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Abstract

Higher order chromatin structure is emerging as an important regulator of gene expression. 

Although dynamic chromatin structures have been identified in the genome, the full scope of 

chromatin dynamics during mammalian development and lineage specification remains obscure. 

By mapping genome-wide chromatin interactions in human embryonic stem cells (hESC) and four 

hESC-derived lineages, we uncover extensive chromatin reorganization during lineage 

specification. We observe that while topological domain boundaries remain intact during 

differentiation, interactions both within and between domains change dramatically, altering 36% 

of active and inactive chromosomal “compartments” throughout the genome. By integrating 

chromatin interaction maps with haplotype-resolved epigenome and transcriptome datasets, we 

find widespread allelic bias in gene expression correlated with allele-biased chromatin states of 

linked promoters and distal enhancers. Our results therefore provide a global view of chromatin 

dynamics and a resource for studying long-range control of gene expression in distinct human cell 

lineages.

Three-dimensional genome organization is increasingly considered an important regulator of 

gene expression1-4. Recent high-throughput studies of chromatin structure have begun to 

shed light on the global organization of our genome4-10. For instance, we and others recently 

discovered that interphase chromosomes are partitioned into megabase-sized topological 

domains and smaller sub-domains (also known as topologically associated domains or 

TADs)6-9. These TADs form the basis for higher level structures referred to as the “A” and 

“B” compartments5, 6, which are closely linked to DNA replication and nuclear lamina 

association11, 12. Despite these advances, our understanding of the dynamic nature of 

chromatin architecture across human cell types and its impact on cellular identity is 

incomplete. Here, we analyze genome-wide higher order chromatin interactions in H1 

hESCs and four hESC derived lineages, Mesendoderm (ME), Mesenchymal Stem Cells 

(MSC), Neural Progenitor Cells (NPC), and Trophoblast-Like Cells13 (TB). These lineages 

represent extra-embryonic and embryonic lineages at early stages of development and have 

been extensively characterized by the Epigenome Roadmap project13, with datasets 

including mRNA-seq, ChIP-seq for 13-24 histone modifications, base-resolution MethylC-

seq, and DNaseI Hypersensitivity in each lineage13, 14. As such, this experimental system 

provides an opportunity to compare variability in higher-order chromatin structure with 

underlying gene expression and chromatin state in a genome-wide manner. Further, using a 

newly developed method to reconstruct haplotypes from Hi-C data15, we have phased the 

H1 genome to allow for analysis of allele-specific activity and chromatin structure. This 

represents the most extensive data set generated to date for the analysis of higher-order 

chromatin structure, allele-specific chromatin structure and state, and allele-specific gene 

expression.

Results

We present genome-wide higher order chromatin interactions in H1 hESCs and four hESC 

derived lineages13. We performed Hi-C experiments5 in two biological replicates in H1 

hESCs and each of the four H1-derived lineages, generating a total of 3.85 billion unique 

read pairs (Supplemental Table 1). We normalized the intrinsic biases in Hi-C data16, and 
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confirmed the high reproducibility and accuracy of our Hi-C datasets using several metrics 

(Supplemental materials, Supplemental Table 2, Extended Data Figure 1a-d).

Extensive A/B compartment switching

Hi-C interaction maps provide information on multiple hierarchical levels of genome 

organization4. Previous studies demonstrated that the genome is organized into A and B 

compartments, containing relatively active and inactive regions, respectively5, 11. Currently, 

it is unclear if the A and B compartments change during differentiation and how this relates 

to lineage specification. We observe a large degree of spatial plasticity in the arrangement of 

the A/B compartments across cell types, with 36% of the genome switching compartments 

in at least one of the lineages analyzed (Supplemental methods; Figure 1a, Extended Data 

Figure 2a-c). Many of the A/B compartment transitions are lineage-restricted (Figure 1b). 

