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SUMMARY
The temporal order of DNA replication is regulated during development and is highly correlated with gene expression, histone modifi-

cations and 3D genome architecture. We tracked changes in replication timing, gene expression, and chromatin conformation capture

(Hi-C) A/B compartments over the first two cell cycles during differentiation of human embryonic stem cells to definitive endoderm.

Remarkably, transcriptional programs were irreversibly reprogrammed within the first cell cycle and were largely but not universally co-

ordinated with replication timing changes. Moreover, changes in A/B compartment and several histone modifications that normally

correlate strongly with replication timing showed weak correlation during the early cell cycles of differentiation but showed increased

alignment in later differentiation stages and in terminally differentiated cell lines. Thus, epigenetic cell fate transitions during early dif-

ferentiation can occur despite dynamic and discordant changes in otherwise highly correlated genomic properties.
INTRODUCTION

Replication of the eukaryotic genome occurs in a defined

temporal order, regulated at the level of 400–800-kb chro-

mosome segments that are referred to as replication do-

mains (RDs) (Rivera-Mulia and Gilbert, 2016a, 2016b;

Solovei et al., 2016; Xiang et al., 2018). This replication

timing (RT) program is established during early G1 phase

of each cell cycle, known as the timing decision point

(TDP) (Dileep et al., 2015a; Dimitrova and Gilbert, 1999;

Li et al., 2001; Lu et al., 2010; Rivera-Mulia and Gilbert,

2016a; Wu et al., 2006). During stem cell differentiation,

changes in RT occur coordinately across RDs, often corre-

latedwith changes in gene activity and subnuclear position

(Hiratani et al., 2004, 2008, 2010; Perry et al., 2004; Rivera-

Mulia et al., 2015; Williams et al., 2006), to create cell type-

specific RT programs that are highly characteristic of each

cell type and are altered in human disease (Blumenfeld

et al., 2017; Donley and Thayer, 2013; Fritz et al., 2013; Riv-

era-Mulia et al., 2017; Sasaki et al., 2017), suggesting that

the RT program is associated with stable epigenetic states.

Indeed, depletion and overexpression of numerous chro-
This is an open access article under the C
matin and transcription regulators has little to no effect

on RT, whereas the induction of a cell fate change in

stem cells induces rapid and widespread alterations in RT

(Dileep et al., 2015b). Moreover, X chromosome inactiva-

tion during gastrulation in female mammals is initially

reversible, but is then stabilized coincident with a switch

to late replication and formation of a stable compact Barr

body localized near the nuclear periphery (Barr and Ber-

tram, 1949; Gilbert et al., 1962; Hiratani and Gilbert,

2010; Lyon, 1961; Morishima et al., 1962). Importantly,

when differentiated cells are reprogrammed to the induced

pluripotent stem cell (iPSC) state, clones that arrest in a sta-

ble incompletely reprogrammed state (partial-iPSCs) share

a common RT profile in which domains that fail to return

to early replication harbor pluripotency-specific genes

that fail to reactivate (Hiratani et al., 2010), providing

strong evidence that late replication is associatedwith a sta-

bly repressed epigenetic state that presents a barrier to

reprogramming.

The longstanding correlation between early replication,

transcriptional activity and active chromatin marks is

nuanced with complexities (Goldman et al., 1984; Hansen
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et al., 1996; MacAlpine et al., 2004; Muller and Nieduszyn-

ski, 2017; Ostrow et al., 2017; Rivera-Mulia and Gilbert,

2016b; Schubeler et al., 2002; Therizols et al., 2014; White

et al., 2004; Woodfine et al., 2004, 2005; Yue et al., 2014).

Coordinated changes in gene expression and RT have

been identified during mouse and human stem cell differ-

entiation (Hiratani et al., 2010; Rivera-Mulia et al., 2015),

but the time course of these previous differentiation proto-

cols has precluded the ability to assess which changes first.

Moreover,many genes can be either late replicating and ex-

pressed or early replicating and silent and correlations of

chromatin marks and promoter content have not identi-

fied any clear differences between these sets of genes (Hir-

atani et al., 2010; Rivera-Mulia et al., 2015). In animals

with rapid early cleavage stage embryos, the RT program

is evident before the onset of transcription at the midblas-

tula transition (Kaaij et al., 2018; Pourkarimi et al., 2016;

Seller and O’Farrell, 2018; Siefert et al., 2017). Indeed,

when following intermediate cell types through several

lineage pathways, two-thirds of genes that experienced

RT changes were expressed and late replicating in at least

one intermediate stage, suggesting the existence of classes

of genes that are dependent or independent of their RT

(Rivera-Mulia et al., 2015).

RT is also highly correlatedwith 3D genome architecture.

