG or their immediate effectors, requiring cooperation with
additional TFs and chromatin modifiers37.
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1.4.1 Epigenetic signatures of pluripotency
Pluripotent cells are unique in that they must suppress multiple
developmental pathways while preserving their responsiveness to specific
differentiation cues. This canonical form of epigenetic regulation is carried out in
part by the complementary actions of repressive Polycomb (PcG) and
transcription-associated Trithorax group (TrxG) proteins. The PcG complex is
responsible for trimethylation of histone H3 at Lysine 27, an epigenetic
modification functionally associated with transcriptional repression of cognate
genes. Conversely, TrxG proteins catalyze the deposition of histone
modifications associated with transcriptional activation. Dual regulation by PcG
and TrxG proteins occurs largely at CpG island promoters, and this cooccurrence of both activating and repressive chromatin modifications at CpG
promoters is termed a “bivalent domain”38-41. In pluripotent cells, bivalent
domains are found at development gene promoters and provide a molecular
analogy for cellular potential, as most subsequently resolve to either an
expressed, TrxG regulated or a repressed, PcG regulated state depending on
their developmental trajectory41-43. Bivalent chromatin is functionally relevant to
proper development: interfering with the machinery that maintains these dual
modifications often results in aberrant or impaired differentiation44.
Bivalent signatures do not appear to be re-established at developmental
genes until late in the reprogramming process45, an observation consistent with
the idea that they serve as a molecular marker for functional pluripotency46.
However, many lineage-specifying genes and those with dual roles in

!

7!

development and pluripotency gradually accumulate H3K4 methylation directly at
their CpG island-containing promoters during reprogramming, resulting in local
epigenetic remodeling at previously repressed, H3K27me3-only loci47,48. The
assembly of bivalent domains during reprogramming remains incompletely
understood, but represents a valuable assay to molecularly characterize the
establishment of unrestricted developmental potential that defines pluripotent
cells. The prevalence of unmethylated CpG islands at poised promoters suggests
that this feature may serve as the essential cis-regulatory template to instruct
assembly of a bivalent epigenetic state49,50. Indeed, the PcG and TrxG
complexes are recruited to CpG island-containing promoters of developmental
genes by subunits that recognize unmethylated CpGs50,51. Precisely how this key
feature of pluripotency is restored during reprogramming, however, remains
unknown.
1.4.2 Maintenance of cell state in the absence of epigenetic repression
The pluripotent state is also distinguished by the robust maintenance of its
transcriptional network and self-renewal capacity in the absence of repressive
chromatin modifications, while early post-implantation embryos or non-pluripotent
cell types do not survive under such conditions52. This unusual insensitivity is
unique to one of two developmentally distinct classes of pluripotent states that,
until recently, had only been isolated in mouse. “Naïve” or “ground state” cells
are cultured in leukemia inhibitory factor (LIF) in the presence of two small
molecule inhibitors of the MEK signaling pathway and of GSK3-Beta. Under
these conditions, pluripotent cells broadly resemble cells of the Inner Cell Mass
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(ICM) or early epiblast. Alternatively, “primed state” cells more generally exhibit
features associated with the post-implantation epiblast and share molecular
similarities with human ESCs53,54. This unique tolerance of pluripotent naïve cells
for the loss of epigenetic repressors can be used to select for iPSCs by
eliminating cells that have not successfully reprogrammed, or to facilitate latestage reprogramming events by establishing pluripotency-like global chromatin
features45,55. Notably, repression-deficient PSCs do not show substantial
changes to their self-sustaining transcriptional network, but their developmental
potential is severely impacted and hence can be said to have lost functional
pluripotency56-62. When DNA methylation is globally depleted in mouse ESCs,
they cannot differentiate into embryonic germ layers but gain the capacity to
differentiate into extraembryonic tissues63,64. Similarly, mouse ESCs lacking the
histone H3 Lys9 methyltransferase Setdb1 are unstable, exhibiting spontaneous
extraembryonic differentiation.65-68. Despite the widespread and profound
epigenetic changes induced by loss of epigenetic repressors, the decoupling of
functional developmental potential from self-renewal can be reversible; restoring
repressors often rescues the ability to differentiate, further highlighting the
necessity of epigenetic silencing mechanisms in this process59,60.
PSCs cultured in LIF/2i also appear to lose or redistribute repressive
epigenetic modifications, specifically global DNA methylation and H3K27me36974

, though how these changes impact differentiation is not yet completely

understood. Some of the earliest transcriptional responses to LIF/2i withdrawal
include induction of epigenetic repressors such as Dnmt3b, Dnmt3l and Jarid2,
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indicating the rapid establishment of a differentiation-competent epigenome69-74.
Consistent with the requirement for epigenetic repression in somatic cells,
reprogramming in the presence of 2i from the outset is severely limited, whereas
switching to 2i conditions at later time points can promote iPSC generation,
similar to what is observed following the targeted depletion of global repressors75.
Culturing reprogramming cells with the 2i component CHIR, the GSK3-beta
inhibitor, and with ascorbic acid, which promotes global DNA demethylation,
results in rapid, homogeneous iPSC generation from somatic or factor-dependent
intermediate states76,77. Intriguingly, human ESCs or mouse epiblast stem cells
do not tolerate the global loss of DNA methylation, indicating fundamental
regulatory differences between PSCs that correspond to unique developmental
periods, despite their similar self-renewal properties and shared expression of
many canonical pluripotency regulators78,79.

1.4.3 Transposon silencing in PSCs
In their original reprogramming screen, Takahashi and Yamanaka
introduced transcription factors into fibroblasts using retroviral vectors derived
from the Moloney Murine Leukemia Virus (M-MuLV)3. This approach specifically
exploited a key distinguishing feature between somatic and pluripotent cell
states: the targeted silencing of retroviral long terminal repeats (LTRs) in early
embryos and ESCs80. With this strategy, emerging iPSC colonies intrinsically
switch off transgene expression and propagate indefinitely without further support
from the OSKM factors. Although the pluripotent state is usually associated with
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the active repression of retrotransposons, their expression is surprisingly
dynamic and involves interactions between activating and repressive inputs that
are not restored during reprogramming until after iPSCs emerge81,82. In both
mouse and human, OCT4, SOX2, or NANOG cis-regulatory sequences encoded
within the promoters of species-specific ERVs restricts their activity to early
embryonic states, where retrotransposition is ensured to propagate into the
subsequent germ line, and leads to their progressive radiation to unique genomic
positions83,84. As new integrations arise, these elements can be subsequently coopted to function as enhancers or alternative promoters for numerous genes,
including a majority of state-specific noncoding RNAs that can be essential to
pluripotency and experimentally included to improve reprogramming
efficiency82,85-87.

1.5 Reprogramming somatic cells to pluripotency
Although epigenomic annotation projects like the ENCODE consortium
have collected extensive information about the abundance, location and function
of regulatory sequences that underlie natural developmental transitions, they
cannot fully predict the potential of experimentally-directed reprogramming.
Development is sequential and spatiotemporally controlled, such that prior
cellular states influence the activation of subsequent molecular programs. In
contrast, direct reprogramming of differentiated cells to pluripotency
demonstrates that, despite its marked stability, cell fate is not irreversible.
Classically, ectopic introduction of reprogramming factors in somatic cells only
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generates iPSCs after an extended latency of one or several weeks at a
quantifiable, but low, frequency. However, populations of intermediate cells can
be isolated and assessed by molecular profiling or screened for emerging
heterogeneity over the experimental time course.

1.5.1 Initial responses to OSKM induction
Early studies of the reprogramming process noted that ectopic
introduction of OSKM into differentiated cells results in population-wide
morphological changes and a loss of somatic identity markers, as well as a rapid
reduction in cell size coupled with increased proliferation45,88-92. Notably, this
initial “de-differentiation” response appears to be largely unstable, such that
induced cells will reactivate somatic state-specific markers if reprogramming
factors are prematurely removed; similarly, isolated “intermediate” cell states that
divide continuously but are not pluripotent require continued OSKM
expression88,93-95. The inability of OSKM to immediately alter the differentiated
state can be explained by epigenetic regulatory mechanisms that preserve global
features of cellular identity over mitosis in the absence of genetically targeted
activating or repressive cues. Indeed, global profiling of epigenetic modifications
such as DNA methylation and the trimethylation of histone H3 Lys4 and Lys27
(H3K4me3 and H3K27me3, respectively) indicate very limited epigenetic
remodeling following factor induction in mouse embryonic fibroblasts (MEFs)
except in very specific contexts45,47,95-97. It would therefore appear that the
general structure of the somatic genome is maintained in factor-dependent
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reprogramming intermediates, further demonstrating the remarkable stability of
epigenetic modifications over weeks-long experiments45,47,95,96.
Mechanisms for the mitotic inheritance of epigenetic modifications provide
a robust, transcription factor-independent mode of maintaining nuclear
homeostasis. As a consequence, ectopic TF activity is largely restricted to loci
where stabilizing repressive mechanisms are not in play or can be effectively
reversed. Conversely, induction of OSKM expression in MEFs results in the rapid
loss of thousands of distal, state-specific enhancers47, presumably in response to
the downregulation of corresponding transcription factors45,98. Immediate
transcriptional responses to ectopic OSKM expression are also limited in scope,
occurring largely at accessible, H3K4me3-modified promoters45,47. Until iPSCs
emerge, the epigenetic identity of the somatic state is largely preserved; after
which the characteristic regulatory and molecular features of pluripotency are
restored.

1.5.2 Transcriptional changes during early reprogramming
The epigenetic robustness of the somatic state limits immediate
reprogramming in response to ectopic OSKM, but the exception to this involves
transcriptional programs that exist in multiple cell types during development,
which appear particularly sensitive to immediate induction. For instance, cellular
proliferation and mitogen sensing are actively regulated in somatic cells, and
promoters of genes involved in these processes are generally H3K4
trimethylated and primed for expression99. The earliest phenotypic and molecular
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changes following OSKM expression include an immediate increase in
proliferation that is decoupled from normal growth control92. c-MYC is broadly
expressed across cell types, such that its role during reprogramming likely stems
from its ectopic expression from a strong constitutive promoter, and participates
in a largely separate regulatory network from OCT4 and SOX2 in pluripotent
cells96,100. Upon OSKM induction, c-MYC preferentially targets open, accessible
sites, primarily at core promoter sequences, where it promotes the transition from
initiating to elongating forms of RNA polymerase II (Pol II) to enhance
transcription at responsive cell cycle genes47,96,101,102.
OSKM induction also triggers immediate downregulation of somaticidentity genes, including those characteristic of mesenchymal cells. Following a
general, and reversible, gene suppression, mesenchymal cells activate a
previously silent epithelial program that shares some features with early
embryonic cells and their in vitro counterparts103. A critical step in gastrulation
and mesodermal germ layer differentiation is the conversion of polarized, nonmotile epithelial cells to a mesenchymal phenotype104. This epithelial-tomesenchymal transition (EMT) is actively imposed by transcriptional regulators
such as Snail1, Snail2, Zeb1, and Zeb2, which repress promoters of epithelial
genes such as Cdh1 (E-Cadherin) to support a mesenchymal expression
program104. Additionally, signaling pathways such as the TGF-B pathway
promote EMT in part by activating transcriptional regulators through SMAD
phosphorylation105. During reprogramming, the loss of mesenchymal-supporting
genes alleviates active repression of the epithelial program, particularly by OCT4
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and SOX2 inhibition of Snail transcription103,106. Simultaneously, KLF4 directly
induces epithelial genes such as Cdh1103. The somatic cell response to ectopic
OSKM expression cooperates with exogenous growth factors: ectopic c-MYC
downregulates TGF-B receptors, while BMPs promote early induction of
mesenchymal gene-suppressing microRNAs94,103. This early induction of
epithelial genes therefore reflects a loss of repression by the somatic genetic
program, where epithelialization represents an inherently accessible potential
separate from the activation of the true pluripotency network. In keeping with this
idea, many epithelial genes, including several low stringency markers that are
expressed in, but not specific to, pluripotent cells can be induced independently
and with far higher efficiency during early reprogramming89,94,103,107.

1.5.3 Induction and consolidation of pluripotency
Pluripotency itself is stabilized late in the reprogramming process and
leads to independence from the expression of ectopic factors37. Accumulating
evidence suggests this final transition occurs in a switch-like manner following
activation of a few key genes, which subsequently reestablish a complete selfsustaining regulatory network. Transcriptional analysis of single reprogramming
cells divides the process into an initial, ectopic OSKM-dependent stochastic
period, followed by a more deterministic phase established upon endogenous
Sox2 activation108. Subsequently, the stepwise reestablishment of the
pluripotency network proceeds through the induction of a minimal set of genes
and requires simultaneous silencing of ectopic OSKM expression109. The
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endogenous activation of this gene subset may therefore represent the theorized
rate-limiting step that must be overcome in order for reprogramming cells to
transition fully into a stably self-renewing pluripotent state110.
Although the activation of key pluripotency genes may qualify as a
determining event in the generation of iPSCs, it is insufficient to qualify cells as
functionally pluripotent. Pluripotent cells not only self-renew, but must also
maintain the ability to respond to multiple developmental cues and generate all
organismal cell types, as well as sustaining an epigenetic memory of this
potential as they divide. Establishing functional pluripotency appears to require
additional downstream events beyond the primary induction of target genes,
including molecular features that cannot be evaluated by transcriptional output
only48,108,109,111,112. These include the erasure of somatic DNA methylation
signatures45, activation of the silent X chromosome in female cells113, and the reestablishment of bivalent histone modifications at developmental genes31,45.
Notably, the re-establishment of epigenetic modifications associated with
pluripotency requires additional cell divisions in the absence of ectopic OSKM
expression, such that alternative differentiation states can be acquired by
culturing reprogramming cells in the presence of specific exogenous growth
factors76,114-117.