Notably, there appears to be a large expansion of the B compartment upon differentiation of 

hESCs to MSCs or in IMR90 fibroblasts. These two cell types have previously been shown 

to undergo an expansion of repressive heterochromatin modifications during 

differentiation13, 17. In this regard, there appears to be a similar redistribution of the spatial 

organization of their genomes as well. We observe that the regions that change their A/B 

compartment status typically correspond to a single or series of TADs (Figure 1a,c, 

Extended Data Figure 2d,e), suggesting that TADs are the units of dynamic alterations in 

chromosome compartments. Consistent with previous studies of individual loci 18, 19, 20, we 

found that genes that change from compartment A to B tend to show reduced expression, 

while genes that change from B to A tend to show higher expression (Figure 1d). In 

addition, lineage-restricted compartment A regions tend to include more lineage-restricted 

genes compared to other regions (Extended Data Figure 3a). While statistically significant, 

the overall patterns of change in expression are subtle. Reasoning that this modest 

correlation may be due to the possibility that only a subset of genes may be affected by 

compartment changes, while most genes remain unaffected, we identified a subset of 718 

genes with co-variation between gene expression and compartment switching (Supplemental 

Methods, Extended Data Figure 3b,c, Figure 1e). These genes were enriched for low CpG 

content promoters (21.8% vs. 15.6% for non-concordant genes, p-value 8e-11, Fisher's 

Exact Test), and several significant Gene Ontology (GO) terms, most notably related to 

extra-cellular proteins and extra-cellular matrix (Supplemental Table 3). Taken together, 

these results indicate that at a global level, there is a high degree of plasticity in the A and B 

compartments, yet relatively subtle corresponding changes in gene expression, indicating 

that the A and B compartments have a contributory but not deterministic role in determining 

cell type specific patterns of gene expression.

Domain level chromatin dynamics

We next examined higher-order chromatin structure at a sub-chromosomal scale. Previous 

studies indicated that chromosomes are composed of cell type invariant topological domains 

(TADs)6, 8. Across the six lineages analyzed in this study, we observe that while the 

positioning of TADs remains stable between cell types (Figure 2a), numerous changes in 

chromatin structure occur within domains. We observed a phenomenon that within some 

domains, a large portion of the interactions appears to increase or decrease across the entire 

domain between cell types (Figure 2b). This suggests that a subset of TADs in a given 
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lineage undergo concerted, domain-wide changes in interaction frequency. Hundreds of 

TADs underwent such alterations in each lineage (Figure 2b, Extended Data Figure 3d), 

with the changes in interaction frequency correlated positively with active marks such as 

DHS, H3K27ac, and with CTCF binding, and negatively with repressive chromatin 

modifications such as H3K27me3 and H3K9me3 (Figure 2c, See Supplemental Methods for 

details). TADs that have a concerted increase in intra-domain interaction frequency tend to 

shift from the B to A compartments, while domains that have a concerted decrease in 

interaction frequency tend to shift from A to B (Extended Data Figure 3e,f). Consistent with 

the changes in chromatin state activity, genes within domains that have increased intra-

domain interaction frequency tend to be up-regulated while genes within domains that 

decrease intra-domain interaction frequency tend to be down-regulated (Extended Data 

Figure 3g,h).

Chromatin state and dynamic interactions

In order to understand the relationship between chromatin dynamics and other genomic and 

epigenomic features, we performed integrative analysis of the Hi-C data along with the 

plethora of histone modifications, DHS, and CTCF binding data in the six lineages. 

Specifically, we asked if particular chromatin state patterns predict changes in chromatin 

interaction frequency. We divided the genome into 40kb bins and computed changes in 

chromatin features in each bin upon differentiation. We then built a Random Forest 

classification model based on chromatin features to classify local interacting bins as having 

either increased or decreased interaction frequency (See Supplementary Methods for 

details). The model was able to classify regions of the genome that increased or decreased 

interaction frequency with 73% accuracy (Figure 2d “100%” graph, Extended Data Figure 