Early replicating chromatin is less densely packed and re-

sides in the interior of nucleus while late replicating chro-

matin is generally more dense and localized to regions

around the periphery of the nucleus and nucleoli

(Dimitrova and Gilbert, 1999; Nakayasu and Berezney,

1989; O’Keefe et al., 1992). More recently, chromatin

conformation capture (Hi-C) analyses have confirmed the

megabase-scale folding of chromosomes into two compart-

ments, A and B (Lieberman-Aiden et al., 2009), which show

a striking correlation with RT (Dixon et al., 2012; Rivera-

Mulia et al., 2018; Ryba et al., 2010; Yaffe et al., 2010).

These compartments have been further divided into self-

interacting units referred to as topologically associated do-

mains (TADs), whose structural boundaries align with the

functional boundaries of RDs (Pope et al., 2014). Moreover,

the organization of chromatin into compartments and

TADs occurs coincident with the establishment of the RT

program at the TDP early in G1 (Dileep et al., 2015a) and

compartment association changes coordinately with RT

during differentiation, while maintaining TAD borders

(Dixon et al., 2015; Takebayashi et al., 2012).

Determining how RT is linked with gene expression and

chromatinorganizationwill require systems that canuncou-

ple these events. One study experimentally targetedDNA se-

quences to the nuclear periphery found repositioning of

chromatin occurred only after mitosis, suggesting that a

dismantling of the nucleus may be required to remodel sub-

nuclear positioning (Reddy et al., 2008). However, another
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study showed that targetingapowerful acidic transcriptional

activatorwas sufficient tomove a peripherally localized gene

off of the nuclear periphery even when the transcriptional

activityof theactivatorwaseliminated, suggesting that chro-

matin remodeling can reorganize 3D genome architecture

(Therizols et al., 2014).Oneway toprobecausality is todeter-

mine theorder of events that occur dynamically duringa cell

fate transition, providing the transition is sufficiently syn-

chronous to observe such changes within a single cell cycle.

Recently, we demonstrated that differentiating human em-

bryonic stem cells (hESCs) to definitive endoderm (DE) re-

sults in cell fate changes within one cell cycle, providing

the cells are stimulated to differentiate during G1 phase

(Schulz et al., 2012; Wilson et al., 2016). Here, we track the

order of changes in RT, gene expression, and Hi-C A/B com-

partments over the first two cell cycles in this system.

Remarkably, we detected transcriptional reprogramming to

DE-specific transcriptional programs as early as 6 h (1/3 of

a cell cycle) that could not be altered by returning to stem

cell self-renewal medium conditions. This reprogramming

was accompanied by changes in RTas early as 6 h after stim-

ulation. As with other more protracted differentiation sys-

tems, transcriptionof somebutnot all geneswere coincident

with switches in RT. By contrast, chromatin compartment

changes and RTchanges were discordant during early differ-

entiation intermediates but became more aligned in more

differentiated cells and terminally differentiated cell lines.

Moreover, thecorrelationbetweenRTandHi-CA/Bcompart-

ments was significantly weaker in stem cells but became

more aligned in more differentiated cells. A similar discor-

dance was found for the correlations between RT changes

and changes in the density of histone modifications associ-

ated with active enhancers during early differentiation cell

cycles. Overall, our results reveal that epigenetic cell fate

transitionsduringearly stages of differentiationoccurwithin

thecontextofdynamicanddiscordantchanges in large-scale

chromatinorganizationandtranscription thatbecomemore

aligned in laterdifferentiationstagesandterminallydifferen-

tiated cell types.
RESULTS

Rapid and Stable Transcriptional Reprogramming in

the First Cell Cycle of a Cell Fate Transition

Recent reports suggest that stem cells elicit a response to

differentiation factors from G1, and that once they enter

S phase they do not respond until the following G1 (Pau-

klin and Vallier, 2013; Sela et al., 2012; Wilson et al.,

2016). It has also been shown that experimental reprog-

ramming requires passage through S phase (Tsubouchi

et al., 2013), These observations suggest that transcrip-

tional reprogramming associated with differentiation
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across a population of asynchronously dividing stem cells