1.6 Regulatory and epigenetic barriers to reprogramming
Differentiation involves inactivating the pluripotency transcriptional network
and activating lineage-specifying transcriptional programs. As cells proceed
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through this process, they become responsive to extracellular cues and activate
new transcriptional programs to specify early embryonic lineages. As part of this
transition, distally-located, poised enhancers are activated by cofactor-directed
recruitment of the histone acetyltransferase p300 to instruct the resolution of
bivalent domains at the promoters of early developmental genes118,119.
Simultaneously, promoters and enhancers of the pluripotency state are shut
down and heterochromatinized120,121. Unlike bivalent, differentiation-associated
genes, which are held in an activation-poised state, many pluripotencyassociated genes have different promoter features and employ different silencing
mechanisms that affect their reactivation potential during reprogramming46.
Removal of exogenous pluripotency-supporting culture conditions triggers
downregulation of key pluripotency factors and destabilizes the self-sustaining
pluripotency network, initiating the major transition through which cells become
committed to differentiate122. Most bivalent promoters resolve to either active
H3K4me3- or repressive H3K27me3-only states, according to their specific
developmental program41. In contrast, stable shutdown of the pluripotency
network is ensured by silencing core regulators such as Oct4 and Nanog through
targeted H3K9 methylation followed by DNA methylation64,120,123. The more
permanent modes of epigenetic silencing at specific pluripotency gene
promoters, including many germline genes, may guard against their accidental
re-activation in somatic tissues, an event with potentially oncogenic
consequences124. Alternatively, genes such as Sox2 and Klf4, which may remain
expressed in a lineage-dependent manner or be reinduced in later
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developmental programs, are instead silenced by deposition of H3K27me3 at
their CpG island-containing promoters21,125,126. DNA methylation is highly
dynamic during differentiation in mouse and human ESCs, in particular during the
first transition from pluripotency to a lineage-committed state42,43,127. Early
commitment is also accompanied by a global shift in nuclear organization,
including focal accumulation of heterochromatic protein HP1 and H3K9me3modified heterochromatin, leading to extensive chromatin compaction and a
reduction in nucleosome turnover128. Substantial changes in metabolic programs
and cell-cycle regulation are also coordinated during this transition, resulting in a
prolonged G1 phase and acquisition of somatic proliferation and metabolic
properties129.

1.6.1 Regulation and re-establishment of a pluripotent state regulatory landscape
In PSCs, the activity of OCT4, SOX2, and NANOG is concentrated at
super-enhancers that interface with target genes through the mediator and
cohesin complexes to control their expression130,131. Super-enhancers are highly
sensitive to cellular state, and disruption of Mediator activity or loss of master
pluripotency factors leads to rapid downregulation of the associated genes131.
Transcriptionally permissive chromatin at pluripotency-associated enhancers is
disassembled in a step-wise manner, beginning with the removal of histone
modifications, followed by encroachment of nucleosomes, and culminating in the
methylation of repression-associated histone residues and of DNA121,132. The
sensitivity of pluripotency enhancers to disassembly appears to reflect opposing
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inputs between activating, TF-guided recruitment of histone acetyltransferases
and the repressive activity of the Nucleosome Remodeling and Deacetylase
(NuRD) complex, which comprises many epigenetic factors associated with
enhancer disassembly, including the H3K4 demethylase LSD1 and histone
deacetylases133-135.
When first introduced into somatic cells, OSKM appear insufficient to
reestablish the balance between repressive and permissive chromatin modifiers
that regulate target loci in pluripotent cells. The ability of regulatory elements to
support the transcriptional activity of pluripotency genes is initiated by OSK,
which can find and engage select sequences in closed chromatin. However,
epigenetic repressors that are expressed in both somatic and pluripotent cells,
specifically the NuRD complex, may be inadvertently recruited to block
transcriptional activation of target loci during early reprogramming136. Indeed,
perturbing the NuRD complex accelerates the kinetics and improves the
efficiencies of iPSC generation, presumably by eliminating recruitment of this
repressive input at a stage where activators are not yet present136-139. Once
pluripotency is acquired, additional essential cofactors may override this
repression to support the assembly of active enhancers and stably maintain
target gene expression.

1.6.2 Transcription factor binding during reprogramming
In stably propagating cell types, most transcription factors bind within open
chromatin, indicated by the presence of a nucleosome-free region surrounded by
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highly dynamic, phased nucleosomes140-142. However some TFs, termed “pioneer
factors,” can directly bind their DNA motifs even in compact chromatin to evict
nucleosomes and initiate enhancer activation - although other cofactors may be
required to induce transcription following primary engagement with the locus143.
During normal developmental transitions, TFs are expressed in a coordinated
fashion such that binding, chromatin modifications, and transcriptional changes
occur nearly simultaneously. This complicates the assignment of each
contributing factor into a clear, linear pathway144. Conversely, direct
reprogramming by OSKM introduces a minimal set of TFs into a nuclear
environment where the majority of pluripotent-state specific enhancers are
chromatinized and their target loci repressed, allowing intermediate molecular
states of locus activation to be isolated and characterized.
Ectopically expressed OSKM must engage a somatic genome where the
majority of their target enhancers are epigenetically silenced. Consequently,
OSKM initially only bind a small number of pluripotency-associated targets, and
appear to do so cooperatively at nucleosomal DNA that lacks obvious histone
modifications, but contains recognition motifs for OCT4, SOX2, and KLF496,145.
Alternatively, factor binding appears blocked at similar loci containing repressive
modifications145. Canonical pioneer factors like FoxA2 identify their binding motifs
within chromatin, and have a DNA binding domain with structural similarity to
linker histones that outcompete nucleosomes to initiate a region of open
chromatin143. While OSKM lack these structural features, recent evidence
indicates OCT4, SOX2, and KLF4 co-bind their somatic targets through a
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cooperative, pioneer-like activity involving combinatorial binding to partial motif
sequences within the nucleosome146. Binding initiates preliminary chromatin
remodeling via the deposition of H3K4me1 and H3K4me2 and, through additional
steps that are not yet clear, eventual induction of target genes145,146.
The majority of reprogramming-related regulatory regions targeted by
OCT4, SOX2, and KLF4 in PSCs remain unbound during most of the
reprogramming process96,145. It remains to be seen if the few loci where
cooperative binding is observed represent a sufficient subset to permit entry into
the pluripotent state upon gene induction, or how enhancers that do not contain
an appropriate configuration of motifs are nevertheless activated. A cooperative
pioneering activity could explain the marked improvement to reprogramming
efficiency when additional pluripotency-associated transcription factors are
ectopically expressed, such as NANOG, SALL4, ESRRB, NR5A2, or GLIS1,
which may act to broaden the number of cis-regulatory elements that can be
accessed in somatic cells110,147-151. Additionally, this model may explain why
combinations of different members of the Pou, Sox, or Klf transcription factor
families can replace their canonical member in reprogramming experiments, as
some share highly similar recognition motifs146,152,153.
Initial binding by OSK within somatic cells appears to be population-wide
and represents only the earliest step in re-activating the endogenous
pluripotency network. Moreover, the extended latency between OSKM binding
and transcriptional induction of cognate genes indicates that binding alone is
insufficient. Transcription factor-bound loci can recruit chromatin remodelers
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such as cell-type specific BRG1-associated factor (BAF) complexes (mammalian
SWI/SNF complex members) that phase nucleosomes around the site of
transcription factor binding to stabilize a nucleosome-depleted region143,154,155.
Interestingly, overexpressing components of the ES-cell specific BAF (esBAF)
complex during reprogramming enhances iPSC generation156-159. There is also
some evidence that initial genomic engagement by OSK may still depend on
underlying chromatin status, as OCT4 binding in somatic cells occurs
preferentially at distal cis-regulatory sequences that lack DNA methylation but
are nevertheless nucleosomal121. Suppressing CAF-1, an H3.1-specific, DNA
replication-dependent chaperone complex, also improves the efficiency and
kinetics of iPSC generation160. Presumably, the loss of H3.1 within
heterochromatin expands the number of cis-regulatory sequences occupied by
more labile H3.3-containing nucleosomes, which must be non-specifically
incorporated as compensation for loss of H3.1. Following binding, OCT4 initiates
chromatin modification at the enhancer and appears to interact with
corresponding CpG island-containing promoters, leading to targeted H3K4
methylation and H3K27 demethylation47,161-163. The exact nature of these
interactions is still unclear, but they may correspond to a key intermediate state
of enhancer assembly within reprogramming populations that precedes
transcriptional activation in the few cells that do generate iPSCs47,145.
These preliminary steps in enhancer activation must be followed by the
recruitment of co-regulators, including histone methyltransferases and
acetyltransferases, the assembly of super-enhancers, and the Mediator-
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dependent re-establishment of enhancer and promoter interactions (although not
necessarily in that order). Many of these downstream events may require support
from DNA binding factors or pluripotency-specific TFs that are not present until
late in the reprogramming process107. Eventually, a full complement of factors
must recruit and assemble Pol II pre-initiation complexes and stabilize
transcription elongation. A great deal of the transcriptional reprogramming that is
required to consolidate pluripotency post-induction remains to be characterized,
though current efforts have illuminated a number of remarkable molecular
features that had been previously opaque.

1.7 Summary and concluding remarks
The application of genomic technologies to studying direct reprogramming
has generated new considerations that must be taken into account when defining
or manipulating cell states. Whereas cellular identity was previously empirically
determined according to functional criteria, the ability to modulate it in a
controlled and measurable fashion has reframed these phenotypic observations
into a precise molecular definition. Although reprogramming experiments tend to
focus on the reversibility of somatic identity, their results reveal the remarkable
resistance of cell state to perturbation: substantial barriers are imposed by
cooperative interactions between self-sustaining transcriptional networks and the
epigenetic landscapes in which they operate. Similarly, improvements to
reprogramming kinetics or efficiency following the modulation of epigenetic
regulators highlight the extent to which chromatin state influences chromatin–TF
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interactions and target gene expression. Early SCNT experiments revealed the
role of epigenetic regulation in determining reprogramming outcome, but the use
of ectopic transcription factors in vitro has provided a more dynamic description
of the players that coordinate the induction of silent genes. The changes to
developmental potential that occur during this generation of iPSCs can be used
to molecularly distinguish the pluripotent state according to multiple parameters
and measure them following the endogenous activation of a sufficient set of
master regulators. Although a complete description of how these features are
first initiated and then consolidated have yet to be achieved, direct
reprogramming has proven to be a remarkably tractable and insightful tool for the
systematic dissection of developmental potential, differentiation, and cellular
states.
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Chapter 2
Locating the somatic barrier to reprogramming
reveals a distinct transient developmental stage in
early differentiation

!

25!

2.1 Introduction
Since iPSC reprogramming was first described, characterizing the
sequence of molecular events that convert a somatic to a pluripotent cellular
identity has been of major interest. Investigations into the reprogramming
mechanism have largely centered around tracking somatic cells to the formation
of induced pluripotent stem cell (iPSC) colonies within heterogeneous
populations, leading to models describing sequential transitions through
intermediate cell states that appear to bottleneck at the complete reconfiguration
of an endogenous molecular pluripotency network45,95,110,164,165. Prior to the
reactivation of endogenous core regulators such as Oct4 and Nanog, late stage
reprogramming cells remain molecularly distinct from pluripotent cells. Moreover,
chromatin immunoprecipitation (ChIP) for ectopically induced OSKM in somatic
cells indicates that the reprogramming factors overwhelmingly fail to bind or
activate endogenous pluripotency-related targets, including in late-stage
intermediates45,96,145. Despite appearing to reside near the end of the
reprogramming trajectory with respect to time, late-stage reprogramming cells
have yet to undergo the most critical molecular changes that define their terminal
state.
These observations suggest a distinctly non-linear relationship between
reprogramming kinetics and molecular similarity to true pluripotent cells. Within
the final few days of the process, reprogramming cells undergo a dramatic switch
in molecular and regulatory identity, transitioning from an unstable, ectopic factor
driven state into a distinct, self-sustaining, and stable pluripotent one. Evidence
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for this rapid transition between pluripotent and non-pluripotent identities is not
restricted to reprogramming, but is also a fundamental aspect of cellular
differentiation, where molecular determination events robustly block access to
previously utilized programs as new ones are acquired and stabilized122. To
determine how the pluripotency network becomes resistant to immediate
activation by ectopic TFs, we sought to identify the latency after ectopic factor
withdrawal where ectopic OSKM could still restore pluripotency at high efficiency.