4a), which increased to over 80% when we consider only the highest confidence predictions 

as based on the vote frequency difference (Figure 2d, “30%” graph). The Random Forest 

model not only indicates that chromatin state features provide information on changes in 

interaction frequency, it also allows us to determine which chromatin marks are most 

predictive. Specifically, the “mean decrease” of the Gini index for each chromatin mark 

indicates the importance of a given feature during classification. In this regard, we found 

that change in H3K4me1 density is the most important feature in predicting changes in long-

range chromatin interactions (Figure 2e, Extended Data Figure 4b,c). As H3K4me1 is 

present mostly at poised or active enhancers21, 22, and as enhancers are known to engage in 

looping interactions that exist in a cell-type specific manner23, these results suggest that 

enhancer dynamics may play a role in regulating local interaction changes during lineage 

specification. Consistent with this hypothesis, 40kb regions with increased interaction 

frequency tend to have increased enhancer density (Extended Data Figure 4d, e).

Allele specific chromatin organization

Normal diploid human cells contain two copies of each chromosome. Previous studies have 

revealed substantial differences between alleles in gene expression, DNA methylation, and 

chromatin states24-29. Apart from studies of individual loci in the genome 303132, little is 

known about the variability in higher-order chromatin structure between homologous 

chromosomes. Recent work from our laboratory15 has demonstrated that Hi-C data can be 

re-purposed to reconstruct chromosome-span haplotypes, which allows for the study of 

Dixon et al. Page 4

Nature. Author manuscript; available in PMC 2015 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chromatin state and gene expression as a true diploid. We generated chromosome-span 

haplotypes incorporating ∼93.5% of all heterozygous variants for H1 from a combination of 

Hi-C datasets, whole genome sequencing, and local conditional phasing15 (Figure 3a). We 

observe a high level of concordance among the predicted haplotypes and paired sequence 

reads from datasets with “long insert” sizes (Extended Data Figure 5a), indicating that the 

reconstructed haplotypes are of high quality. Next, we re-analyzed datasets from Hi-C, 

mRNA-seq, ChIP-seq, MethylC-Seq, and DNase-seq experiments and determined from 

which parental haplotype (arbitrarily termed “p1” and “p2”) each sequence read was derived 

(Figure 3b, Extended Data Figure 5b).

From the haplotype-resolved “A” and “B” compartment patterns across the p1 and p2 alleles 

in each lineage, we found that homologous chromosomes have highly similar A/B 

compartment patterns (Figure 3c, Extended Data Figure 5c-e), with only 0.6-2.3% of the 

genome having different A/B compartments between alleles in any given cell type 

(Extended Data Figure 5f). Notably, rare regions of the genome do show changes in A/B 

compartment status between alleles (Figure 3d), but are not enriched for allele-biased or 

imprinted genes (Extended Data Figure 5g,h). On the contrary, regions of the genome 

containing allele-biased or imprinted genes have a subtle but statistically significant increase 

in the variability of A/B compartment scores between alleles (Figure 3e). Likewise, the 

genomic regions with allelic chromatin states are greater variability in A/B compartment 

scores (Figure 3f). This indicates that while most allele-biased and imprinted genes do not 

have differential compartment status between alleles, there may be subtle differences in 

higher-order chromatin structure between homologous chromosomes at allele-biased 

regions, reflecting their underlying allele biases in activity. Lastly, similar to A/B 

compartment patterns, topological domains patterns appear consistent between alleles 

(Extended Data Figure 6a,b). In summary, these results suggest that the global folding 

patterns of homologous chromosomes are highly similar.

Allelic imbalances in gene expression

Previous studies of allele-resolved gene expression have identified widespread allelic 

imbalances in gene expression between alleles24-27, 33. However, it remains unclear to what 

degree allele-biased gene expression varies among different lineages of a single individual. 

To address this, we re-analyzed haplotype-resolved mRNA-seq data and identified allelic 

biases in gene expression across the five H1 lineages. A total of 1,787 genes showed allelic 

bias in gene expression in one or more lineages studied here, representing ∼24% of all 

testable genes (FDR 10%, Figure 4a). Most allelic differences in expression are not “on/off” 

events, but instead reflect biases in the level of expression from each allele (Figure 4b). 

Further, allele-biased genes include both lineage specific and constitutively expressed genes 

(Extended Data Figure 6c,d), and patterns of allelic bias can also be constitutive or cell-type 

variable (Figure 4c,d). Only in rare cases do genes switch expression from one allele to the 

other between cell types.

