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antibody to chicken Cp. (M1) (Southern Biotechnology
Associates, Birmingham, AL) and then with polyclonal
fluorescein isothiocyanate—conjugated goat antibodies
to mouse IgG (Fab), (Sigma). Predominantly sigM(+)
subclones were excluded from the analysis, because
they most likely originated from cells that were already
sIgM(+) at the time of subcloning.

For Ig light chain sequencing, PCR amplification
and sequencing of the rearranged light chain V
segments were performed as previously described

23.
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(79), except that high-fidelity PfuTurbo polymer-
ase (Stratagene) was used with primer pair VA1/
VA2 for PCR, and primer VA3 was used for se-
quencing (77). Only one nucleotide change, which
most likely reflects a PCR-introduced artifact, was
noticed in the V-J-3' intron region in a total of 80
0.5-kb-long sequences from AID~/~F cells.

. We thank M. Reth and T. Brummer for kindly provid-
ing the MerCreMer plasmid vector; P. Carninci and Y.
Hayashizaki for construction of the riken1 bursal
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Capturing Chromosome
Conformation

Job Dekker,'* Karsten Rippe,? Martijn Dekker,®> Nancy Kleckner'

We describe an approach to detect the frequency of interaction between any
two genomic loci. Generation of a matrix of interaction frequencies between
sites on the same or different chromosomes reveals their relative spatial
disposition and provides information about the physical properties of the
chromatin fiber. This methodology can be applied to the spatial organization
of entire genomes in organisms from bacteria to human. Using the yeast
Saccharomyces cerevisiae, we could confirm known qualitative features of
chromosome organization within the nucleus and dynamic changes in that
organization during meiosis. We also analyzed yeast chromosome Ill at the G,
stage of the cell cycle. We found that chromatin is highly flexible throughout.
Furthermore, functionally distinct AT- and GC-rich domains were found to
exhibit different conformations, and a population-average 3D model of chro-
mosome lIl could be determined. Chromosome Il emerges as a contorted ring.

Important chromosomal activities have been
linked with both structural properties and
spatial conformations of chromosomes. Local
properties of the chromatin fiber influence
gene expression, origin firing, and DNA re-
pair [e.g., (I, 2)]. Higher order structural
features—such as formation of the 30-nm
fiber, chromatin loops and axes, and inter-
chromosomal connections—are important for
chromosome morphogenesis and also have
roles in gene expression and recombination.
Activities such as transcription and timing of
replication have been related to overall spa-
tial nuclear disposition of different regions
and their relationships to the nuclear enve-
lope [e.g., (3-6)]. At each of these levels,
chromosome organization is highly dynamic,
varying both during the cell cycle and among
different cell types.

Analysis of chromosome conformation is
complicated by technical limitations. Elec-
tron microscopy, while affording high reso-
lution, is laborious and not easily applicable
to studies of specific loci. Light microscopy

'Department of Molecular and Cellular Biology, Har-
vard University, Cambridge, MA 02138, USA. 2Mole-
kulare Genetik (H0700), Deutsches Krebsforschungs-
zentrum, Im Neuenheimer Feld 280, and Kirchhoff-
Institut fir Physik, Physik Molekularbiologischer Pro-
zesse, Universitdt Heidelberg, Schréderstrasse 90,
D-69120 Heidelberg, Germany. 32e Oosterparklaan
272, 3544 AX Utrecht, Netherlands.

*To whom correspondence should be addressed. E-
mail: jdekker@fas.harvard.edu

affords a resolution of 100 to 200 nm at best,
which is insufficient to define chromosome
conformation. DNA binding proteins fused to
green fluorescent protein permit visualization
of individual loci, but only a few positions
can be examined simultaneously. Multiple
loci can be visualized with fluorescence in
situ hybridization (FISH), but this requires
severe treatment that may affect chromosome
organization.