2.2. A clonal self-renewal assay challenges cells to reacquire pluripotency
We hypothesized that if the pluripotency network shuts down gradually, as
a single switch between pluripotent and alternate differentiated states, inducing
OSKM would yield a progressive, continuous decrease in pluripotent colony
formation as a function of time. However, if access to regulatory elements is
blocked by a distinct regulatory event, restoration of colony forming potential by
OSKM would be step-like and discrete from rescue with exogenous conditions
alone: amenable at earlier time points followed by a rapid transition to a
refractory, low efficiency state. To distinguish these potential trajectories, we
initiated differentiation of a secondary induced pluripotent stem cell (iPSC) line
harboring doxycycline-inducible OSKM transgenes by withdrawing LIF/2i
conditions166, which triggered a rapid loss of pluripotent state characteristics,
including morphology and Nanog expression (Figure 2.1 a-c).
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Figure 2.1. a. Representative phase-contrast images taken at 10x magnification
of secondary iPSCs subjected to a differentiation time course by withdrawing
2i/LIF conditions (scale bar = 100 µm).
b. Distribution of NANOG signal, as measured by immunostaining, in cells
differentiated by 2i/LIF withdrawal. Signal intensity is normalized to the median
intensity for undifferentiated iPSC colonies in LIF/2i media.
c. NANOG levels measured by FACS and transcription measured by RNA-seq
normalized to their respective levels in iPSCs (0h).
We then challenged cells to reacquire pluripotency using a clonal self-renewal
assay (Figure 2.2 a,b)
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Figure 2.2. a. Schematic of the clonal self-renewal assay used to measure the
reversion back to pluripotency as a function of differentiation time. At set intervals
during differentiation (0, 24, 36, 48, 60, 72 and 96h), single cells are re-seeded at
clonal density into pluripotency-supporting conditions (serum/LIF), either in the
presence (dox) or absence (no dox) of doxycycline to induce OSKM. After 4
days, the efficiency of iPSC colony formation is measured by counting the
number of discrete NANOG+ colonies compared to an iPSC control.
b. Representative images showing the loss of NANOG signal over differentiation
(diff., top row, scale bar = 50 um) and below, the NANOG+ colonies formed
under both conditions (FBS/LIF alone, or FBS/LIF plus OSKM) over time (scale
bar = 200 um). Prior to 48h, the cellular response to ectopic OSKM is
comparable to that of media alone.
Our assay is designed to discriminate between a specified developmental stage
wherein cellular potency can be restored by exogenous signals alone (serum/LIF
condition), and a determined developmental stage that would require cell-intrinsic
TF overexpression (serum/LIF + OSKM condition) in order to restore
pluripotency. Success or failure to reprogram in either condition was evaluated
by scoring the fraction of NANOG+ cells after a period of 4 days. Within this
period of time, cells stabilize to one of two fates: NANOG-positive pluripotency,
or NANOG-negative differentiation (Figure 2.3). Importantly, while the NANOG-
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negative cells are not fully differentiated from a lineage perspective, they
nonetheless represent a population of cells that has committed developmentally
to exit pluripotency and differentiate.

Figure 2.3. Distribution of NANOG-positive signal (as determined by Nanog
immunostaining) within RFP-segmented colonies for differentiating cells (“diff,’
gray), cells re-seeded into the serum/LIF condition (blue), or the serum/LIF plus
dox-mediated OSKM induction (red). Distributions show the fraction of NANOGpositive cells within an imaged field.
The majority (>70%) of cells differentiated for 24h or less revert to a
NANOG+ state in either the serum/LIF alone condition, or with concomitant
induction of OSKM. The capacity for reversion by exogenous signals alone
declines rapidly by 48h of differentiation, while ectopic factor induction maintains
robust and rapid re-acquisition of pluripotency, with 86% (25th percentile: 40%,
75th percentile: 100%) of seeded cells giving rise to NANOG+ colonies within 4
days, as compared to undifferentiated iPSC control cells similarly re-seeded
(Figure 2.4)
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Figure 2.4. Efficiency of iPSC colony forming ability generated from IF images as
shown in Figure 2.2b and normalized to iPSC controls. NANOG+ colonies are
computationally segmented by fluorescent signal, counted and normalized to the
number of NANOG+ colonies generated when seeding single undifferentiated
(0h) iPS cells into identical serum/LIF conditions. Plot shows median efficiencies
for three biological replicates for +OSKM (red squares) and serum/LIF alone
(blue circles) conditions highlighted. Error bars represent standard deviation over
four technical replicates per experiment per time point. Blue and red highlighted
regions indicate the 25th to 75th percentile error range for the calculated transition
times for the serum/LIF condition alone and serum/LIF +OSKM condition,
respectively.
Shortly after 48h of differentiation, cells rapidly lose this response to OSKM
induction, and become unable to reacquire pluripotency following exposure to
either cell-extrinsic or -intrinsic cues. Thus, classically defined developmental
determination can be efficiently reversed by the activity of overexpressed TFs
within a brief window of time spanning ~24 to 53 hours of differentiation (Figure
2.4), after which reprogramming efficiency drops to somatic-equivalent levels of
~1% (Supplementary Figure 1a). Importantly, we found that when differentiating
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cells were instead reintroduced into 2i or media supplemented with MEK
inhibitor, the ectopic factor-specific lag in the transition from high efficiency to low
efficiency reprogramming states is lost, with colony forming efficiencies and
transition points that are nearly identical to those for serum/LIF media alone
(Supplementary Figure 1c,d). As non-pluripotent cells cannot proliferate without
signaling through the MAPK pathway, the loss of efficient reprogramming under
MEK inhibition further supports the notion that cells differentiated for 48h along
our timeline have lost key features of PSCs. This transient, OSKM-dependent
reprogramming response indicates an embedded determination event that
occurs early during differentiation, after cells have already been specified, and
that remains transiently reversible through the action of ectopic reprogramming
factors.
We observed that reprogramming kinetics also differed on either side of
this apparent transition window. Cells differentiated for 48h or less form iPSC
colonies rapidly and homogeneously within 4 days of OSKM induction, such that
prolonged incubation simply allows preexisting iPSC colonies to grow larger
without subsequent, spontaneous de novo reprogramming (Supplementary
Figure 1b). Alternatively, when cells differentiate for longer periods, they respond
with efficiencies comparable to those of fully differentiated somatic cells and
require extensive incubation with doxycycline before new iPSC colonies emerge
(Supplementary Figure 1a).
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2.3 Identification of a distinct transient state in early differentiation
Our clonal self-renewal experiments indicate the differentiation process
can be segmented into three distinct phases based on cellular behavior in
response to either cell-intrinsic or -extrinsic cues (Figure 2.4). The initial phase
corresponds to exit from stable pluripotency, where cells revert to a
morphological and molecular PSC state at high efficiency when exposed to either
cell-intrinsic (OSKM induction) or -extrinsic (serum/LIF alone) cues. This is
followed by a brief transient phase where OSKM induction results in
homogeneous, efficient reprogramming whereas exposure to serum/LIF alone
fails to do so. After passage through this transient phase, cells appear to enter a
more classically defined “differentiated state,” where neither condition efficiently
restores pluripotency within. We sought to formalize these phases and their
dynamics by estimating how the proportion of differentiating cells belonging to
one of the three previously defined discrete internal nuclear states changes as a
function of differentiation time. To this end, 15,000 single cell transitions were
simulated according to the parameters estimated by generating sigmoid fits to
our experimental data (Figure 2.4). The probability distributions for cells
belonging to either the pre-specification, transient, or differentiated states are
indicated (Figure 2.5).
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Figure 2.5. Probability distributions representing the proportion of cells existing
in one of three developmental states over differentiation, as a function of time.
Line plots represent probabilities inferred from the primary data (see Methods).
2.4 Cells in the transient phase reprogram with deterministic kinetics
Our results indicate that early during differentiation, cells traverse through three
different temporal stages defined by their responses to exogenous cues alone
(serum/LIF) or to additional intrinsic cues provided by overexpression of ectopic
OSKM. The first phase, lasting approximately 24 hours from the point of LIF/2i
withdrawal and consequent induction of differentiation, is characterized by the
robust ability to reconfigure pluripotency in response to either cue. After ~60
hours of differentiation, cells appear differentiated, reprogramming in response to
OSKM at low, somatic-equivalent efficiencies, and are essentially unresponsive
to exogenous cues alone. However during a brief window of time between these
phases, cells appear developmentally differentiated, as they fail to modify their
fates in response to exogenous signals, yet they retain a robust and neardeterministic reprogramming amenability in response to intrinsic cues (Figure
2.6).
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Figure 2.6. Schematic representation of the three developmental states inferred
from cellular responses to exogenous and intrinsic signals observed in the clonal
self-renewal assay. Two stable cellular states, pluripotency (green iPSCs) and
developmental determination, are separated by a brief transient state where cells
are developmentally determined to exit pluripotency and differentiate, but can
nevertheless return to the pluripotent state at high efficiency upon dox-mediated
ectopic induction of the reprogramming factors (OSKM). This transitional state
between pluripotency and commitment is also uniquely responsive to lineagespecific developmental cues; amenability to exogenous factor-mediated induction
of neuroectodermal or mesendodermal fates peaks during this transitional period.
Furthermore, when exposed to the cell-intrinsic cue of overexpressed
OSKM, NANOG- differentiating cells eventually resolve to either a stably
NANOG+ pluripotent state or NANOG- ”differentiated” state (Figure 2.3). This
binary outcome suggests the existence of a bistable switch between two robust
fate choices, pluripotency or differentiation, with a transient state in between that
stabilizes to these alternative states depending upon the experimental condition.
In a bistable system, transition from one stable state to another occurs in an allor-none switch, and depends on the duration or load of an input signal167. We
sought to determine whether the three response phases observed over our
differentiation system truly represent a transient, uniquely responsive phase
bounded by two stable developmental identities, and explored the properties and
characteristics of this transitional phase. We first tested whether the fate choice
to reprogram to pluripotency or commit to differentiation was dependent upon the
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duration of input signal, in our case, OSKM overexpression. Differentiating cells
were exposed to increasingly longer pulses of dox-containing media, to induce
OSKM expression for 0,6,12,24,48, or 96 hours (Figure 2.7).

!
Figure 2.7. Cells differentiated for 0, 6,12, 24, 48, and 96h were seeded in
pluripotency-promoting conditions as for the colony-forming unit assay, plus 2
ug/ul dox to induce OSKM expression. Dox-mediated induction of OSKM was
withdrawn after 0, 6, 12, 24, 48, or 96h, and resultant NANOG+ signal quantified.
As expected, the fate choice of cells differentiated for 24h does not vary with
length of OSKM exposure, as these cells retain the ability to revert with cellextrinsic cues alone. However, when cells enter the transient phase, fate choice
is uniformly dependent on duration of the OSKM pulse. During this phase, cells
require a minimum of ~24h of OSKM overexpression for their fate to switch from
NANOG-negative to stable and transgene-independent NANOG+ pluripotency,
while cells that have transitioned past this phase overwhelmingly resolve to a
NANOG-negative state independently of pulse length.
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Intriguingly, the minimum duration of OSKM exposure temporally
coincides with the induction of Nanog expression during high-efficiency
reprogramming, as measured by tracking emergence of the Nanog:GFP reporter
in individual clonal lineages from the time of initial seeding as single cells (Figure
2.8).

Figure 2.8. Number of GFP+ pixels (log2-transformed) per imaged field for
undifferentiated iPSCs (0h) and cells differentiated (48h) and imaged for 96h post
seeding in dox conditions. The iPSCs start out NANOG:GFP+ and expand
clonally, with a constant GFP signal doubling rate (17.3h). Cells differentiated for
48h begin in a GFP- state and transition en masse to a GFP+ state between 24
and 36h. During this window, the GFP+ area increases rapidly, with a doubling
rate of 0.8h, after which signal increases in a log-linear fashion with a doubling
rate of 23.8h.
By tracking individual lineages, we could investigate the reprogramming kinetics
of our system at higher resolution. Tracked lineages were allocated into one of
two fate outcomes: success or failure to form a NANOG+ iPSC colony within 4
days. As Nanog expression can be heterogeneous or monoallelic within
pluripotent cells outside of 2i conditions, we considered the absence of signal
from our monoallelic GFP reporter within colonies as insufficient to measure
initial efficiencies and therefore based our preliminary scoring on
immunofluorescence of NANOG protein (Supplementary Figure 2). Using this
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approach, we found that cells divided continuously regardless of their terminal
fate, with those lineages that fail to reprogram forming readily distinguishable,
spread-out patches of differentiated cells rather than true iPSC colonies. By
measuring the percentage of lineages that gave rise to a NANOG+ colony, we
identified a similar switch-like behavior over differentiation, with transition points
from high to low-efficiency reprogramming states comparable to our populationlevel assay (Figure 2.9).

Fig 2.9. Percentage of lineages that generate NANOG+ colonies within 96h of
seeding calculated from two independent experiments for +dox (red) and no dox
(blue) conditions. Solid lines represent respective fitted sigmoid curves, with
estimated midpoints above the x-axis that are nearly identical to those made from
static counts.
Continuous live tracking allowed us to specifically measure the activation
of the Nanog:GFP reporter over time. For the first 24h following seeding and
simultaneous OSKM induction of cells differentiated for 48h, cells divide
continuously and maintain their NANOG-negative state – only 3.3% of cells are
initially GFP+ and represent lingering pluripotent cells present within the
population. After 24h, GFP signal increases dramatically within the
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reprogramming population (Figure 2.8). After this spike in Nanog activation,
increasing signal maintains a constant doubling rate of that can be explained by
the growth and stabilization of successfully reprogrammed lineages. By
comparing NANOG:GFP reporter activation with terminal NANOG
immunofluorescence, we observed three distinct groups with respect to reporter
activation (Figure 2.10a).