As expected, genes subject to genomic imprinting are enriched among genes with allelic 

biases in expression (Figure 4e), though these represent ∼1% of allele-biased genes (Figure 

4f). While imprinted genes often occur in clusters, the majority of allele-biased gene 
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expression is not clustered in the genome (Extended Data Figure 6e). Taken together, these 

data suggest that most allelic gene expression is due to mechanisms other than genomic 

imprinting. One possible regulatory mechanism that could give rise to allele-biased 

expression would be allelic bias in activity of cis-regulatory elements near these genes. 

Indeed, regions of the genome that show allele bias in histone acetylation, histone 

methylation, CTCF, and DNase I hypersensitivity are closer to allele-biased genes than 

randomly selected genomic regions (Figure 4g). Furthermore, allelic gene expression is 

strongly correlated with DNA methylation or chromatin modification state at promoters 

(Figure 4h,i). Of the 247 genes that contain heterozygous variants in their promoter regions 

and display biased transcription in at least one lineage, a majority exhibit allele-biased 

chromatin modifications or DNA methylation at the promoter (Figure 4h). Interestingly, 

29% of the testable genes that have allele-biased expression show no evidence of allelic bias 

in chromatin state or DNA methylation at the promoter (Figure 4h), raising the possibility 

that elements outside of promoters may be responsible for the allelic gene expression.

We identified 726, 969, and 5769 allelic enhancers13 that showed allele bias in histone 

acetylation, DNase I HS, and DNA-methylation, respectively (Figure 5a). We observed a 

general concordance in allelic biases between enhancers exhibiting allelic histone 

acetylation and enhancers showing allelic DHS (Figure 5a). However, we observe only 

modest concordance between DHS or acetylation defined enhancers with those identified 

based on allelic DNA-methylation (Figure 5a). This may reflect greater power in identifying 

differentially methylated regions between the two alleles. Alternatively, this may reflect the 

presence of “poised” enhancers, where there is not a strict relationship between differences 

in DNA-methylation and enhancer or DHS state34, 35. Enhancers with allele-biased 

acetylation are generally located closer to genes that also show allele-biased expression 

when compared with enhancers that lack allele bias (Figure 5b, Extended Data Figure 6f). A 

majority (66%) of the 640 allelic genes that display strong Hi-C interactions with allelic 

enhancers also show concordant allelic activity between the enhancer and promoter (Figure 

5c, Extended Data Figure 7, and Supplemental Methods). Additionally, enhancer-gene pairs 

linked by relatively strong Hi-C interactions show greater correlation between allelic 

enhancer activity and allelic gene expression compared with pairs linked by weaker Hi-C 

interactions (Figure 5d). To test if allelic enhancers indeed form specific contacts with 

allele-biased genes, we performed 4C-seq31, 36 with 6 allele-biased enhancers and identified 

that 4 out of these 6 allelic enhancers showed specific 4C interactions with a nearby allele-

biased gene (Figure 5e, Extended Data Figure 8, Supplemental Table 4). Taken together, our 

results strongly support that allele-biased enhancer activity is a possible mechanism 

underlying allele-biased gene expression.

To determine if part of the mechanism of regulation by allele-biased enhancers also involved 

allelic chromatin looping between distal enhancers and putative target genes, we tested for 

the presence of allele-biased Hi-C reads at allele-biased enhancers throughout the H1 

genome by aggregating all Hi-C reads between allelic enhancers and the promoters of 

nearby allelic genes. We observed that alleles containing enhancer activity generally have 

higher numbers of chromatin interactions with the target promoters (Extended Data Figure 

9a). This result is confirmed by re-analysis of previous high-resolution 4C-seq results 31. 
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Two loci (HAPLN1 and MAN1C1) show a similar trend between allele bias in enhancer-

promoter interactions with the allelic enhancer acetylation and gene expression levels 

(Figure 5f, Extended Data Figure 9), though the trend in the allelic 4C-seq does not meet 

statistical significance. The remaining two loci (FAM65B, PXK) appear to have nearly equal 

interaction frequencies with the target promoters. Taken together, these results suggest that 

the allele-biased enhancers can impart allele-biased gene expression either through stable 

higher-order DNA looping between the two alleles or through potential allele specific 

enhancer-promoter interactions.