We developed a high-throughput method-
ology, Chromosome Conformation Capture
(3C), which can be used to analyze the over-
all spatial organization of chromosomes and
to investigate their physical properties at high
resolution. The principle of our approach is
outlined in Fig. 1A (7). Intact nuclei are
isolated (8) and subjected to formaldehyde
fixation, which cross-links proteins to other
proteins and to DNA. The overall result is
cross-linking of physically touching seg-
ments throughout the genome via contacts
between their DNA-bound proteins. The rel-
ative frequencies with which different sites
have become cross-linked are then deter-
mined. Analysis of genome-wide interaction
frequencies provides information about gen-
eral nuclear organization as well as physical
properties and conformations of chromo-
somes. We have used intact yeast nuclei for
all experiments. Although the method can be
performed using intact cells, the signals are
considerably lower, making quantification
difficult (9). The general nuclear organization

DNA library; A. Peters and K. Jablonski for excellent
technical help; and C. Stocking and J. Lohrer for
carefully reading the manuscript. Supported by grant
Bu 631/2-1 from the Deutsche Forschungsgemein-
shaft, by the European Union Framework V programs
“Chicken Image” and "Genetics in a Cell Line,” and by
Japan Society for the Promotion of Science Postdoc-
toral Fellowships for Research Abroad.

22 October 2001; accepted 18 December 2001

of purified nuclei is largely intact, as shown
below.

For quantification of cross-linking fre-
quencies, cross-linked DNA is digested with
a restriction enzyme and then subjected to
ligation at very low DNA concentration. Un-
der such conditions, ligation of cross-linked
fragments, which is intramolecular, is strong-
ly favored over ligation of random fragments,
which is intermolecular. Cross-linking is then
reversed and individual ligation products are
detected and quantified by the polymerase
chain reaction (PCR) using locus-specific
primers. Control template is generated in
which all possible ligation products are
present in equal abundance (7). The cross-
linking frequency (X) of two specific loci is
determined by quantitative PCR reactions us-
ing control and cross-linked templates, and X'
is expressed as the ratio of the amount of
product obtained using the cross-linked tem-
plate to the amount of product obtained with
the control template (Fig. 1B). X should be
directly proportional to the frequency with
which the two corresponding genomic sites
interact (10).

Control experiments show that formation
of ligation products is strictly dependent on
both ligation and cross-linking (Fig. 1C). In
general, X decreases with increasing separa-
tion distance in kb along chromosome III
(“genomic site separation”). Cross-linking
frequencies for both the left telomere and the
centromere of chromosome III with each of
12 other positions along that same chromo-
some (Fig. 1, C and D) were determined
using nuclei isolated from exponentially
growing haploid cells. Interestingly, the two
telomeres of chromosome III interact more
frequently than predicted from their genomic
site separation, which suggests that the chro-
mosome ends are in close spatial proximity.
This is expected because yeast telomeres are
known to occur in clusters (11, 12).

‘We next applied our method to an analysis
of centromeres and of homologous chromo-
somes (“homologs™) during meiosis in yeast
(7). In mitotic and premeiotic cells, centro-
meres are clustered near the spindle pole
body (13, 14) and homologous chromosomes
are loosely associated (/5-17). These fea-
tures change markedly when cells enter mei-
osis (/3). The centromere cluster is rapidly
lost and is not restored until just before the
first meiotic division. Loose interactions be-
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Comprehensive Mapping of Long-Range
Interactions Reveals Folding Principles
of the Human Genome

Erez Lieberman-Aiden,?>*** Nynke L. van Berkum,** Louise Williams,* Maxim Imakaev,?
Tobias Ragoczy,®” Agnes Telling,%” Ido Amit," Bryan R. Lajoie,® Peter ]. Sabo,®
Michael 0. Dorschner,® Richard Sandstrom,® Bradley Bernstein,™® M. A. Bender,'®

Mark Groudine,®’ Andreas Gnirke,* John Stamatoyannopoulos,® Leonid A. Mirny,

Eric S. Lander,“*%>*3t Job Dekker’t

2,11

We describe Hi-C, a method that probes the three-dimensional architecture of whole genomes by
coupling proximity-based ligation with massively parallel sequencing. We constructed spatial proximity
maps of the human genome with Hi-C at a resolution of 1 megabase. These maps confirm the
presence of chromosome territories and the spatial proximity of small, gene-rich chromosomes.