should require at least one complete cell cycle of contin-

uous exposure to induction factors. To investigate how

many cell cycles are required for stable changes in tran-

scriptional programs, we used a robust suspension culture

DE differentiation system in which >90% of cells reach

DE following 48 h of induction, as indicated by the upregu-

lation of DE-specific markers SOX17 and FOXA2 (Schulz

et al., 2012). We have previously shown the hESC cell cycle

is�18 h and does not significantly lengthen in the first few

cell cycles of differentiation (Wilson et al., 2016). Cells were

stimulated to differentiate for 0, 6, 12, 24, and 48 h, and

half the cells were profiled for gene expression by microar-

ray analysis, while the other half were washed with PBS, re-

turned to normal hESC growth medium for 24 h, and then

profiled (Figure 1A). Transcriptome data were filtered for

genes that were upregulated or downregulated (false dis-

covery rate [FDR] adjusted p < 0.05) during 48 h of DE dif-

ferentiation, and K-means clustering was performed (Fig-

ure 1B). We reasoned cells that did not stably initiate

transcriptional reprograming toward endoderm would re-

acquire an ESC-like transcriptome when returned to stem

cell medium. Surprisingly, we found that the transcrip-

tomes from cells stimulated for as few as 6 h proceeded to

follow the same progression of transcription changes as

cells maintained in differentiation medium, despite the

replacement of differentiation medium with medium pro-

moting the self-renewing ESC state (Figures 1B and S1). The

transcriptome after 6 or 12 h in differentiationmedium fol-

lowed by 24 h of reversal in stem cell medium is strikingly

similar to expression after 24 h of forward differentiation

for all K-clusters (Figures 1B and S1). Further, hierarchical

clustering of these datasets revealed that cells differentiated

for only 6 or 12 h followed by 24 h in hESC medium clus-

tered with cells grown under differentiation conditions for

24 h, while those differentiated for 24 h followed by 24 h in

hESC medium clustered with cells grown under differenti-

ation conditions for 48 h (Figures 1C and S1). These surpris-

ing results demonstrate that stable changes in the tran-

scriptional program occur very rapidly and within the

first cell cycle of differentiation.

Changes in RT Can Also Be Detected within the First

Cell Cycle

Changes in RT during differentiation are associated with

changes in epigenetic state and many of the genes that are

difficult to reprogram to iPSCs reside within late replicating

domains (Hiratani et al., 2010), suggesting that late replica-

tion is a barrier to reprogramming. The surprising finding

that stable transcriptional reprogramming occurs within

less than one cell cycle prompted us to investigate whether

changes in RT could occur within this short time frame. To

identify regions that reproducibly change RT during differ-
entiation, we performed two independent differentiations

toward the endoderm lineage, for which cells were differen-

tiated for 0, 6, 12, 24, and 48 h, labeled for 2 h with bromo-

deoxyuridine (BrdU), and then collected for analysis of RT

byRepli-seq. These experimentswere performed in a simpler

monolayer differentiation system. Monolayer differentia-

tion is not as efficient as the suspension system, but most

cells induce SOX17 in less than two cell cycles, while the

remainder either remain pluripotent or die (Davenport

et al., 2016; Wilson et al., 2016). Fluorescent-activated cell

sorting (FACS) analysis of the endoderm differentiation

makers FOXA2 and SOX17 detected coexpression in �44%

of cells and expression of either marker in >60% of cells at

the 48 h time point (Figure S2A). Since cells need to be fixed

to detect transcription factors, we could not assess the frac-

tionofnegative cells thatmaybenonviable.However, theki-

netics of genome-wide transcriptional changes and key

endoderm marker genes, measured by RNA sequencing

(RNA-seq) (Figures S2B and S2C) were highly comparable

with the expressionmicroarray in Figure 1, indicating robust

differentiation. Tomeasure RT, early and late replicating cells

were FACS sorted based on DNA content and nascent, BrdU

incorporated, DNA was immunoprecipitated with an anti-

BrdU antibody and sequenced. Sequenced DNA was then

mapped back to the genome and results displayed as a Lo-

ess-smoothed log2 ratio of reads in the early versus late frac-

tions of S phase (Figure 2A). Replicate 1 and 2 showed

genome-wide changes (dRT > 0.5) (Hiratani et al., 2010),

affecting 19% and 16% of the genome, respectively, by

48 h of differentiation (Figures 2B and S2D).We observed re-

gions of genome that complete RTreprograming and remain

stable thereafter at every timepoint, consistentwith popula-

tion-wide changes in RT among the viable, BrdU-incorpo-

rating cells (Figure S2E). There were also examples of do-

mains that completed an RT transition in one direction as

soon as 6 h and then transitioned in the reverse direction

in later timepoints (Figures2C,cluster8and2D, rightpanel).

To identify regions of statistically significant RT changes

that occur reproducibly in both replicates, we divided the

genome into 50-kb segments and then subjected the average

RT for all readswithin each segment from each time point to

a statistical package that ranks the top regions of difference

between any two groups of datasets (Repliprint [Ryba et al.,

2011]). This algorithm chooses only regions that show low

variance between the datasets within each group (e.g., two

replicates after 6 h of differentiation) and high variance be-

tween the two comparator groups (e.g., 6 versus 0 h differen-

tiation, 12 versus 0 h, etc.). This produced a set of high con-

fidence 50-kb windows that reproducibly switch RT during

differentiation (Experimental Procedures). To group all adja-

cent 50-kb windows into their corresponding domains

(RDs), we consolidated adjacent windows occurring within

200 kb of each other to produce a set of high confidence
Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019 3