Discussion

We have presented genome-wide chromatin interaction maps in H1 hESCs and four H1-

derived lineages. We observed dynamic reorganization of higher order chromatin structure 

during ES cell differentiation at multiple hierarchical scales. We found extensive switching 

between the “A” and “B” compartments during ES cell differentiation, and observed that 

distinct subsets of genes have concordant A/B compartments status and expression levels. In 

this regard, these results are similar to what has been seen with nuclear lamina tethering 

studies20, 37-39, where the expression of only a subset of genes is affected by compartment 

changes, while other genes remain unaffected. Changes in compartment status may 

influence the accessibility of genomic regions to transcription factors or other regulatory 

proteins, which may be particularly important for certain subsets of genes.

In addition, we have observed local alterations in chromatin interaction frequency within 

TADs. These local changes are best predicted by changes in levels of H3K4me1 and the 

density of enhancer elements. This is in agreement with recent 5C studies demonstrating that 

cell-type specific interaction regions are enriched for Smc1, mediator, and transcription 

factor binding sites7. Taken together, these results suggest that enhancer elements likely play 

an important role in shaping local higher-order chromatin structure throughout the genome. 

In addition, by analyzing patterns of chromatin interactions on each parental allele, we 

observe relatively minor global changes in higher-order chromatin structure between alleles.

The chromatin interaction maps generated in this study also allowed the reconstruction of 

chromosome-span haplotypes for the H1 genome. This dataset represents one of the first 

studies of allele-biased expression across multiple cell types of a single individual as well as 

analysis of chromatin state at the linked cis regulatory elements. Our dataset will serve as a 

valuable tool for the community to better understand the gene regulatory networks 

controlling pluripotency and differentiation of human embryonic stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dynamic reorganization of chromatin structure during differentiation of hESCs
a, First principle component (PC1) values and Hi-C interaction heat maps in H1 ES cells and 

H1-derived lineages. PC1 values are used to determine the A/B compartment status of a 

given region, where positive PC1 values represent “A” compartment regions (blue), and 

negative values represent “B” compartment regions (yellow). Dashed lines indicate TAD 

boundaries in ESCs. b, K-means clustering (k=20) of PC1 values for 40kb regions of the 

genome that change A/B compartment status in at least one lineage. c, K-means clustering 

of PC1 values surrounding TAD boundaries. d, Distribution of fold-change in gene 

expression for genes that change compartment status (“A to B” or “B to A”) or that remain 

the same (“stable”) upon differentiation. e, Genome browser of two genes where one 

(OTX2) shows concordant expression and PC1 values while a second (TMEM260) does not.
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Figure 2. Domain-wide alterations in chromatin interaction frequency and chromatin state
a, Chromatin interaction heat maps in H1 lineages and IMR90 fibroblasts. Also shown are 

domain calls in ES cells and the directionality index (DI) in each lineage. b, Changes in 

interaction frequency between ES and MSC. Regions with higher interaction frequency in 

ES are shown in blue, while regions with higher interaction frequency in MSC are shown in 

yellow. TADs having a concerted increase or decrease in intra-domain interaction frequency 

are labeled yellow or blue, respectively, with the fraction of the domain showing increased 

or decreased interaction frequency listed. Domains that do not show a concerted change are 

shown in gray. c, Boxplots of Pearson correlations coefficients between interaction 

frequency changes and chromatin mark changes across TADs. d, Classification accuracy of 

the Random Forest model in predicting whether a bin increases or decreases in interaction 

frequency, tested on 10 randomly selected subsets of Hi-C data. Accuracy was also checked 

using actual data (blue), circularized permutation (green) and a random permutation 

(yellow) of the data. As expected, randomly permuting the data yields 50% accuracy. 

