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Hierarchical genome organisation 
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Figure 1. We Used In Situ Hi-C to Map over 15 Billion Chromatin Contacts across Nine Cell Types in Human and Mouse, Achieving 1 kb
Resolution in Human Lymphoblastoid Cells
(A) During in situ Hi-C, DNA-DNA proximity ligation is performed in intact nuclei.

(B) Contact matrices from chromosome 14: the whole chromosome, at 500 kb resolution (top); 86–96 Mb/50 kb resolution (middle); 94–95 Mb/5 kb resolution

(bottom). Left: GM12878, primary experiment; Right: biological replicate. The 1D regions corresponding to a contact matrix are indicated in the diagrams above

and at left. The intensity of each pixel represents the normalized number of contacts between a pair of loci. Maximum intensity is indicated in the lower left of each

panel.

(C) We compare our map of chromosome 7 in GM12878 (last column) to earlier Hi-Cmaps: Lieberman-Aiden et al. (2009), Kalhor et al. (2012), and Jin et al. (2013).

(D) Overview of features revealed by our Hi-Cmaps. Top: the long-range contact pattern of a locus (left) indicates its nuclear neighborhood. We detect at least six

subcompartments, each bearing a distinctive pattern of epigenetic features. Middle: squares of enhanced contact frequency along the diagonal (left) indicate the

presence of small domains of condensed chromatin, whosemedian length is 185 kb (right). Bottom: peaks in the contact map (left) indicate the presence of loops

(right). These loops tend to lie at domain boundaries and bind CTCF in a convergent orientation.

See also Figure S1, Data S1, I–II, and Tables S1 and S2.

Cell 159, 1–16, December 18, 2014 ª2014 Elsevier Inc. 3

CELL 7905

Please cite this article in press as: Rao et al., A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Loop-
ing, Cell (2014), http://dx.doi.org/10.1016/j.cell.2014.11.021



Is this organization stable and preserved 
in ancient samples?
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The discovery of ancient 
chromosome fossils
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What happens to the nucleus in 10s of thousands of years?
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A “whoolly” phenomenal sample 

Photo credit: Chris Waddle

• Found in permafrost in the summer of 2018 
• Belaya Gora in Yakutia, Russia 
• Date beyond the range of radiocarbon dating but older than >45,000 years

Valeri Plotnikov 
Sakha Academy of Sciences

Dan Fisher 
UMich, Museum of Paleontology
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Paleo-HiC complements ancient DNA-seq

Limitations of (a)DNA-Seq 

What is in the genome? 
 Need chrom-length de novo assemblies! 
 aDNA-Seq relies on modern references 

What is expressed in individual tissues? 
 Need to probe transcriptional activity! 

How expression patterns arise? 
 Need to probe genetic regulation! 



Paleo-HiC improves endogenous long-range contact recovery
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Hi-C assisted assembly
Dubchenko et al. Science. 2017 Apr 7;356(6333):92-95
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This is a Hi-C from mammoth
based on Loxafr3.0

3D assisted
assembly

=300 =300

PaleoHi-C vs Loxafr3.0,
fragmentary African elephant assembly

PaleoHi-C vs MamPri_Loxafr3.0_assisted_HiC,
chromosome-length mammoth assembly



Paleo-HiC complements ancient DNA-seq

Hallmarks of a successful Hi-C experiment 

- Chromosome territories 
 Facilitates de novo assembly of whole chromosomes 

Limitations of (a)DNA-Seq 

What is in the genome? 
 Need chrom-length de novo assemblies! 
 aDNA-Seq relies on modern references 

What is expressed in individual tissues? 
 Need to probe transcriptional activity! 

How expression patterns arise? 
 Need to probe genetic regulation! 



Compartments preserved in a 47K years old sample
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Tissue specific compartmentalization
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52 Mammoth Altered Regulation Sequences (MARS)
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Paleo-HiC complements ancient DNA-seq

Hallmarks of a successful Hi-C experiment 

- Chromosome territories 
 Facilitates de novo assembly of whole chromosomes 

- Active and inactive chromatin compartments 
 Probes Transcriptional activity 

Limitations of (a)DNA-Seq 

What is in the genome? 
 Need chrom-length de novo assemblies! 
 aDNA-Seq relies on modern references 

What is expressed in individual tissues? 
 Need to probe transcriptional activity! 

How expression patterns arise? 
 Need to probe genetic regulation! 



Rao, Huntley et al., Cell 2014

Paleo-hic recovers loop signatures!
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Inactive chromosome X segregates
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Paleo-HiC complements ancient DNA-seq

Hallmarks of a successful Hi-C experiment 

- Chromosome territories 
 Facilitates de novo assembly of whole chromosomes 

- Active and inactive chromatin compartments 
 Probes Transcriptional activity 

- Chromatin Loops 
 Reveals regulation of individual genes  
- Barr body of the inactive X 
 Reflects chromosome-scale dosage compensation

Limitations of (a)DNA-Seq 

What is in the genome? 
 Need chrom-length de novo assemblies! 
 aDNA-Seq relies on modern references 

What is expressed in individual tissues? 
 Need to probe transcriptional activity! 

How expression patterns arise? 
 Need to probe genetic regulation! 



How is this possible? 
The “chromoglass” hypothesis

Initial structure Diffusion



How is this possible? 
The “chromoglass” hypothesis
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Take home messages:

Mammoth foot 
Photo credit: Love Dalén

• Hi-C was done in a 52,000-year-old well conserved sample. 

• Chromosome fossils also enable to assemble the entire genome of extinct species.  

• Chromosome fossils help to interpret how the genomes of those species were 
organized in space as well as its functional activity. 

• Key mammoth genes associated with hair follicle development were active in 
mammoth compared to modern elephants. 

• Specific loop interactions in the genome regulating gene expression were also 
visible and conserved in the mammoth sample.  

• Chromoglass (a glass-like-state of the chromosomes) allowed the genome structure 
to be physically conserved over such long period of time.
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