A

B

C

Figure 1. A Stable Transcriptional Re-
programming Occurs within One Cell
Cycle
(A) Schematic of cell reversal experiment.
Cells were stimulated for 0, 6, 12, 24, and
48 h. At each time point half the cells were
washed and returned to stem cell medium
for 24 h. At the end of each time point,
gene expression was profiled by microarray
analysis.
(B) Heatmap of K-means clustered average
gene expression change (with respect to
ESC 0 h state) during forward differentia-
tion and reversal for all differentially regu-
lated genes (FDR p < 0.05) during 48 h of
differentiation. Exemplary plots on the
right quantify change in average log2
expression with respect to 0 h for forward
differentiation (black) and reversal (red) at
different time points for the respective
K-means cluster.
(C) Hierarchical clustering of forward dif-
ferentiation and reversal time points.
K-means clustering and hierarchical clus-
tering show that 6 or 12 h of differentia-
tion + 24 h of reversal has an expression
signature more similar to 24 h of forward
differentiation. Average of two indepen-
dent differentiations and reversal experi-
ments is plotted.
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switching RDs. This set of switching RDs is certainly an un-

derestimate, as the kinetics of each differentiation can vary

slightly, so domain switches that were out of synchrony be-

tween replicates would be lost (Figure 2B).
4 Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019
Next, to examine the kinetics of RTchanges during differ-

entiation we performed a K-means clustering analysis (20

clusters) on RT values of these high confidence switching

RDs at 0, 6, 12, 24, and 48 h of differentiation (Figure 2C),
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Figure 2. Changes in RT Are Detectable within the First Cell Cycle
(A) Method to map genome-wide RT.
(B) Percentage of 50-kb windows that change RT (change in RT > 0.5) at each time point for independent replicate 1 and 2, and
reproducible by RepliPrint (Experimental Procedures).
(C) Heatmap of RT in 50-kb windows clustered by K-means at 0, 6, 12, 24, and 48 h. Only replication domains that were reproducible
between the two replicates (independent differentiations) were chosen (Experimental Procedures). Line graphs on the right shows average
RT values within three exemplary K-means clusters for both replicates.
(D) Two exemplary replication domains demonstrating a change in RT between 0 and 6 h of differentiation.
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which revealed distinct patterns of early to late (EtoL), or

late to early (LtoE) regulation. Of the 20 clusters, 9 were

progressing from LtoE (45%) and 11 were switching EtoL

(55%). Since the kinetics of differentiation were slightly
different for each replicate set of time points, clustering

was done with one replicate, and compared with the other

replicate by plotting the average RT for domains from each

cluster (Figures 2C and S2F), verifying the reproducibility of
Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019 5
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Figure 3. Average Changes in Transcription Are Coincident with RT Changes
(A) Line graphs of average transcriptional change (red line, log2 scale) compared with average RT change at the transcription start site
(TSS) (blue line) of all genes within exemplary K-means clusters. K-means clusters were defined with transcripts that have either an
expression change (FDR p < 0.05 using two independent differentiations) and/or an RT change (dRT > 0.5). The replicate with matched RT
data is plotted. The changes were calculated with respect to the ESC 0 h time point.
(B) Two exemplary genes illustrating that changes in RT do not cause a corresponding change in transcription. The expression level of the
gene is indicated by the red line and the RT of the gene at its TSS is indicated by the blue line.
(C) Table quantifying the number of transcripts within categories defined by transcriptional regulation and RT regulation between 0 and
48 h time point. The threshold for transcriptional regulation and replication regulation were FDR p < 0.05 and 0.5, respectively. The values
are also expressed as percentages within each row category.
(D) Top: exemplary regions (highlighted) harboring a gene that is upregulatedduring48h of DE differentiation (FDRp < 0.05, fold change> 2),
but does not exhibit a corresponding change in RT. Green vertical lines mark upregulated genes and gray lines indicate nonregulated genes.
Bottom: RT in 48 different cell lines/cell types/differentiation states demonstrate that the RT at this location can be regulated.
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these changes. Surprisingly, we detected significant RT

changes within 6 h of differentiation (Figures 2C and

2D). Thus, while RT is an extremely stable cell type-specific

epigenetic property that is resistant to the depletion of

many chromatin regulators and architectural proteins

within a given cell type (Dileep et al., 2015b), RT can none-

theless be regulated very rapidly after stimulation of

differentiation.