Accuracy was also assessed considering the top 30, 40, 50%, or all predictions based on vote 

frequency difference (error bars show the standard deviation of accuracies from the 10 

randomly selected data subsets). e, Ranked chromatin features shown according to 

importance in classification (mean decrease of Gini index).
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Figure 3. Haplotype-resolved chromatin organization in H1 lineages
a, Variants per megabase for all (green), phased (orange) and unphased variants (purple) 

along chromosome 1. The inset zooms in on a ∼1Mb region, where the presence of a variant 

at each base is indicated by a value of 1. b, Genome browser shots of allele specific 

chromatin features and strand-specific mRNA-sequencing. c, Genome browser shot of PC1 

values along chromosome 2 for the p1 and p2 allele. d, Allele specific compartment A/B 

patterns and mRNA-seq surrounding the imprinted ZDBF2 gene. e, Boxplots of the 

difference between alleles of PC1 values. Regions with imprinted genes (p=0.003) and 

allelic genes (p=0.002) have more variable PC1 values (KS-test). f. Similar to e, but for 

regions with differential allelic chromatin activity (the number of allelic biased variants per 

200kb bin). Regions in the top 0.1% of differential allelic activities (orange) show greater 

differences in PC1 values compared other regions. (p=1.6e-08 and p=0.0015, respectively, 

KS-test).
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Figure 4. Allelic biases in gene expression in H1 lineages
a, Proportion of genes with detectable allelic expression with statistically significant allelic 

bias. b, Density plot of the absolute value of the fold change in expression (log2) between 

alleles. c, Heat map showing k-means (k=20) clustering of the allelic expression ratios 

(log2) at genes with constitutively testable expression. d, Genome browser shot of variable 

allelic expression of the PARP9 gene. e, Fraction of imprinted genes among allele-biased 

genes and other genes. (p=4.4e-5, Fisher exact test). f, Fraction of allele-biased genes that 

are known imprinted genes. g, Cumulative density plot of distances from variants to the 

nearest allele-specific gene. Allele specific variants are defined using histone acetylation, 

H3K9me3, H3K27me3, DNaseI HS, and H3K4me3 (p<2.2e-16, KS-test). h, Number of 

allele-biased genes showing consistent allele specific chromatin states in their promoter 

regions. Active variants are defined by H3K4me3, DNaseI HS, or histone acetylation. 

Inactive promoter variants are defined by DNA methylation and H3K9me3/27me3. i, 

Genome browser shot of mRNA-seq and chromatin features surrounding the TDG gene.
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Figure 5. Allele biases at enhancers in H1 lineages
a, Enrichment of acetylation (top row), DHS (middle) and DNA-methylation (bottom) at 

enhancers defined as allelic by acetylation (left column), DHS (middle), or DNA-

methylation (right). The active allele is in blue, inactive allele in red. b, The distance 

between allelic genes and enhancers as defined by allelic histone acetylation (purple) 

compared with randomly selected enhancers (grey). Random enhancers were selected to 

match the read coverage of allele-biased enhancers. c, Number of allele specific genes 

linked to concordantly biased allele specific enhancers. Genes linked by “long-range 

enhancers” are defined using Hi-C interaction frequencies, while “short-range enhancers” 

are defined as any enhancer less than 20kb from a genes transcription start site. d, Boxplots 

of the Pearson correlation coefficients between allelic gene-enhancer pairs defined by 

acetylation (left) or DNaseI (right). Gene-enhancer pairs are grouped into strongly 

interacting (top 30%), weakly interacting (bottom 30%), and intermediately interacting pairs 

(others) based on Hi-C interaction frequency (p-values using Welch's t-test). e, Normalized 

4C-seq interaction frequencies near the HAPLN1 gene. The 4C-seq bait region is in an 

allele-biased enhancer near the 3′ end of the EDIL3 gene. Specific interactions called by the 

LOWESS regression model are shown in black as “bait interacting regions (BIRs).” f, 

Allele-biased expression of the two alleles of the HAPLN1 gene, histone acetylation levels at 

the nearby interacting allele-biased enhancer, and allele resolved 4C-seq data (4C-seq p-

value from T-test, n=2 for p1 allele, n=2 for p2 allele).
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