Figure 2.10. a. For each differentiation time point, we tracked single cells and
assigned one of four fate outcomes: Nanog:GFP+ lineages activate and
propagate the reporter uniformly in all subsequent cells; Nanog:GFP+ mixed
lineages generate colonies with heterogeneous but stable propagation of
NANOG:GFP signal and stain uniformly for NANOG; Nanog:GFP-/ab+ lineages
exhibit gross cellular features of an iPSC colony without activating the reporter
above our threshold, but stain uniformly for NANOG and identically to the first
two types; finally, Nanog- lineages fail to activate the reporter, do not resemble
iPSC colonies by gross morphology and stain negatively for NANOG.
Representative images of the four fate outcomes are shown (Scale bar = 50 µm).
b) Quantification of the four fate outcomes for +dox or no dox conditions
demonstrate a sharp transition from high- to low- efficiency reprogramming
responses over differentiation time that includes an increased frequency of
Nanog:GFP+ mixed lineages approaching the transition point between high and
low efficiency reprogramming states.
When we traced single cells exposed to dox prospectively according to these
assignments, we observed that heterogeneity of reporter activation within single
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lineages increased in differentiating cells up to the 48h transition point, after
which all iPSC colony forming fates fell sharply, suggesting that the reporter may
be particularly sensitive to early induction steps of a deterministic process (Figure
2.10b). Our data indicate that the rapid transition from NANOG-negative to
NANOG-positive states proceeds via a coordinated reacquisition within
previously negative cells that cannot be explained by cell division alone. Notably,
during this transition, NANOG:GFP signal emerges at lower per-cell intensities
than within iPSCs and increases progressively, indicating that the locus is first
reactivated and then stabilized by downstream mechanisms over the course of
several days.

2.5 The transient phase is uniquely amenable to forward lineage induction
Cells in the transient phase of differentiation appear to exist in a liminal
stage between pluripotency and differentiation. While developmentally
determined by a strict classical definition, they remain highly responsive to
inductive cues, albeit only for a brief window of time. We hypothesized that this
state may therefore correspond to a unique phase following the exit of
pluripotency that precedes the imposition of a new, singular differentiated identity
with restricted cross-lineage potential or fate plasticity. The efficient
reprogramming response exhibited by cells within this temporal window suggests
they may also be amenable to inductive developmental cues in the forward
direction. To test this hypothesis, we induced differentiating cells to commit to
either the mesodermal (ME) lineage using CHIR or neuroectodermal (NE)
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lineage by inhibition of FGF, Nodal, and BMP signaling168. Efficiency of ME or NE
lineage induction was scored by brachyury (T) or Sox1 immunofluorescence,
respectively, and demonstrates maximal relative induction efficiency towards
both ME and NE fates when exogenous signaling cues are added to
differentiating cells within the transient phase (Figure 2.11).

Figure 2.11. Representative images of cells directed to differentiate towards
either the mesendodermal (top row) or neuroectodermal (bottom row) lineage,
immunostained for brachyury (T) or Sox1, respectively. Scale bar = 200 µm.
Heatmaps underneath the images indicate efficiency of lineage induction, scaled
to the measured maximum and minimum range of T or Sox1 signal according to
lineage.
The relative peak in fate induction potential, at approximately 60h following LIF/2i
withdrawal, coincides temporally with passage from the transient to the
differentiated phase, which occurs at the time when cells acquire a somaticequivalent robustness to perturbation in response to either exogenous signaling
or endogenous TF overexpression.
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2.6 Discussion
The probability distributions inferred from the results of our clonal selfrenewal assay provide an intuitive visual representation of the three stages of
developmental potential traversed by cells during pluripotency exit and
differentiation. Before 24h of differentiation, most cells exist in a non-pluripotent,
pre-specified developmental state, easily restored to pluripotency by exogenous
signals or intrinsic TF overexpression. However, between ~24h-53h of
differentiation, cell-intrinsic molecular or regulatory changes restrict
developmental potential such that serum/LIF-mediated reversion is impaired in
most cells, while OSKM-mediated reversion remains highly effective. After 60h,
differentiating cells, although not fully differentiated, appear to exist in a robustly
committed state that is largely resistant to exogenous or intrinsic perturbation.
Our experimental system suggests a transient internal state during the
transition from pluripotent to differentiated cell types that is developmentally
determined to exit pluripotency and differentiate but remains responsive to the
activities of ectopically induced OSKM. Beyond this point, the cellular response
to reprogramming resembles that of somatic cells, with a limited efficiency that
requires extended exposure to OSKM. The results of our OSKM pulse
experiments indicate that for cells that have not yet entered the stably
differentiated phase, a minimum of 24h of OSKM expression is required for highefficiency reprogramming to occur. After 24h of exposure, most cells within the
reprogramming population will have made the decision of whether or not to
reprogram. Sustained exposure to the inductive signal has minimal appreciable
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difference on reprogramming efficiencies, indicating the switch back to the
pluripotent fate occurs rapidly, and for cells differentiated for 48h or less, nearly
homogenously. This homogeneity in reprogramming response is confirmed by
the reprogramming behavior of single lineages, which accords with our bulk
population-level observations of colony-forming ability.
In summary, our population-level and single-lineage data, along with the
results of our mesendodermal and neuroectodermal lineage induction assay
suggest a role for this transient phase during forward differentiation, where
autonomous renewal of the PSC state is restricted but pluripotency – i.e., the
ability to give rise to all developmental lineages – is itself realized. Importantly,
this phase is also characterized by a near-deterministic reprogramming behavior
and relatively heightened sensitivity to inductive developmental cues. Fate
plasticity is rapidly lost concurrent with developmental commitment after this
phase, and may indicate establishment of an epigenetic or regulatory barrier to
cell fate transitions in general, including somatic cell reprogramming to iPSCs.
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Chapter 3

Molecular characteristics of the reprogramming
barrier
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3.1 Introduction
The marked transitions in cellular developmental potential we observe,
both in the reverse direction (reprogramming to pluripotency) and in the forward
direction (induction of specific lineages), may reflect regulatory or molecular
changes occurring within these differentiating cells. Indeed, numerous studies
have demonstrated that early lineage specification, which involves a concomitant
restriction of developmental potential, is accompanied by a significant molecularlevel restructuring of nuclear state, at both the transcriptional and epigenetic level
42,43,169

. We therefore sought to explore the underlying molecular landscape of

cells both during early differentiation, and during their high-efficiency reacquisition of pluripotency.

3.2 Transition from pluripotency to differentiation coincides with a rapid
reconfiguration of molecular identity

3.2.1 Transcriptional dynamics of pluripotency exit
To investigate the underlying molecular changes that could explain the
relationship between developmental potential and corresponding reprogramming
amenability during early differentiation, we generated an RNA-seq time course
covering the first 96h following LIF/2i withdrawal. We identified 4,616 dynamic
genes, which clustered into three distinct groups of relatively equal size (Figure
3.1).
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Figure 3.1. Heatmap of dynamically expressed genes over our differentiation
time course as measured by RNA-seq (minimum 2-fold change with FDR< 0.05
between any two time points; minimum 1 FPKM expression; n=4,616) and
clustered by k-means into three major categories: lost, transiently upregulated, or
gained. Hierarchical clustering of the samples by Pearson correlation (top)
demonstrates clear separation between iPSC/early differentiation time points and
populations differentiated for longer than 48h, reflecting a shift in global gene
expression concurrent with the switch in reprogramming amenability. Select
genes belonging to each major expression dynamic are listed.
We were surprised by the stark temporal separation between expression
dynamics over early differentiation, which appears divided into molecularly
distinct stages where the loss of pluripotency and the establishment of a
differentiated identity bound a discrete transition period. The global changes in
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expression track closely with the three developmental phases observed over
early differentiation, with loss of pluripotency genes tracking with loss of
serum/LIF responsiveness and gain of late genes co-occurring with loss of
OSKM responsiveness (Figure 3.2). Notably, this transition corresponds almost
exactly to the point in time where cells change their reprogramming response
and is supported by hierarchical clustering of the samples, which clearly
segregates differentiating cells around our empirically observed developmental
determination event (Fig. 3.1, top).

Figure 3.2. Line plot indicating the mean z-scored RPKM expression values for
the three separate expression dynamics (lost, transient, and gained),
demonstrating the overall transcription trajectory for each group over
differentiation time. For reference, the range of state transition times calculated in
Fig. 1d are overlaid in blue (pre-specified to transitional) and red (transitional to
determined), with the midpoint of transition time indicated by black lines
representing the median of the range of transition times.
Moreover, the transient state is depleted for TFs and is instead overwhelmingly
enriched for chromatin modifiers (Figure 3.3), suggesting this phase lacks a
stable lineage identity of its own and instead represents a period of active
epigenetic restructuring as cells exit pluripotency and prepare to commit to a
differentiated identity.
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Figure 3.3. Heatmap representation of enrichment for the three transcriptional
dynamic sets (lost, transient, gained) within the set of all transcription factors (top
row), and an annotated set of 400 chromatin modifiers (bottom row).
Representative members of each set are listed underneath each tile.
While the transiently induced set does also contain genes classified as TFs,
many of these correspond to factors whose expression is suppressed in 2i
conditions but are still generally associated with pluripotency (Supplementary
Figure 3). The overall transcriptional trajectory of these genes following cells’
transfer into serum-containing media potentially indicates their assignment to the
“transient” transcriptional category may be an artifact of their brief upregulation
upon removal of MEK and GSK3-Beta inhibition.

3.2.2 Restructuring of Oct4 binding and chromatin dynamics during early
differentiation
We hypothesized that the asymmetric enrichment for epigenetic modifiers
along with the clear transcriptional separation between pluripotent/pre-specified
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and developmentally determined states would reflect a reconfiguration of the
regulatory networks controlling pluripotency during this window170-172. To
investigate this, we profiled OCT4 and SOX2 binding, as well as
enhancer/regulatory signatures via H3K4me2 and H3K27ac and chromatin
accessibility using ATAC-seq173,174. Focusing first on OCT4, we identified 23,289
high confidence peaks that met the criteria for being called differentially bound
over our differentiation time course (0h, 48h, 96h time points; see Methods). This
set of dynamic peaks includes two mutually exclusive dynamics: one set of
11,811 target sites are restricted to the pluripotent state, and a distinct set of
11,487 sites robustly bound only after 96h of differentiation, when Oct4
expression is lower but remains detectable (Figure 3.4 a,b) 175.

Figure 3.4. a. Heatmap of 23,298 high-confidence OCT4 binding peaks,
classified as dynamic over differentiation; determined by a threshold of 2-fold
change in peak height between any two time points. OCT4 dynamics separate
into two sets by k-means clustering: pluripotency-specific OCT4 peaks
(n=11,811; red bar), and differentiation-associated OCT4 peaks (n=11,487; blue
bar). b. Oct4 gene expression levels (as measured by RNA-seq) over
differentiation confirms continued but diminished presence (FPKM = 25.4 at 96h)
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Pluripotent state peaks reside near genes whose expression declines over our
differentiation time course, indicating a high correspondence between OCT4
binding and pluripotent state specific transcription (Figure 3.5a). Similar to
expression dynamics during this transition, only a limited set of constitutive, lowly
bound peaks are present at 48h of differentiation, and differentiation-associated
peaks increase in enrichment only after this point, indicating a discrete
separation between alternate cellular states during which OCT4 is largely
unbound (Figure 3.5b).

Figure 3.5. a. Overlap between transcriptionally dynamic genes, and genes
associated with the two OCT4 peak sets: pluripotency-specific and
differentiation-associated. Scale bar: –log10 p-value as calculated by the
hypergeometric test. b. Box plots of peak intensity for pluripotent-state (gray) and
differentiation-associated (green) OCT4 peaks over the differentiation time
course.
Moreover, pluripotent state and differentiation-associated peaks have
fundamentally distinct genomic distributions, with pluripotency peaks
overwhelmingly found distal to annotated TSSs with CpG densities comparable
to the genomic average, as expected for regulatory enhancers, while the
differentiation peaks predominantly reside within CpG island promoters (Figure
3.6 a,b).
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Figure 3.6. a. Histogram showing the distance to the nearest annotated
transcription start site (TSS) for pluripotent-state (grey) and differentiationassociated (green) OCT4 peak sets. b. Histogram for their CpG density at the
peak location for the pluripotent-state (grey) and differentiation-associated
(green) OCT4 peak sets.
As with expression, this striking reconfiguration of OCT4 occupancy coincides
with the timing of the observed switch in cellular behavior in response to OSKM
and supports the idea that it demarcates two distinct molecular identities: one
amenable to high efficiency reprogramming and the other seemingly blocked by
a somatic-like barrier.

3.3 Reprogramming proceeds via induction of a select subset of
pluripotency genes
Our differentiation system suggests that following pluripotency exit, cells
transition through a brief developmental phase where they are uniquely
responsive to OSKM and reprogram with high efficiency in a deterministic
fashion. As cells become resistant shortly afterward, we can distinguish
molecular responses associated with pluripotency induction as those specific to
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this time point. While we scored reprogramming efficiency by counting colonies
after 4 days of dox exposure, our live imaging data demonstrate a lag prior to the
re-induction of our Nanog:GFP reporter, which is followed by a progressive
increase in signal as the colony expands (Figure 3.7), suggesting that we could
specifically capture and profile the transition to pluripotency by collecting samples
after only 2 days of factor induction.