Average Changes in Transcription Are Coordinated

with RT Changes but Can Be Anticorrelated for

Individual Genes

We have previously shown that many RTand transcription

changes are uncoupled during differentiation to various
6 Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019
lineages over the course of several days (Hiratani et al.,

2010; Rivera-Mulia et al., 2015). To investigate how RT

and transcription are coordinated during the first two

cell cycles of DE lineage differentiation, we performed

genome-wide RT profiling and poly(A)+ RNA-seq with the

same populations of differentiating cells. First, we identi-

fied genes that were differentially regulated (FDR adjusted

p < 0.05) and/or changed RT (dRT > 0.5, RT measured at

transcription start site of the genes) during the course of

differentiation. Next, we performed K-means clustering

analysis using the expression profile of these genes at 0,

6, 12, 24, and 48 h. Then, for each K-means cluster we

compared the average RT with the average transcription

across all the five time points (Figures 3A, S3A, and S3B).
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Consistent with our previous studies performed over

longer time periods (Hiratani et al., 2010; Rivera-Mulia

et al., 2015), mean RT changes were remarkably coincident

with mean transcriptional changes (Figures 3A, S3A, and

S3B) while transcription of many individual genes did

not follow RT kinetics. Figure 3B shows two individual

genes wherein RT is regulated in the absence of transcrip-

tional regulation. We also tested if the fold change and/or

starting level of gene expression predicts the correlation be-

tween RT and transcriptional changes. Changes in tran-

scription with larger magnitude tend to result in a stronger

correlation between RT and transcription changes (Fig-

ure S3C). Also, upregulated genes with lower starting

gene expression levels tend to result in a stronger correla-

tion between RT and transcription changes (Figure S3D),

although the inverse trend was not reproducibly observed

for downregulated genes (Figure S3E). However, there

were also individual genes with high fold change or low

starting expression in which transcription and RT kinetics

were anticorrelated (Figures S3C and S3D).

To quantify this variability, we grouped genes as up,

downregulated (FDR p < 0.05) or nonregulated based on

the expression at 48 and 0 h. Then we quantified how

many of them exhibited an RT change in the matched RT

dataset (Figure 3C). Consistent with Figure 3A, when there

is a change in RT and transcription, they were generally

correlated, but individual gene expression patterns did

not always track with RT changes.

Further stratification of RT changes into early (E), middle

early (ME),middle late (ML), and late (L) showed that a large

number of RT transitions were confined to E, ME, and ML

with very few genes showing a drastic EtoL or LtoE (Figures

S3F and S3G). This is consistent with the general observa-

tion that there are fewer genes in the very late replicating

portion of the genome (Hiratani et al., 2010; Rivera-Mulia

et al., 2015). In addition, we found domains that harbor

genes inducedmore than2-fold (FDRp<0.05), reside in do-

mains that have the potential to switch RT (i.e., replicate

early in other cell types), yet fail to undergo an LtoE change

in RT in response to transcriptional induction (Figure 3D).

These results demonstrate that, evenwithin the time resolu-

tion of the first two cell cycles of a cell fate transition, RT

changes are insufficient to alter transcription and transcrip-

tion changes are insufficient to alter RT.

Changes in RT and Subnuclear A/B Compartment Are

Uncoupled Early during Differentiation

Since we have previously shown that RT and the 3D

compartmentalization of chromatin are highly correlated

and are established within the same short interval of early

G1 phase at the TDP (Dileep et al., 2015a), we expected RT

changes to be closely coordinated with changes in A/B

compartment, reflecting changes in subnuclear position.
Our results described above demonstrate that RT changes

can occur rapidly after induction of differentiation and

RT is progressively remodeled with continued differentia-

tion. To determine whether chromatin compartments

change coordinately with RT, we performed Hi-C in cells

differentiated for 24 h, representing slightly more than

one cell cycle, and 48 h representingmore than two cell cy-

cles (Figure S4; Table S1).

The first principal component (PC1) derived from Hi-C

data reflects the active and repressed A/B compartments of

the nucleus (Lieberman-Aiden et al., 2009), which are

highly correlated with RT (Ryba et al., 2010), a correlation

that is particularly strong for the segments of the genome

that do not change RT across different cell types (constitu-

tively early and late regions) (Dileep et al., 2015a). Consis-

tently, the constitutively early and late replicating regions

of thegenome inhESCs and their differentiatingderivatives

showed a very distinct separation in their nuclear compart-

ments (Figure 4A)However, we found aweaker global corre-

lation of RT to PC1/eigenvector-defined A/B compartments

than previously reported using established cell lines (Ryba

et al., 2010). This raised the possibility that RTandA/B com-

partments becomemore aligned in later stages of differenti-

ation. To address this hypothesis, we compared the Hi-C

PC1 with RT datasets of our time course differentiation to

several different previously published Hi-C datasets from

cell lines and a previously published Hi-C dataset of hESC

line H1 before and after differentiation to mesendoderm

(Table S1). Figure 4B shows the Pearson correlationbetween

RTand PC1 for each cell line.We found significantly higher

correlation in early differentiation intermediats vs. stem

cells and again in cell lines versus early differentiation inter-

mediates (Figures 4B and S5A–S5C).