We identified an additional level of genome organization that is characterized by the spatial segregation
of open and closed chromatin to form two genome-wide compartments. At the megabase scale, the
chromatin conformation is consistent with a fractal globule, a knot-free, polymer conformation that
enables maximally dense packing while preserving the ability to easily fold and unfold any genomic locus.
The fractal globule is distinct from the more commonly used globular equilibrium model. Our results
demonstrate the power of Hi-C to map the dynamic conformations of whole genomes.

chromosomes is involved in compartmen-

talizing the nucleus and bringing widely
separated functional elements into close spatial
proximity (/—5). Understanding how chromosomes
fold can provide insight into the complex relation-
ships between chromatin structure, gene activity,
and the functional state of the cell. Yet beyond the
scale of nucleosomes, little is known about chro-
matin organization.

Thc three-dimensional (3D) conformation of

"Broad Institute of Harvard and Massachusetts Institute of
Technology (MIT), MA 02139, USA. “Division of Health
Sciences and Technology, MIT, Cambridge, MA 02139,
USA. >Program for Evolutionary Dynamics, Department of
Organismic and Evolutionary Biology, Department of Math-
ematics, Harvard University, Cambridge, MA 02138, USA.
“Department of Applied Mathematics, Harvard University,
Cambridge, MA 02138, USA. *Program in Gene Function
and Expression and Department of Biochemistry and Mo-
lecular Pharmacology, University of Massachusetts Medical
School, Worcester, MA 01605, USA. “Fred Hutchinson Can-
cer Research Center, Seattle, WA 98109, USA. 7Department
of Radiation Oncology, University of Washington School of
Medicine, Seattle, WA 98195, USA. aDepanment of Genome
Sciences, University of Washington, Seattle, WA 98195, USA.
“Department of Pathology, Harvard Medical School, Boston, MA
02115, USA. "°Department of Pediatrics, University of Wash-
ington, Seattle, WA 98195, USA. **Department of Physics, MIT,
Cambridge, MA 02139, USA. “?Department of Biology, MIT,
Cambridge, MA 02139, USA. “*Department of Systems Biol-
ogy, Harvard Medical School, Boston, MA 02115, USA.

*These authors contributed equally to this work.

1To whom correspondence should be addressed. E-mail:
lander@broadinstitute.org (E.S.L); job.dekker@umassmed.
edu (.D.)

Long-range interactions between specific pairs
of loci can be evaluated with chromosome con-
formation capture (3C), using spatially constrained
ligation followed by locus-specific polymerase
chain reaction (PCR) (6). Adaptations of 3C have
extended the process with the use of inverse PCR
(4C) (7, 8) or multiplexed ligation-mediated am-
plification (5C) (9). Still, these techniques require
choosing a set of target loci and do not allow
unbiased genomewide analysis.

Here, we report a method called Hi-C that
adapts the above approach to enable purification
of ligation products followed by massively par-
allel sequencing. Hi-C allows unbiased identifi-
cation of chromatin interactions across an entire
genome.We briefly summarize the process: cells
are crosslinked with formaldehyde; DNA is di-
gested with a restriction enzyme that leaves a 5’
overhang; the 5" overhang is filled, including a
biotinylated residue; and the resulting blunt-end
fragments are ligated under dilute conditions that
favor ligation events between the cross-linked
DNA fragments. The resulting DNA sample con-
tains ligation products consisting of fragments
that were originally in close spatial proximity in
the nucleus, marked with biotin at the junction.
A Hi-C library is created by shearing the DNA
and selecting the biotin-containing fragments
with streptavidin beads. The library is then ana-
lyzed by using massively parallel DNA sequenc-
ing, producing a catalog of interacting fragments
(Fig. 1A) (10).