Figure 3.7. Live cell imaging over a 96h post seeding time course. The number
of pixels within imaged fields above a stringent threshold for Nanog:GFP reporter
activity (signal intensity > 2000 AU) for cells differentiated for 48h, split into
OSKM or serum/LIF conditions, and tracked for 96h. After 24h of dox induction,
cells begin to activate the GFP reporter, while cells in the no dox condition
remain largely negative.
As reprogramming at this stage is highly efficient and proceeds with uniform
kinetics, most if not all cells should respond similarly, allowing us to specify
immediate effectors of OSKM induction from those involved with downstream
activation of the complete network, as well as to pinpoint relevant loci blocked
from responding. For each sample, we conducted RNA-seq, ChIP-seq for OCT4
and SOX2 as well as for H3K4me2, H3K27ac, and ATAC-seq (Supplementary
Figure 4).
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Analysis of the transcriptional profiles confirms the divergence in response
to OSKM induction around the transition point (Figure 3.8a,b): when cells
differentiated for either 0 or 24h are exposed to dox, their expression profiles are
highly correlated with their matched no dox controls (r = 0.956 and 0.959,
respectively). Conversely, in cells differentiated for 48h, factor induction results in
a slightly different global response from the no dox control (r = 0.9203), although
both dox and no dox timepoints resemble one another more closely in
transcriptional profile than they do the pluripotent state (r = 0.7306 and 0.643,
respectively). Overall, the subtlety of this divergence indicates that the
deterministically reprogramming cells remain largely similar to their
reprogramming-refractory counterparts at the transcriptional level despite their
strikingly different functional response, suggesting capture of an early, partial
reconfiguration towards pluripotency in an otherwise determined cellular state.
Despite global transcriptional similarity, deterministically reprogramming
cells exhibit subtle yet functionally relevant differences in their profile when
compared to the reprogramming-resistant no dox control (Figure 3.8b). The
majority of genes induced ≥2-fold by OSKM belong to the pluripotencyassociated cluster of downregulated genes, while most repressed genes are
associated with early lineage specification, an asymmetry that is most
pronounced in cells differentiated for 48h (Figure 3.8c).
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Figure 3.8. a. Pairwise correlation heatmap for gene expression across all
samples in our differentiation and reprogramming time course, including no dox
controls. Red boxes delineate samples that exhibit higher inter-sample Pearson
correlations and cluster together. b. Principal component analysis of dynamically
expressed genes in differentiating cells (circles), cells induced to reprogram for 2
days (+OSKM; represented as “+”), and matched serum/LIF controls
(represented as “–“), shown as a trajectory in 2-dimensional space. Color-coding
corresponds to the differentiation time point. Populations of cells that reestablish
pluripotency are closer in expression space to the early differentiation time
points, reflecting underlying transcriptional similarity, while those that do not
reprogram at high efficiency are closer to the later differentiation time points.
Time-matched dox and no dox pairs are farthest apart at 48 h, indicating the
strongest divergence in transcriptional profiles at this point, corresponding to their
embedded differences in reprogramming potential. c. Overlap between
transcriptionally-dynamic genes over differentiation and genes that are ≥2-fold
induced (top) or repressed (bottom) in response to OSKM induction versus no
dox controls for each differentiation time point. Scale bar: log10 p-value as
calculated by the hypergeometric test.
Importantly, this induction does not represent a general upregulation of all
pluripotency-associated loci or OSKM targets: out of all 1,363 genes that are
downregulated during pluripotency exit, only 157 respond (119 up and 38 down)
to OSKM induction after 48h while other critical genes are not substantially
induced (Figure 3.9a). Nanog transcriptional activation exhibits a latency that
recalls the delay in NANOG:GFP signal emergence observed during our live
tracking experiments and suggests that its reactivation proceeds through a
systematic transcriptional reprogramming as part of the re-acquisition towards
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the complete pluripotency network. Notably, these genes are no longer
responsive to OSKM induction shortly after the 48h time point, supporting our
experimental observations that a regulatory impediment to factor-directed
induction is robustly imposed around this time (Figure 3.9b). Within the minimal
global transcriptional response to OSKM, the reprogramming transition appears
to be orchestrated by a relatively small, specific subset of effector genes that
remain immediately responsive after 48h as part of the deterministic reacquisition
of molecular pluripotency108,176-178.

Figure 3.9. a. Pluripotency-associated genes (“Lost” group) are subdivided
according to their OSKM-specific transcriptional responsiveness following 48h of
differentiation: 119 genes are induced ≥ 2-fold compared to the no dox control
(green), 38 are repressed ≥ 2-fold (purple), and 1,206 do not meet either criterion
(grey). Selected genes are listed for each category. b. Expression ratio between
dox and no dox conditions for genes that are dox-inducible after 48h of
differentiation demonstrate exclusive responsiveness at this time point.
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3.4 OCT4 engages only a subset of its pluripotent-state targets during
reprogramming

Both the OSKM responsive and unresponsive gene sets include targets of
OCT4 and other regulators of the pluripotent state. While regulatory access to
these targets becomes restricted during differentiation and is either blocked or
nonfunctional in somatic cells, some fraction of pluripotency-specific enhancers
may remain amenable to binding through 48h of differentiation to direct induction
of their target genes. In keeping with this model, only 2,940 of 14,751 total
pluripotent-state OCT4 peaks (0h) are re-bound when OSKM is induced after
48h of differentiation (Figure 3.10).

Figure 3.10. Venn diagram of OCT4 occupancy in iPSCs (0h) and the 96h
differentiated cells as well as for cells exposed to dox after 48h. Pluripotency
targets of OCT4 (n=12,643) are largely mutually exclusive with the slightly
smaller set of OCT4 targets (n= 11,940) in cells differentiated for 96h. In the 48h
+2d dox sample, which is en route to pluripotency, OCT4 occupies both
pluripotent and differentiated-state sites.
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OCT4 peaks were clustered according to their binding dynamic over our
complete data set, and named according to the presence or absence of Oct4 at
relevant timepoints: “accessible” peaks indicate iPSC-specific binding that is lost
over differentiation but remains competent for binding at the 48h time point, while
“lost” iPSC-specific peaks cannot be re-bound. Importantly, accessible sites are
only bound by OCT4 when OSKM is induced at 48h, and lose this potential by
96h. SOX2 binding exhibits a similar reconfiguration during differentiation and
also includes a distinct subset of its pluripotency-bound targets that are reaccessed during reprogramming. Surprisingly, even given a very limited number
of occupied targets after 48 hours of differentiation, OSKM induction within these
cells results in OCT4 recruitment to accessible iPSC-specific sites as well as to
most sites associated with differentiation. Cumulatively, cells undergoing highefficiency reprogramming – our 48h+2d dox sample – yielded the most OCT4occupied targets of any single condition or time point collected for this study.
Seemingly, this reconfiguration of OCT4 is directed in part through ectopic
induction of OSKM, as the addition of dox to iPSCs in serum/LIF media leads to
a similar reconfiguration within stably pluripotent cells. As such, the accessible
set appears to represent a sufficient subset of pluripotency-associated enhancers
under the control of OCT4, as dox-induced iPSCs are still both functionally and
molecularly pluripotent.
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3.5 Discussion
Mapping the transcriptional dynamics of cells undergoing early
differentiation allowed us to identify underlying expression signatures associated
with the three phases of reprogramming amenability revealed by our clonal selfrenewal assay (Figure 2.5). By profiling a homogeneous, coordinated population
of cells on their way to reconfiguring reprogramming at high efficiency, we could
capture a subset of pluripotency associated genes selectively induced by OSKM
prior to full acquisition of pluripotency; effectors which may participate in
coordinating the final transition into the stably pluripotent state. The
transcriptional dynamics that occur over our differentiation time course are
accompanied by a dramatic reconfiguration of OCT4 binding. Both these
transcriptional and molecular dynamics coincide temporally with the transitions in
developmental potential and reprogramming amenability observed over the first
96 hours of differentiation: from pre-specified cells responding to both exogenous
and intrinsic signals, to transitional phase cells responding only to intrinsic OSKM
overexpression, to differentiated cells reprogramming only at low, somaticequivalent efficiencies in response to OSKM induction.
Our results indicate only a minor subset of pluripotency-specific genes are
competent to respond transcriptionally to OSKM induction during high-efficiency
reprogramming. Similarly, ChIP of OCT4 in this reprogramming population
indicates minimal binding to its pluripotency-associated targets. Nevertheless,
this level of transcriptional and TF engagement appears sufficient to direct these
cells to reprogram at over 86% efficiency. Taken together, our molecular
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analyses indicate that reprogramming proceeds through factor engagement with
a subset of the pluripotency network that is robustly restricted after 48h,
suggesting coincident establishment of an early somatic-like barrier to
reprogramming that corresponds with the upregulation of numerous epigenetic
repressors. This barrier appears to operate in part through the sequential
restriction of OCT4 binding at pluripotency-associated loci, which are both
completed after 48h of differentiation. Between these discrete, temporally
separated events, transcriptional induction of a sufficient set of pluripotencyestablishing effectors remains possible through OCT4 engagement at accessible
targets.
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Chapter 4.
Distinguishing features of reprogramming-amenable
enhancers
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4.1 Introduction
Molecular profiling of reprogramming populations revealed a subset of
pluripotent state enhancers that remain uniquely amenable to OCT4 binding,
whereas the majority of iPSC enhancers are not accessed. It appears, therefore,
that while the majority of pluripotency-specific enhancers are rapidly and
terminally shut down prior to 48h of differentiation, a subset of regulatory
elements remain accessible to OCT4 binding for a longer duration. However the
processes that coordinate this selective shutdown of most enhancers, and the
underlying characteristics or regulatory mechanisms protecting the
reprogramming-amenable subset of enhancers from being rapidly silenced, are
not immediately apparent.
During normal differentiation, previous work indicates that active
pluripotent-state enhancers are silenced by a process that includes H3K4
demethylation, loss of H3K27 acetylation, and nucleosome deposition132.
Additionally, TF binding is influenced not only by local chromatin landscape, but
by the availability of other TF and DNA-binding cofactors18,22. To investigate the
molecular underpinnings of the observed discrepancy in OCT4 accessibility
during reprogramming, we sought to systematically identify differences in
dynamic regulation, chromatin landscape, and cis-regulatory motifs that could
distinguish between our empirically-determined sets of “accessible” and “lost”
pluripotent-state enhancers.
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4.2 Accessible enhancers are incompletely silenced
We began by examining the dynamics of H3K4me2, H3K27ac, and local
chromatin accessibility for the two sets of pluripotent-state enhancers. Within
PSCs, OCT4 peak intensities at accessible enhancers are highly similar to the
more rapidly and robustly silenced lost sites, such that they can only be
functionally discriminated by their differential response to OSKM induction
following 48h of differentiation (Figure 4.1).

Figure 4.1. Composite plots of median transcription factor (OCT4 and SOX2)
occupancy and chromatin dynamics (H3K4me2 and H3K27ac enrichment as well
as chromatin accessibility, measured by ATAC-seq) within +/- 2 kb of the peak
center for pluripotency-exclusive (“lost,” upper half) and accessible (bottom half)
OCT4 targets at 0, 48 and 96h of differentiation.
The “lost” set appears to follow the same regulatory principle as previously
documented for most pluripotent-state enhancers, losing H3K27ac and ATAC-
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seq signal as differentiation proceeds (Figure 4.1 and 4.2). In contrast,
accessible sites appear to maintain or gain H3K4me2 signal and retain both open
chromatin and the active enhancer modification H3K27ac even after OCT4
binding is lost, suggesting they are decommissioned more slowly than most distal
regulatory elements associated with pluripotency. Notably, this euchromatic
chromatin signature is maintained past the transition from high- to low-efficiency
reprogramming response, where OCT4 binding is no longer stably recruited after
ectopic induction. While OCT4 signal drops at both lost and accessible targets
upon exit from pluripotency, accessible loci lose slightly less ChIP-seq signal
overall. The extended retention of residual OCT4 signal at these peaks supports
a model where they are protected from silencing until after the transitional phase
and maintain some affinity for OCT4 binding above the genomic background.

Figure 4.2. Genome browser tracks of OCT4 enrichment at the Zfp281 locus.
Representative examples of pluripotency-exclusive (“lost”) and “accessible”
OCT4 sites are shown. The top half shows OCT4 and SOX2 enrichment over
differentiation, while the bottom half shows chromatin dynamics.
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When OSKM is induced in differentiating cells still in the transitional phase
(represented by the 48h +2d dox time point), lost enhancers are not bound by
OCT4, nor does their chromatin structure change appreciably). Alternatively,
OCT4-bound accessible enhancers maintain H3K27ac, gain SOX2 signal and
demonstrate increased chromatin accessibility, a response that is strikingly
absent from these sites when OSKM is induced after 96h of differentiation.
Intriguingly, the majority of differentiation-associated peaks can also be bound by
OCT4 during this period, but with a different epigenetic and transcriptional
response: the epigenetic structure established at these sites, while euchromatic,
is markedly lacking in H3K27ac, as is observed after 96h differentiation suggesting a repressive or neutral function for OCT4 binding at these largely
promoter-proximal, CpG island-containing regulatory elements. Indeed, the set of
differentiation-associated OCT4 peaks that are re-bound by OCT4 during
reprogramming are not associated with transcriptionally responsive genes (either
up- or down-regulated), suggesting OCT4 targeting to these sites may not
directly regulate transcription during reprogramming (Figure 4.3).
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Figure 4.3. Overlap between genes that are induced, repressed, or
transcriptionally unchanged in response to OSKM induction after 48h of
differentiation, and the dynamic class (lost, accessible, or differentiationassociated) of the nearest associated enhancer. Enhancers were naively
assigned to nearest protein-coding gene, with no upper bound on distance. Scale
bar: –log10 p-value as calculated by the hypergeometric test.
However, responsive enhancers bound by OCT4 during reprogramming
overwhelmingly correspond to genes that are transcriptionally upregulated upon
OSKM induction, suggesting OCT4 binding at these accessible enhancers is
relevant from a regulatory perspective. Any eventual silencing of these
accessible enhancers cannot depend on OCT4 binding alone, since it must occur
days after OCT4 has already been substantially depleted. Instead, protection of
the accessible enhancers must rely either on additional trans-acting factors, or
may reflect inherent genetic or epigenetic features associated with these
sequences that protect them from silencing through this phase. The retention of
euchromatic signatures at these sites over differentiation suggests that their
presence may be necessary to permit high efficiency reprogramming via OSKM,
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while their maintenance past this period suggests that chromatin state alone is
not wholly sufficient to direct this process.