Next, we analyzed the coordination between changes in

RT and changes in chromatin compartments. There was a

weak correlation between the changes in A/B compartments

and changes in RT at 24 h and this correlation increased at

48hwhile terminally differentiated cells showed a strikingly

higher correlation between their differences with hESCs in

A/B compartment versus RT (Figure 4C). Figure 4D shows

exemplary regions where there is a discordance between RT

and PC1, which is strongly correlated in a terminally differ-

entiated cell line (IMR90). To determine whether there is

an increase in the correlation between RTand A/B compart-

ment when cells are differentiated beyond the DE stage, we

performed a more protracted endoderm differentiation, col-

lecting downstream intermediates in the pancreatic lineage,

including DE, pancreatic progenitor, poly-hormonal cells

and finally pancreatic beta-like cells (Figure S5D). We

measuredRTandHi-Cusing a 4-bp cutter restriction enzyme

to obtain improved A/B compartment resolution (Experi-

mental Procedures). Consistent with the results shown in

Figures 4B and S5A–S5C, we detected an increase in the
Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019 7
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Figure 4. Increased Correlation between Chromatin Compartments and RT in Terminally Differentiated Cells Compared to Early
Stages of Differentiation
(A) Left: boxplot of RT for 50-kb windows that are constitutively early replicating (yellow) or late replicating (blue) in all cell types
(Experimental Procedures). Right: boxplot of compartment (PC1) values for the 50-kb bins in top panel.
(B) Correlation between RT and compartments (PC1) in undifferentiated ESCs (red), early differentiation intermediates (blue), and
terminally differentiated cells (gray). Left panel shows data from individual differentiation states or cell lines (average of replicates).
Right panel shows all replicates grouped into undifferentiated, intermediate, or terminal differentiation. Differences were significant with
**p = 0.004, ***p = 2.595 3 10�6 (t test). Error bars indicate SEM.
(C) Scatterplot showing correlation between changes in RT and changes in PC1 for each differentiation stage (compared with undiffer-
entiated state). R is Pearson’s correlation. MED is mesendoderm.
(D) Exemplary plots showdiscordance between RT and compartments in ESC and early differentiation stages, but becomes concordant in IMR90
(terminally differentiated cell line). For all panels except the individual tracks in (D), plots of samples 24 and 48 h, IMR90, K562, H1ESC, and
mesendoderm are average of two independent differentiations or cell collections, IMR90 is average of four independent cell collections.
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global correlation between RT and Hi-C when hESCs

commit to DE (Figure S5C). This global correlation did not

further increase as differentiation progressed past DE but,
8 Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019
terminally differentiated cell lines still showed a higher cor-

relation thaneither stemcellsoranyof thedifferentiation in-

termediates (Figure S5C). However, when the coordination



Figure 5. Changes in Chromatin Marks
and RT Correlate More Strongly when
Stem Cells Are Compared with More
Differentiated Cell Types
Heatmap of changes in chromatin modifi-
cation and chromatin accessibility (from
roadmap epigenomics, independent repli-
cates) at regions that change RT (absolute
change in RT > 0.5) for ESC versus mesen-
doderm and ESC versus IMR90. The rows are
ordered according to descending order of
change in RT. The values on the top of
the columns indicate Pearson correlation
(rounded) between changes in chromatin
feature versus changes in RT. Feature
score is the RPKM values binned to 1 kb,
normalized with input and binned into
50 kb bins to match the resolution of the
replication timing data (see Experimental
Procedures).
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between significant changes in RT versus A/B compartment

was compared, there was no difference between terminally

differentiated cell lines and all differentiation intermediates

beyond DE (Figure S5E). Taken together, we find evidence

for discordance between changes in RTand chromatin com-

partmentsduringearly stagesofdifferentiation thatbecomes

resolved by the DE stage. At the same time, there is a global

increase in correlation between RTand chromatin compart-

ments 24hours after stemcells are stimulated todifferentiate

that doesnot increase at least through to the insulin express-

ing pancreatic beta like cell stage, likely owing to small in-

creases in alignment occuring globally across the genome.

This correlation increases further in cell lines, which could

either be related to terminal differentiation or to changes oc-

curing during establishment of cell lines.

Changes in Chromatin Marks and RT Correlate More

Strongly when Stem Cells Are Compared with More

Differentiated Cell Types

RT has been correlated with myriad epigenetic marks in

many systems and cell types (Eaton et al., 2011; Lande-
Diner et al., 2009; Schwaiger et al., 2009; Suzuki et al.,

2011; Zhang et al., 2002). We previously correlated differ-

ences in RT to differences in many histone marks analyzed

by the ENCODE consortium (Yue et al., 2014) and identi-

fied strong correlations between early replication and

increased density of enhancer marks such as H3K4me1

and H3K27ac, but no correlation with changes in repres-

sivemarks such asH3K9me3 andH3K27me3. To determine

which of these changes occurs first during differentiation,

we analyzed public chromatin immunoprecipitation

(ChIP) data for H1 and H9 cells differentiated to mesendo-

derm (Roadmap Epigenetics) and compared the coordina-

tion between differences in histone modifications and RT

changes during early development (ESC versus mesendo-

derm) and terminal differentiation (ESC versus IMR90).

Similar to the relationship between RT and A/B compart-

ment, there was lower correlation between histone modifi-

cation changes and RT changes during mesendoderm

differentiation, whereas the previously reported correla-

tions were easily detectable in IMR90 (Figure 5). These re-

sults demonstrate that the density of chromatin marks is
Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019 9
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less coordinated with RT changes during the early stages of

differentiation and suggest that they may also become

resolved at later stages.
DISCUSSION

Here we find that transcriptional programs become irre-

versibly altered within the first hours after cells are stimu-

lated to differentiate. RT changes generally correlate with

transcriptional changes but are clearly uncoupled at

many loci. Further, we find a discordance between RT, chro-

matin structure and chromatin compartments during the

earliest stages of differentiation. These results demonstrate

that changes in these properties are not sufficient to dictate

changes in the alternate properties, but rather that they can

be independently regulated and become aligned as differ-

entiation proceeds.
RTand Transcription Changes Are Globally Correlated

but Can Be Locally Independent

Previous attempts to elucidate the order of RTand transcrip-

tion changes during differentiation found that approxi-

mately one-third of genes change both RTand transcription

during differentiation of mouse or human ESCs (Hiratani

et al., 2010; Rivera-Mulia et al., 2015). Two-thirds of those

geneswereexpressedand late replicating inat leastone inter-

mediate stage clearly demonstrating that transcription is not

sufficient for early replication. But, for many genes, the pro-

tracted time course of differentiationprecluded the ability to

determine which changed first (Rivera-Mulia et al., 2015).

Here, we used a differentiation system that is sufficiently

rapid as to permit us to track these events within a single

cell cycle. Our results demonstrate that RTand transcription

changes can occur simultaneously within the first cell cycle

following stimulation. The short time periods of differentia-

tion used here permitted us to conclude that RT and

transcriptioncanchange ineitherorderorcanchange simul-

taneously. We also found genes that undergo significant

changes in transcription without a corresponding change

in RT and vice versa. No consistent pattern emerged, except

that,when the RTand transcription formanygenes together

were averaged, a very strong coordination of the two

emerged. Collectively, these data show that while RT is

highly correlated with transcription, transcription itself is

neither necessary nor sufficient to drive changes in RT.
RT and Chromatin Compartments Are Regulated

Independently

RT is most strongly correlated with Hi-C A/B chromatin

interaction compartments that consolidate coordinately

over the course of protracted (several days) differentiation

schemes (Dixon et al., 2012, 2015; Rivera-Mulia et al.,
10 Stem Cell Reports j Vol. 13 j 1–14 j July 9, 2019
2018; Ryba et al., 2010; Takebayashi et al., 2012). Moreover,

RT is regulated in chromosome units that align with TADs,

and both the acquisition of TAD boundaries and the appear-

ance of A/B compartments occur simultaneous with the

establishment of an RT program early during G1 phase (Di-

leep et al., 2015a; Pope et al., 2014). Altogether, these obser-

vations give rise to the expectation that a change in one of

these properties would be a proxy for a change in the other.

On the other hand, exceptional domains that replicate at a

time not consistent with their compartment do exist and

we have also shown that, during G2 phase, properties of

chromatin that dictate the RT program are lost even though

TADs and A/B compartments can still be detected (Dileep

et al., 2015a), demonstrating that the two can be uncoupled

in certain conditions. Herewe show that, during the first cell

cycles of differentiation, changes in RT and A/B compart-

ments occur independently in different domains, providing

a clear example of the uncoupling of regulatorymechanisms

controlling these properties. However, these discordances

become increasingly aligned as lineage commitment pro-

ceeds. Consistently, a recent report found that compart-

ments become weaker during reprogramming of terminally

differentiated cells back to induced pluripotent cells (Stad-

houders et al., 2018). It is possible that this discordance is

representative of the uncommitted mesendoderm state

seen in the mammalian primitive streak (Wang and Chen,

2016). It will be interesting to perform similar experiments

to those described here with other differentiation systems.

What Is Epigenetic Commitment and Cell Fate

Determination?