4.3 Accessible enhancers enrich for a unique combination of cis-regulatory
motifs
Barriers to deterministic reprogramming are thought to operate in part by
restricting transcriptional activator access to the core pluripotency cis-regulatory
network. Our data demonstrate that while most pluripotent state regulatory
elements are rapidly shut down, a subset retain epigenetic signatures of
enhancers throughout our in vitro differentiation time course (Figure 4.1,
Supplementary Figure 4). While maintaining an H3K27ac enhancer signature
and structurally accessible chromatin may be necessary to allow OCT4 binding, it
is not sufficient. Despite retaining H3K27ac and ATAC-seq signal from 48h
through 96h, responsive enhancers are nonetheless inaccessible to ectopic
OCT4 at later time points. It is therefore unlikely that chromatin structure is the
sole component controlling access. Subsequently, we searched for combinations
of TF motifs that distinguish our OCT4 peak sets and might contribute to their
unique regulation. When we co-clustered our OCT4 data by motif
presence/absence (columns) within 600 bp around peak centers, sites that are
bound by ectopic OCT4 (including “accessible” and “differentiation-associated”
peaks) clearly enrich for a consistent and unique set of motifs in comparison to
“lost” enhancers (Figure 4.4).
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Figure 4.4. Heatmap of the fraction of binding sites that contain one or more
motifs belonging to the sub-clusters that most distinguish the accessible, lost,
and differentiation-associated (“diff.”) enhancer sets. Each column represents
one of the clusters characterizing each OCT4 binding dynamic. Selected
contributing motifs within each cluster are indicated below. “Accessible”
enhancers bound upon ectopic OCT4 induction enrich for differentiationassociated motifs, while pluripotency-exclusive “lost” sites do not. Notably,
responsive enhancers enrich for motifs characteristic of both pluripotency and
differentiation-associated OCT4 targets.
Surprisingly, “accessible” sequences do not carry a unique set of TF motifs, but
instead contain an overlapping combination of motifs present in differentiation
and pluripotent state-specific peaks. Differentiation-associated peaks contain
motifs such as KLF/SP1, MAZ, and EGR family members that are generally
associated with CpG island promoters, in keeping with their enrichment within the
differentiation associated set, which are largely TSS-proximal and exhibit a high
CpG density (Figure 3.6a,b). Conversely, pluripotent-state specific enhancers
(comprised of both “lost” and “accessible” sets) are substantially enriched for
motifs bound by the core pluripotency regulators, including POU and SOX motifs,
along with NANOG and TCF4. In addition, the set of reprogramming-amenable
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“accessible” enhancers contain proportionally more KLF4, MAZ, and SP family
motifs than “lost” pluripotent state enhancers. Notably, ectopic OCT4 binding
after 48 hours of differentiation is less distinguishable by the presence of POU
motifs than by these additional cofactors, which suggests a combinatorial logic
underlying accessibility of responsive enhancers during deterministic
reprogramming as well as differentiation: only pluripotent state enhancers
containing certain motifs remain amenable to OCT4 binding, while the majority of
POU5F1-motif containing peak sets are specific to pluripotency, rapidly silenced,
and inaccessible during reprogramming.

4.4 An open chromatin signature is retained at accessible enhancers in
vivo
Our data indicate that some pluripotency-specific regulatory elements
remain transiently accessible to OCT4 during the initial onset of differentiation,
and lose binding potential prior to terminal silencing. We hypothesized that the
differential regulation during pluripotency exit between these two enhancer sets
may affect their epigenetic status later in development and tracked their
dynamics over a more extended developmental window (Figure 4.5). Specifically,
we leveraged pre-existing DNA methylation data for inner cell mass (ICM), early
(E6.5) and late (E7.5) epiblast embryos as developmentally analogous states to
our differentiation time series179.
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Figure 4.5. DNA methylation levels of pluripotency-exclusive (“lost”, blue),
reprogramming-accessible (“accessible”, red), and differentiation-associated
(green) OCT4 targets during early development in vivo (as measured by whole
genome bisulfite sequencing). Composite plots of mean DNA methylation levels
(+/- 1 SD) across replicates for these three classes are shown for E3.5 ICM and
for early (E6.5) post-implantation epiblast. Differentiation-associated OCT4
binding sites fall mostly within constitutively unmethylated TSS-proximal
promoters and are shown for comparison.
While pluripotent-state enhancers are separated by their accessibility during
reprogramming, the subset of responsive enhancers exhibit a consistent,
uniformly higher CpG density than “lost” enhancers, which resemble the genomic
average (Figure 4.6). This increased CpG density is homogenous but subtle:
responsive enhancers exhibit 4.8-fold higher CpG density than the genomic
average but are only 41% as dense as CpG islands (3.9% median density for
“accessible” sites compared to 9.4% for CpG islands). Within the ICM, both sets
are hypomethylated, as is expected for this developmental stage, with low
methylation levels directly underneath both “accessible” and “lost” peaks,
although even at this stage the accessible class exhibits lower overall
methylation (Figure 4.5).
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Figure 4.6. Distribution of CpG count within 600 bp around peak centers. CpG
densities for the genomic average CpG (dark gray) and within annotated CpG
islands (light grey) are included for comparison. Pluripotency-exclusive “lost”
targets (blue) are virtually indistinguishable from the global average while
reprogramming-amenable “accessible” loci (red) consistently exhibit slightly
higher CpG densities, albeit not to the extent of CpG islands.
During the transition to the post-implantation epiblast, which co-occurs with a
wave of global genomic remethylation during early development 179,180, the
“accessible” set exhibits a notable and significant lag in remethylation that
persists through gastrulation at E7.5 (61% and 65%) average methylation for
accessible and lost enhancers, respectively). Surprisingly, this discrepancy
persists late into development, and is maintained even in E13.5 mouse
embryonic fibroblasts (MEFs) generated using our secondary line as well as in
terminally differentiated somatic cells from across the three germ layers (Figure
4.7). Within these adult tissues, both accessible and lost sets exhibit minimal
DNAse hypersensitivity, indicating that they are not actively utilized or maintained
in a canonically nucleosome depleted, open chromatin state. In line with our in
vitro system, responsive enhancers resist disassembly past the transition point
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and through lineage commitment. However, they eventually do lose their open
chromatin status, as indicated by lack of DNAse hypersensitivity, but nonetheless
retain an epigenetic lesion that corresponds to their protection from de novo
methylation during early differentiation and extends into later development.

Figure 4.7. Whole genome bisulfite sequencing from a separate project
performed in our lab, and DNase hypersensitivity data from the ENCODE
consortium127,181,182 were used to assess DNA methylation and chromatin
accessibility for these classes of putative enhancers in ESCs and across a
panel of six somatic tissues, shown as “somatic average.”
4.5 Selective response by accessible enhancers during reprograming from
the somatic state
The persistence of an open chromatin epigenetic signature at responsive
enhancers from early development through terminal differentiation suggests
these regulatory elements may be more responsive to ectopically induced OSKM
than their “lost” counterparts during reprogramming from the somatic state. To
test this hypothesis, we performed ChIP-seq for H3K4me2, H3K27ac, and ATAC-
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seq in both uninduced MEFs and in early-stage reprogramming MEFs exposed
to dox induction for 4 days, along with ChIP for OCT4 and SOX2 in early
reprogramming MEFs. We identified 5,226 Oct4 peaks in the early
reprogramming population. These reprogramming peaks overlap with 1.1% of
enhancers belonging to the “accessible” class rather compared to 0.84% of
enhancers in the “lost” class, suggesting these accessible enhancers’ collective
retention of euchromatic signal may affect their slightly increased accessibility
during reprogramming.
Overall, reprogramming-associated OCT4 binding sites corresponding to
enhancers within the “accessible” class exhibited higher gain of OCT4,
H3K4me2, and ATAC-seq signal when compared to “lost” enhancers (Figure
4.9). Furthermore, the median ATAC signal within a 600bp window around
reprogramming-bound Oct4 peaks does not increase in MEFs from day 0 (RPKM
= 0.53) to day 4 (RPKM = 0.53) of reprogramming, while the subset of
reprogramming-bound peaks overlapping with “accessible” enhancers exhibited
a conservative yet notable increase from 1.07 to 1.45 RPKM over the same
period of time. This selective gain indicates that while accessible enhancers
retain a residual signature of open chromatin compared to lost enhancers, they
are additionally uniquely responsive to ectopic OSKM expression during
reprogramming from the somatic state.
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Figure 4.9. Box plots showing the median +/- 25th-75th percentiles of OCT4,
H3K4me2, H3K27ac, and ATAC-seq signal at lost (blue) and accessible (red)
enhancers bound by OCT4 after 4 days of dox-mediated reprogramming.
4.6 Discussion
The findings presented in this Chapter reveal several distinguishing
features that characterize enhancers with extended OCT4 binding potential.
Reprogramming-associated OCT4 targets are silenced with delayed kinetics
compared to other enhancers and contain unique sequence features, specifically
a higher than genomic average CpG density and an exclusive combination of TF
binding site motifs. Their failure to completely remethylate during gastrulation
leads to a persistent epigenetic artifact in fully differentiated adult tissues,
indicating a residual signature of the pluripotent state – a reciprocal feature to the
proposed epigenetic memory of somatic patterning retained in iPSCs derived
from different cell types183-185. It is important to note, however, that retention of an
open chromatin signature at reprogramming-associated enhancers is not the sole
permissive factor for deterministic reprogramming. While euchromatic signatures
persist at these enhancers past the transition point, they are nonetheless
refractory to OCT4 binding when ectopic OSKM is induced in cells differentiated
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for more than 48h. The sequence level differences that distinguish the reaccessed enhancers from the remainder of pluripotent state enhancers suggests
that accessibility may depend in part on the presence of additional cofactors.
Nonetheless, the distinguishing genomic characteristics of these enhancers
prove relevant during reprogramming from the somatic state. While the majority
of reprogramming-associated OCT4 binding does not overlap with pluripotentstate enhancers (only 421 of 47,879 pluripotency OCT4 peaks are bound by day
4 of reprogramming), the accessible enhancer class not only retains respectively
more open chromatin signature than the “lost” set, but demonstrates a selective
responsiveness to ectopic OSKM at the chromatin level (Figure 4.9).
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Chapter 5

Discussion and Future Directions

!

75!

5.1 Research summary
Previous studies of somatic cell reprogramming indicate the major
impediment to establishing stable pluripotency is overcome late in the
reprogramming process, after which the transition to pluripotency occurs with
near-deterministic kinetics108,109. Initiating this deterministic phase depends on
the activation of the endogenous pluripotency circuitry through an as of yet
undefined route. As such, activation of these immediate effectors may represent
the critical bottleneck in the path to successful reconfiguration of pluripotency
within somatic cell nuclei. It is well established that inclusion of chromatin
remodelers and other epigenetic modifiers in the reprogramming cocktail can
alter the efficiency and kinetics of somatic cell reprogramming45,161,186-189. In
many cases, modulating epigenetic remodelers appears to act either directly or
indirectly by facilitating reprogramming factor access to key pluripotency
regulatory sites, further implicating a regulatory or epigenetic barrier that
prevents high efficiency reprogramming from the somatic cell state. The key,
long-standing questions remain the nature of this barrier as well as when and
how it is overcome.

5.1.1 Identification of a previously unknown molecular determination event
The findings summarized in this thesis indicate that the somatic barrier to
reprogramming is set early during differentiation, shortly after cells exit stable
pluripotency, and that its establishment involves restricting access to a specific
subset of pluripotent-state enhancers (Chapter 2). Our results demonstrate that
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shortly after the point of developmental specification, cells pass through an
additional molecular determination event that demarcates a temporal boundary
between a cell state that reprograms with rapid, deterministic kinetics and one
that responds similarly to somatic cells, with low efficiency and extended latency.
This molecular determination event occurs during a transitional phase between
two stable cellular identities, namely the pluripotent state and developmentally
determined state. While this phase was identified based on cellular responses
observed during OSKM-induced reprogramming to pluripotency, we found that
both the underlying molecular identity and the forward developmental potential of
these cells align with their liminal status. Cells initiate their commitment to
differentiation not by immediate upregulation of lineage-specific transcription
factors, but by first dissolving the self-sustaining pluripotency network, and
subsequently upregulating the regulatory components required for transitioning
from a pluripotent state epigenetic identity into a committed one (Chapter 3). The
robust upregulation of chromatin regulators, along with the comparative depletion
for transcription factors during this transitional phase, is representative of the
larger shift in transcriptional profile observed over early differentiation.
Importantly, the molecular characteristics of the transitional phase
corresponding to the switch from high to low reprogramming efficiency are
relevant to development as well as TF reprogramming. This period of
developmental time aligns with the downregulation and dismantling of key
pluripotency regulators and the network they sustain, but precedes establishment
of a differentiated cellular identity, rendering it uniquely amenable to directed
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differentiation. Presumably, cells are rendered more responsive to inductive
developmental cues once their previous stable pluripotent identity has been
destabilized, although this plasticity is rapidly lost upon developmental
commitment to a differentiated fate – independently of lineage choice. Notably,
this transitional phase revealed in our experiments aligns both temporally and
developmentally with a proposed “formative pluripotency” stage traversed in vivo,
which temporally separates naïve pluripotency from the establishment of
specified lineages during gastrulation190.