Previous reports have established that G1 represents a crit-

ical window to respond to differentiation signals (Pauklin

and Vallier, 2013; Singh et al., 2013; Wilson et al., 2016),

and in endoderm differentiation seems to be linked to cy-

clin D accumulation during G1, which facilitates recruit-

ment of transcriptional regulators to developmental genes

(Pauklin et al., 2016). Experiments reported here show a

rapid and stable transcriptional reprogramming as early as

6 h of differentiation. These cells continued to progress to-

ward the endoderm lineage even after returning to stem cell

mediumfor up to 24h suggests that these cells havebecome

committed. Our experimental conditions cannot rule out

the possibility that some cells in the population secrete fac-

tors that drive differentiation forward even after return to

stem cell medium. However, this seems unlikely, because

stem cell medium contains high insulin growth factor and

Heregulin beta-1, both of which activate phosphatidylino-

sitol 3-kinase signaling, which should inhibit endoderm

differentiation even in the presence of endodermal growth

factors (McLean et al., 2007). It will be interesting to pursue

these experiments with different plating densities, longer

reversal times, and single cell measurements.
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Nonetheless, before the experiments reported here,

there was no expectation that early stem cell lineage spec-

ification would be so rapid and irreversible. For example,

irreversibility of X inactivation occurs over the course of

many days (Hansen et al., 1996; Hiratani and Gilbert,

2010). Moreover, studies of cell specification versus deter-

mination in mouse embryos have revealed a great deal of

plasticity (Bedzhov et al., 2014). An important motivation

for these studies is that we have shown that cells that fail

to reprogram back to the ESC state (partially iPSCs) share a

unique partially iPSC-specific RT profile, suggesting that

some RT changes may represent an epigenetic barrier to

reprogramming (Hiratani et al., 2010; Hiratani and

Gilbert, 2010). However, in the study reported here, genes

that are included in these ‘‘difficult to reprogram’’ do-

mains such as DPPA2, DPPA4, and REX1 do not switch

from EtoL replication until 24–48 h after stimulation to

differentiate, suggesting that the barrier to reprogram-

ming detected by iPSCs is downstream of whatever is

driving transcriptional reprogramming detected in Fig-

ure 1. The fact that irreversible transcriptional reprogram-

ing occurred so rapidly in our hands, coincident with

discordant changes in RT, Hi-C A/B compartments and

chromatin modifications, leaves us uncertain as to

whether alterations in these properties are linked to epige-

netic commitment or whether the changes in transcrip-

tional regulatory networks themselves are sufficient for

cell fate determination.
EXPERIMENTAL PROCEDURES

Experimental procedures for RNA-seq, Expression microarray and

ChIP sequencing (ChiP-seq) datasets are explained in the Supple-

mental Experimental Procedures.

Cell Culture
H9 hESCs were cultured under feeder-free conditions on Geltrex

(Thermo Fisher Scientific, A14133)-coated dishes, and maintained

in StemPro (Thermo Fisher Scientific, A100701) culture medium

per manufacture’s specifications. Cell passaging was achieved by

brief treatment (�6–8 min) with Accutase (Thermo Fisher Scienti-

fic, A1110501). After detachment, cells were gently collected,

centrifuged for 5 min at 200 3 g, and replated on freshly coated

Geltrex dishes.

DE Differentiation
Differentiation conditions for the reversal experiments described

in Figure 1 were as described in (Schulz et al., 2012). The

differentiation to DE for RT and RNA-seq were carried out after

adapting this protocol to adherent culture. In brief, cultures at

�70% confluency were washed twice with cold PBS and stimu-

lated to differentiate by the addition of RPMI (Invitrogen),

50 ng/mL Wnt (CellGS, GFM77), 100 ng/mL Activin A (CellGS,

GFH6). Twenty-four hours after stimulation, medium was re-
placed with RPMI containing 0.2% fetal bovine serum, and

100 ng/mL Activin A.

Differentiation toward Pancreatic Beta Cells and

Intermediates
hESCs were differentiated toward DE, pancreatic progenitor, poly-

hormonal cells and pancreatic beta-like cells as previously

described with modifications (Pagliuca et al., 2014). Details are in

the Supplemental Experimental Procedures.

Genome-wide RT Analysis
Genome-wide population RT was measured using Repli-seq proto-

col as described previously (Marchal et al., 2018). Details are in the

Supplemental Experimental Procedures.
HI-C

Hi-C was performed, using HindIII or DpnII restriction

enzyme, as described previously (Dixon et al., 2015; Rao

et al., 2014). PC1 values were calculated using the software

package Homer with 50-kb bins (Homer parameters

resolution = 50 kb and super-resolution = 500 kb). Sex chro-

mosomes were removed from the analysis to enable com-

parisons between male and female cell lines. Also, Chr 4

and 19 were removed because the PC1 values of these chro-

mosomes did not reflect the nuclear compartmentalization

in certain datasets.
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