5.1.2 A molecular logic underlying developmental potential
Oct4 binding is also dramatically restructured during passage through this
transitional stage, moving from its pluripotency-related sites to a mutually
exclusive set of differentiation-associated targets: a switch notably buffered by a
phase of minimal Oct4 genomic occupation temporally coinciding with our de
novo determination event, previously defined both phenotypically and molecularly
by reprogramming amenability and selective upregulation of chromatin modifiers,
respectively (Chapters 2 and 3). The high efficiency reprogramming response is
not accomplished through an equivalent induction of all pluripotency targets, but
instead through a select subset of pluripotency genes via OCT4 targeting to a
core set of distal pluripotent state specific regulatory elements. Loss of OCT4
binding potential to these targets in cells differentiated for longer than 48h
corresponds to a loss of the high-efficiency reprogramming response. While
binding of OCT4 at these reprogramming-associated enhancers does not
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immediately translate to robust transcriptional activation of nearby loci to iPSC
levels, OCT4 engagement at a fraction of immediately responding sites appears
to be a critical first step in initiating complete reconfiguration to the pluripotency
regulatory network. In essence, these OCT4 targets appear to act as the
bottleneck through which the re-establishment of pluripotency is initiated.

5.1.3 A uniquely binding-amenable enhancer set may pave the “route to
reprogramming”
Seemingly, OCT4 targets that are silenced early versus late represent
enhancer classes that operate under different regulatory paradigms during
differentiation (Chapter 4). The pluripotency-specific enhancer class is highly
sensitive to the pluripotent state and rapidly shut down once it is destabilized
during differentiation. Their underlying regulatory motifs suggest co-binding by
factors such as NANOG, SOX2, TCF3, and several POU family factors, some of
which are rapidly downregulated during differentiation. Alternatively, enhancers
that display prolonged sensitivity to OCT4 binding appear to depend on an
alternate set of co-factors. As such, they are governed by a different set of
regulatory rules and are more stable in the face of perturbations away from the
pluripotency, possibly because their maintenance does not rely solely on the
presence of core pluripotency members such as SOX2 and NANOG. The
dependence of these canonically-regulated enhancers on the presence of a fully
formed and stable pluripotency network could explain why the route to induced
pluripotency does not pass through them. Instead, high efficiency reprogramming
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is mediated through a more stable enhancer set that retains signatures of open
chromatin past the point of developmental determination and contains unique
motif sets for factors that are less specific to pluripotency (Figure 4.4). Despite
the maintenance of euchromatic structure, our data demonstrate that OCT4 can
only access reprogramming-amenable enhancers for a brief window during
differentiation, indicating a dependence on additional determinants beyond
chromatin structure. The differential enrichment for TF motifs suggests access
may depend on co-regulation from additional trans-acting factors that guide and
stabilize OCT4 at these lower-affinity sites.

5.2 Concluding remarks
OCT4 engagement with this minimal subset of pluripotent-state enhancers
represents the first step in reconfiguring pluripotency. With sustained exposure to
ectopic OSKM, additional components of the full pluripotency network become
stabilized as expression of key pluripotency regulators increases and OCT4
gains access to its entire complement of pluripotent state regulatory targets.
Notably, the level of induction for ectopic-factor responsive genes rarely
approaches their transcriptional output in the stable pluripotent state. In
examining these genes, we find that many rely on OCT4 binding in both contexts
in pluripotency, but only on the responsive subset after 48h of differentiation. It is
possible that these responsive enhancer signatures nucleate target gene
induction to a certain threshold, but are not themselves sufficient for the complete
transcriptional output observed within the pluripotent state. The induction of
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pluripotency appears to be determined by subsets of cis-regulatory elements
embedded within larger enhanceosomes that are fully configured downstream of
these initial events. The particular combination of cis-regulatory elements and
accompanying residual chromatin structure at accessible enhancers appears to
bias this particular subset of pluripotent-state regulatory elements towards a
unique amenability to ectopic transcription factor binding during reprogramming
to pluripotency.
Taken together, these data suggest the route to reprogramming passes
through a specific set of pluripotent state enhancers that are characterized by a
residual epigenetic signature of their prior regulation during pluripotency and
differentiation, as well as by a fundamentally different sequence context. By
exploiting our experimental system to directly compare deterministically
reprogramming populations with those that reprogram only at somaticcomparable rates, we find that the route to reprogramming is mediated through a
minimal enhancer set whose potential for binding reciprocally defines the
boundary between early specification and complete determination at a molecular
level. Once these sites are appropriately engaged, the transition to pluripotency
proceeds in a deterministic fashion, suggesting the somatic barrier to
reprogramming is established by restricting accessibility to these sites in a
regulated fashion at the earliest stages of differentiation.
5.3 Future directions
The results presented in this thesis provide robust phenotypic and
molecular evidence for the existence of a transient phase following the
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dismantling of pluripotency and preceding establishment of a new, lineagespecific cellular identity. Indeed, evidence for the existence of such a phase in
vivo is not lacking, and provides additional conceptual support to our findings190193

. It seems intuitive to propose that establishment of a novel cellular identity,

and concurrent deployment of the molecular and regulatory processes that
coordinate fate choice, would be initiated subsequent to the dismantling of a prior
molecular identity rather than in tandem with it. This is particularly the case for
transitions out of pluripotency, where PSCs and their in vivo counterparts
represent a unique developmental and molecular state which balances selfrenewal with the ability to maintain, but not prematurely execute, multilineage
differentiation potential. Many of the regulatory mechanisms maintaining the
pluripotent state, and the features they create (see Introduction) are unique to
pluripotency, and do not operate in a somatic context. Indeed, aberrant activation
of the pluripotency network is not only unnecessary but may prove detrimental in
a somatic context194.
One exception to this paradigm involves specification of the germline
during early embryonic development195. In mammals, primordial germ cells
(PGCs) are specified early in embryonic development, and their induction
proceeds via re-activation of silent naïve pluripotency markers196. It is tempting to
speculate that the residual signature of open chromatin we observe at accessible
enhancers may have an established function in germline specification; enabling
robust and rapid activation of an otherwise “dangerous” transcriptional network in
a specific developmental context where, potentially, the presence of necessary
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co-factors enables transcriptional activation of pluripotency genes via our
“accessible” enhancer set.
Nevertheless, while our extensive molecular profiling of differentiating and
reprogramming populations suggest the “accessible” enhancer set may represent
an epigenetic memory of pluripotency, and is potentially relevant for the
downstream specification of cells that must later activate pluripotency-related
genes, we have only minimally explored the functional output of OCT4 binding at
the set of accessible enhancers. The expansive set of genomic data collected
over the course of this project, along with additional functional experiments, will
potentially provide additional key insights into how these enhancers coordinate
the route from somatic cell identity and reconfigure pluripotency in vitro.
5.3.1 Correlation analyses of TF binding, chromatin remodeling, and
transcriptional regulation
Our current correlative analyses are limited in scope to hypergeometric
tests for enrichment of various transcriptional dynamics within specific OCT4
enhancer sets. Given the multilayered nature of our full data set, which includes
SOX2 binding, histone modifications, chromatin accessibility, and an as-yetunexplored data set for H2A.Z along the same differentiation and reprogramming
timeline, there is potential for a more rigorous computational exploration of
relationships between these molecular features. These may include but are not
limited to: exploring TF binding-mediated changes to chromatin structure,
determining the extent of co-operation between OCT4 and SOX2 during
reprogramming from the somatic state, and directly linking OCT4 binding to
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transcriptional upregulation at genomic loci associated with the “accessible”
enhancer set. Furthermore, our data set benefits from a time axis, allowing us to
explore causal relationships between TF binding, chromatin modification, and
transcriptional upregulation.
5.3.2 Reprogramming-peak-centric analyses
In this thesis, we center our analyses around the set of OCT4 peaks
deemed dynamic over the early differentiation timeline, which enabled
identification of the set of reprogramming-amenable pluripotent state enhancers,
and examination of their unique characteristics. However, our ChIP for OCT4
during early (day 4) reprogramming from the somatic MEF state identified a large
(47,879 high-confidence peaks) set of binding interactions that only minimally
overlap with the OCT4 peak sets identified over differentiation. Since our
reprogramming data set additionally includes ChIP for SOX2, H3K4me2,
H3K27ac, H2A.Z, and chromatin accessibility by ATAC-seq, future computational
endeavors will be geared towards determining the chromatin context guiding
OCT4 and SOX2 binding during reprogramming from the somatic state. These
analyses may potentially identify novel characteristics influencing OCT4 binding
in a foreign (somatic) epigenomic context, or reveal additional OCT4-amenable
binding sites in the somatic genome that share characteristics with our
“accessible” enhancer set.
5.3.3 Functional reporter assays for select Oct4 enhancers
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Enrichment probabilities are insufficient to definitively link OCT4 binding at
the accessible enhancers to downstream transcriptional activation of cognate
genes. In order to demonstrate a causal and biologically relevant relationship
between OCT4 binding and transcriptional output during reprogramming, we
have initiated the construction of a functional enhancer screen, similar to an
MPRA (massively parallel reporter assay)197 but on a smaller scale.
Approximately 30 “lost” and 30 “accessible” enhancers have been selected, and
will be amplified from the genome along with a unique barcode identifier prior to
cloning downstream of a minimal reporter. The functional activity levels of each
enhancer will be determined first in PSCs, prior to a systematic exploration of
their activity during reprogramming.
5.3.4 Exploring the role of potential cofactors
Our results indicate while the accessible enhancer set retains a signature
of open chromatin past terminal differentiation, this architecture is insufficient to
direct OCT4 binding during reprogramming. The unique combination of cisregulatory motifs enriched in this set suggests a potential role for TF cofactors in
either targeting and/or stabilizing OCT4 at these enhancers. Our initial endeavors
will focus on using the motif enrichment data along with our transcriptional data
to identify likely co-factors of OCT4. We hypothesize these co-factors may
enable OCT4 binding during the high-efficiency reprogramming phase, allowing
us to disregard potential binding partners whose expression drops rapidly upon
pluripotency exit. However, potential co-factors are not likely to linger past the
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transitional phase of differentiation, as our results indicate robust reprogramming
is blocked by 96h.
Following identification of a likely co-factor set, future efforts will involve
either co-overexpression with OSKM, or shRNA-mediated knockdown, to
determine the effects on reprogramming efficiency. Potentially, overexpression of
a key co-factor might push the temporal boundary of high-efficiency
reprogramming past the 48h time point. Conversely, its knockdown could result
in the ablation of the high-efficiency reprogramming response altogether.
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Chapter 6

Methods
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6.1 Cell culture
Doxycycline (dox)-inducible secondary iPSCs containing GFP targeted to
the endogenous Nanog locus 198 and constitutive nuclear RFP were maintained
on CF1 mouse embryonic fibroblasts (MEFs) in KO-DMEM containing 15% fetal
bovine serum (FBS), 1% penicillin/streptomycin, 1X GlutaMAX supplement
(Gibco), 1% nonessential amino acid, and 5 × 105 U LIF. To perform the colonyforming assay, iPSCs were first changed into serum-free N2B27 medium
supplemented with LIF and 2i (3 µM CHIR99021 and 1 µM PD0325901)199 for a
minimum of 24 hours. Prior to differentiation, iPSCs were fully dissociated to
single cells and seeded at low density (~12,000 cells/cm2) on gelatin-coated
plates in LIF 2i medium. Differentiation was induced a minimum of 18h later by
rinsing iPSCs thoroughly with 1X PBS and changing to N2B27 media without LIF
2i. To test colony-forming potential, differentiated cells were trypsinized to single
cells and seeded at very low density (~1,300 cells/cm2) on CF1 MEFs in KODMEM containing 15% serum and LIF (no dox condition) or supplemented with 2
µg/ml dox (+dox condition). For the OSKM pulse assay, differentiated cells were
trypsinized and seeded as described above. To test lineage induction potential,
differentiated cells were changed into either neuroectodermal induction media (1
µM PD0325901, 1 µM A83-01 [Nodal/Tgfb inhibitor], 0.5 µM LDN193189 [Bmp
antagonist] in N2B27) (Sokolik et al 2015) or mesodermal induction media (3 µM
CHIR99021 in N2B27) (Thomson et al 2011) for 48 hours.
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6.2 ChIP and ATAC-related protocols

6.2.1 ChIP and ChIP-seq library construction
Cells were crosslinked in 1% formaldehyde for 10 minutes at 37°C with constant
agitation, followed by quenching with 125 mM glycine for 5 min at room
temperature. Cells were rinsed with 1X PBS and lysed, and chromatin was
sheared using a Branson sonifier until the majority of DNA was in the range of
200-1,000 base pairs. Chromatin was incubated with antibody at 4°C overnight
with constant agitation. Co-immunoprecipitation of antibody-protein complexes
was performed using Protein A or Protein G Dynabeads for 1h at 4°C. ChIPs
were completed using previously reported methods 200 with the following
antibodies: OCT4 (Santa Cruz, sc-8628x), SOX2 (Santa Cruz, sc-17319),
H3K4me2 (Millipore, 07-030), H2AZ (Abcam, ab-4174).Immunoprecipitated DNA
was end repaired using the End-IT DNA End-Repair Kit (Epicentre), extended
using Klenow fragment (3’-5’ exo) (NEB), and ligated to sequencing adapter
oligos (Illumina). Each library was PCR-amplified using PFU Ultra II Hotstart
Master Mix (Agilent), and a size range of 300-600 base pairs selected for
sequencing. Libraries were sequenced on the Illumina Hiseq 2000.

6.2.2 ATAC-seq libraby construction
Nuclei were isolated from 50,000 cells and incubated with Tn5 transposase
(Illumina) for 30 min at 37°C. DNA was purified and PCR-amplified using
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customized Nextera PCR primers. A size range of 200-1000 base pairs was
selected for sequencing on the Illumina Hiseq 2000.

6.2.3 ChIP- and ATAC-seq read mapping
Reads were mapped to the mouse genome (mm10) with Bowtie v2.2.6 (Ref 201)
using default options. Duplicate reads were removed with Picard MarkDuplicates
(broadinstitute.github.io/picard).

6.2.4 Oct4 peak calling, quantification, and classification
OCT4 binding sites were identified with MACS v2.1.0 202 using the flags: “--gsizemm --call-summits” and an FDR cutoff of .01. Peaks were called against a set of
merged whole cell extract (WCE) reads generated by randomly sampling 10M
reads from six different WCE samples. In order to track the dynamics of
individual peaks over time, we devised the following strategy to merge peaks
from different timepoints into an epitope-wide “consensus peak set”. Peak
summits called by MACS were merged into a consensus region if they fell within
1 kb of each other. A new summit location was determined by taking the
weighted average of all peak summits within the consensus region. Following the
designation of the new summit, the peak region was defined by extending
outwards by 300 bp on either side of the summit. Peak intensities were defined
as the maximum number of reads within the 600 bp peak region, normalized by
length and library size to get an RPKM value. Library size was taken as the
number of reads mapping to non-mitochondrial chromosomes. Based on a
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comparison of the distribution of peak intensities from ChIP and WCE conditions,
3 RPKM was chosen as the threshold for discrete binding events. To identify
relevant differential binding events, loci bound at both 0h and 96h, or unbound at
both 0h and 96h, were ignored. The remaining peaks were split into three
dynamics based on whether they were above threshold in the 0h, 96h, and
48h+dox conditions.

6.2.5 Quantification of Sox2, H3K4me2, H2A.Z, K27ac, DNase and ATAC-seq
For each OCT4 consensus peak, the Bioconducter package QuasR 203
was used to count the number of ChIP- and ATAC-seq reads within a centered
600bp window. Read counts were normalized by library size to get RPKM. To
generate composite plots, RPKM was quantifed across a 4 kb region centered on
each peak.

6.3 RNA-seq library construction and analysis
Polyadenylated RNA was selected using Oligo dT beads (Invitrogen) and
fragmented to 200-600 base pairs, then ligated to RNA adaptors using T4 RNA
ligase. Libraries were sequenced on the Illumina Hiseq 2000.

6.3.1 RNA-seq analysis
RNA seq reads were mapped to the mouse genome (mm10) using TopHat
v2.0.14 (Ref 204) with the flags: “--no-coverage-search --GTF
gencode.vM4.annotation.gtf” where gencode.vM4.annotation.gtf is the Gencode
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vM4 reference transcriptome available at gencodegenes.org. Cufflinks v2.2.1
(Ref 205) was used to quantify gene expression and assess the significance of
differential expression. Briefly, Cuffquant was used to quantify mapped reads
against Gencode vM4 transcripts of at least 200bp with biotypes: protein_coding,
lincRNA, antisense, processed_transript, sense_intronic, sense_overlapping.
Cuffdiff was run on the resulting Cuffquant .cxb files, with a contrast file
specifying comparisons between all pairs of differentiation time points, and all
time-matched +dox/-dox pairs.Genes were deemed to be “dynamic” if they
showed a statistically significant change in expression between any two
differentiation time points, with a minimum fold change of 2 and a minimum
expression of 1 FPKM in that comparison. Expression level, fold change and
statistical significance were all assessed by Cuffdiff. Genes were deemed to be
“OSKM responsive” at each of four time points by applying the same criteria to
the corresponding +dox/-dox conditions. Dynamic genes were grouped into three
broad expression dynamics via k-means clustering of gene expression levels
across the differentiation time course. k=3 was chosen by varying k from 2 to 20
and looking for maximum cluster separation as assessed by the silhouette score.

6.4 Image acquisition and immunohistochemistry
All images for the colony formation, OSKM pulse, and directed differentiation
assays were acquired using the Celigo S Image Cytometer. For imaging the
colony formation and OSKM pulse assays, (Fig. 1b, Fig. 2a,c, and Extended
Data Fig. 1), plates were fixed in 4% paraformaldehyde and immunostained for
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Nanog (BD Pharmingen, 560259) at 1:1000 dilution and detected using Alexa
488 conjugated secondary antibodies (Jackson Immunoresearch). For imaging
the directed differentiation to mesodermal (ME) or neuroectodermal (NE)
lineages, plates were also fixed in 4% paraformaldehyde and immunostained for
Brachyury (Santa Cruz, sc-17745) or Sox1 (Santa Cruz, sc-17318) respectively,
at 1:300 dilution and detected using Alexa 488 conjugated secondary antibody
(Invitrogen, A-11055). For live imaging of lineage tracking (Fig. 1 and Extended
Data Fig. 3), images were acquired using a IX-71 microscope (Olympus),
motorized Prior XY stage, and MetaMorph image analysis software as a 5x5
connected field at 20x magnification, starting 6h after initial seeding to allow for
cells to adhere.

6.5 Image analysis
All images were scaled and background subtracted using the ImageJ software’s
“rolling ball” algorithm. Counted objects (colonies or cells) were segmented
according to RFP signal using the CellProfiler software package (Fig. 1,
Extended Data Fig. 1d)206. The distribution of GFP pixel intensities was
calculated for all segmented objects, and thresholds for positive and negative
pixels calculated separately for each assay (see below). For the colony formation
assay, pixels were classified as GFP-positive if their intensity fell within a 20%
threshold of control undifferentiated iPSC colonies. To estimate reprogramming
efficiency and fate outcome on a per-cell basis from our lineage tracking images,
GFP signal was measured for each imaged time point within the RFP-segmented
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area. To distinguish between GFP-positive and GFP-negative colonies, a
threshold was empirically determined based on the distribution of background
GFP intensities. A colony was defined as GFP-positive if its mean GFP signal
was higher than the maximum value of the background distribution. In some
images acquired at later time points where high cell density and colony merging
impeded proper segmentation, segmentation boundaries from earlier time points
were used for estimating colony mean GFP signal. In those instances, the
segmented area was expanded to simulate colony growth. Final automatic
results were corrected manually to include colonies that drifted (<10% of total
colonies). To determine the onset time of GFP signal (Fig. 2b, Extended Data
Fig. 3c,d), the distribution of GFP intensity distribution over the full imaging field
was used. Colonies were classified manually into one of four possible fates
outcomes based upon GFP signal (Extended Data Fig. 3f). For the OSKM pulse
assay, the threshold for GFP-positive pixels was chosen such that the distribution
of pixel intensities in 0h time point (imaged at day 4) yielded a similar fraction of
positive and negative pixels to the control in the colony formation assay
described above. To determine the efficiency of directed differentiation to the NE
or ME linages, we calculated the ratio of GFP-positive objects (cells) to
segmented objects. Thresholds for positive GFP signal were set individually,
based on the background signal and maximum value of pixel intensity for each
image. Positive cells were defined as containing over 10% positive pixels.
Intensity values were scaled by subtracting the minimum value, then dividing by
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the maximum value to obtain a scale of relative Sox1 or T intensities that varied
between 0 and 1.

6.6 Modeling state transition times
To determine the timing of transitions between the three empirically-determined
reprogramming response states (Fig. 1), we first estimated a distribution of
possible transition times. The three biological replicates for the colony formation
assay were combined and the fraction of GFP-positive pixels normalized to the
undifferentiated iPSC control. Separately for the +dox reprogramming condition
and the +serum/LIF alone condition, the aggregate population of GFP+ fractions
was split into groups corresponding to every percentile from the 5th to 95th. Each
group was fitted separately to a sigmoid function, and estimated transition times
were defined as the median of these distributions. To generate probability
distributions for the likelihood of a cell to be in any of the three states as a
function of differentiation time, the transition time distributions calculated from the
sigmoid fits were fitted to a four-term Gaussian model (goodness-of-fit R2 = 0.99):
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Next, 15,000 single cell transitions were sampled from the fitting function using
Monte Carlo simulation, and the probability distributions for each cell state
calculated from these simulated transitions, such that:
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! T!State = !1 − ! P!state − !!(C!state)

where P(P state) is the cumulative distribution function for the simulated
transition times for reversion efficiency in the serum/LIF condition, and P(C state)
is defined as 1 minus the cumulative distribution function for the simulated
transition times for reprogramming efficiency in the serum/LIF +dox condition.

6.7 DNA methylation analysis
CpG methylation tables of whole genome bisulfite sequencing data for the
developmental time points (ICM and E6.5 Epiblast) were obtained from a
separate project performed in our lab. 4kb windows centered on OCT4
consensus peaks were split into 500bp sliding windows moving in 100bp
increments, and the methylation level of all CpGs in each window with coverage
of at least 5 reads were averaged.

6.8 Motif analysis
A set of 881 TF binding site motifs were obtained from Ref 43. CentriMO 207 was
used to scan all OCT4 consensus peaks for occurrences of these motifs.
Separately for each OCT4 binding dynamic (lost, accessible, and gained),
enrichment for these TF motifs was ranked by E-value. Within each dynamic
class, peaks were deemed to contain a motif if their E-value was below -35.
FIMO 208 was used to assign binary presence or absence (1 or 0, respectively) of
the motifs passing the E-value cutoff. This yielded a binary matrix where rows
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represented OCT4 peaks, columns represented motifs, and each element
represented motif presence or absence. Rows were grouped into three clusters
according to their OCT4 binding dynamic (see above). K-means clustering (k=3)
was used to group the columns (TF motifs) into three sets. Mean enrichment for
these motif sets was calculated for each OCT4 binding dynamic (lost, accessible,
and gained).
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Appendix
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Supplementary Figures

Supplementary Figure 1. a. Quantification of AP-positive colonies formed from
either isolated secondary MEFs or iPSCs differentiated for 96h prior to factor
induction. Reprogramming efficiency is calculated as the number of colonies per
cells plated. Error bars indicate standard deviation of n = 3 reprogramming
experiments. b. Alkaline phosphatase (AP) staining of iPSC colonies after reseeding cells differentiated for 24, 48, or 96h into serum/LIF conditions with dox
for either 4 days (top row) or 10 days (bottom row), indicating minimal gain of
additional iPSC colonies after the initial response within the first 4 days. c. Left
panel: iPSC colony formation quantified in serum-free N2B27 media
supplemented with 2i/LIF either alone (no dox) or including doxycycline (+dox).
Error bars represent standard deviation over four technical replicates per
experiment per time point. Middle panel: To estimate the temporal window where
cells transition from high to low efficiency reprogramming, we fit our data to a
sigmoid curve. Each curve represents the mean fit of biological replicate
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experiments shown in the left panel, with independent replicate values shown as
dots. Right panel: Boxplots show the range in midpoint estimates by fitting
10,000 independent curves to randomly selected efficiencies at each time point
(edges and whiskers denote the 75th/25th and 97.5th/2.5th percentiles,
respectively). d. Left panel: iPSC colony formation quantified in serum-free
N2B27 media supplemented with 2i component PD0325901 either alone (no dox)
or including doxycycline (+dox). Error bars represent standard deviation over four
technical replicates per experiment per time point. Middle panel: Sigmoid curves
fitted to the raw data shown in the left panel. Right panel: box plots showing
estimated midpoint medians and ranges, as described in (c).

Supplementary Figure 2. Representative fields of lineages stemming from cells
differentiated for 0, 24, 48, 72, or 96h, seeded at clonal density into +dox or no
dox conditions, and tracked for 4 days. Shown are overlays between constitutive
RFP and Nanog:GFP reporters. Right-most column: representative overlays
between NANOG immunostain and constitutive RFP at the end of the tracking
period. Numbers indicate total lineages tracked in two biological replicates (scale
bar = 200 um).
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Supplementary Figure 3. Transiently-upregulated genes are generally
associated with the pluripotent state (metabolic functions as well as TFs and
epigenetic regulators), but overlap with genes whose expression is held
comparatively lower in 2i than in standard serum/LIF media. Left: select
transiently upregulated genes classified as “higher in serum than in 2i,” according
to expression data from Ref 74. Right: select pluripotent state genes lost over
differentiation additionally belonging to the “higher in 2i than in serum” category
from the same study. Bar plots show expression in pluripotent cells in serum/LIF
media (0h +2d no dox time point) and in LIF/2i conditions (0h time point). Line
plots show expression of each gene over our differentiation time course.
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Supplementary Figure 4. Representative accessible and lost enhancers located
at the Zfp281 locus, including OCT4 and SOX2 binding, H3K27ac, H3K4me2,
and open chromatin signal (ATAC-seq), over our full differentiation and
reprogramming time course, including no dox controls.
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