We created a Hi-C library from a karyotyp-
ically normal human lymphoblastoid cell line
(GM06990) and sequenced it on two lanes of
an Illumina Genome Analyzer (Illumina, San
Diego, CA), generating 8.4 million read pairs that
could be uniquely aligned to the human genome
reference sequence; of these, 6.7 million corre-
sponded to long-range contacts between seg-
ments >20 kb apart.

‘We constructed a genome-wide contact matrix
M by dividing the genome into 1-Mb regions
(“loci”) and defining the matrix entry m;; to be the
number of ligation products between locus i and
locus j (Z0). This matrix reflects an ensemble
average of the interactions present in the original
sample of cells; it can be visually represented as
a heatmap, with intensity indicating contact fre-
quency (Fig. 1B).

We tested whether Hi-C results were repro-
ducible by repeating the experiment with the same
restriction enzyme (HindIII) and with a different
one (Ncol). We observed that contact matrices for
these new libraries (Fig. 1, C and D) were
extremely similar to the original contact matrix
[Pearson’s » = 0.990 (HindIIl) and » = 0.814
(Ncol); P was negligible (<10%) in both cases].
We therefore combined the three data sets in
subsequent analyses.

‘We first tested whether our data are consistent
with known features of genome organization (/):
specifically, chromosome territories (the tendency
of distant loci on the same chromosome to be near
one another in space) and patterns in subnuclear
positioning (the tendency of certain chromosome
pairs to be near one another).

‘We calculated the average intrachromosomal
contact probability, Z,(s), for pairs of loci sepa-
rated by a genomic distance s (distance in base
pairs along the nucleotide sequence) on chromo-
some 7. I,(s) decreases monotonically on every
chromosome, suggesting polymer-like behavior
in which the 3D distance between loci increases
with increasing genomic distance; these findings
are in agreement with 3C and fluorescence in situ
hybridization (FISH) (6, /7). Even at distances
greater than 200 Mb, 7,(s) is always much greater
than the average contact probability between dif-
ferent chromosomes (Fig. 2A). This implies the
existence of chromosome territories.

Interchromosomal contact probabilities be-
tween pairs of chromosomes (Fig. 2B) show
that small, gene-rich chromosomes (chromosomes
16, 17, 19, 20, 21, and 22) preferentially interact
with each other. This is consistent with FISH
studies showing that these chromosomes fre-
quently colocalize in the center of the nucleus
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Chromosome Conformation Capture
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Systematic evaluation of chromosome
conformation capture assays

Betul Akgol Oksuz''©, Liyan Yang''°, Sameer Abraham©®2, Sergey V. VeneV', Nils Krietenstein3,
Krishna Mohan Parsi®45, Hakan Ozadam'¢, Marlies E. Oomen®?, Ankita Nand®", Hui Mao*>,
Ryan M. J. Genga*®, Rene Maehr®45, Oliver J. Rando ©3, Leonid A. Mirny ©278, Johan H. Gibcus ®'*

and Job Dekker ®"9X

Chromosome conformation capture (3C) assays are used to map chromatin interactions genome-wide. Chromatin interaction
maps provide insights into the spatial organization of chromosomes and the mechanisms by which they fold. Hi-C and Micro-C
are widely used 3C protocols that differ in key experimental parameters including cross-linking chemistry and chromatin
fragmentation strategy. To understand how the choice of experimental protocol determines the ability to detect and quantify
aspects of chromosome folding we have performed a systematic evaluation of 3C experimental parameters. We identified opti-
mal protocol variants for either loop or compartment detection, optimizing fragment size and cross-linking chemistry. We used
this knowledge to develop a greatly improved Hi-C protocol (Hi-C 3.0) that can detect both loops and compartments relatively
effectively. In addition to providing benchmarked protocols, this work produced ultra-deep chromatin interaction maps using
Micro-C, conventional Hi-C and Hi-C 3.0 for key cell lines used by the 4D Nucleome project.

become widely used to generate genome-wide chromatin

interaction maps’. Analysis of chromatin interaction maps
has led to detection of several features of the folded genome. Such
features include precise looping interactions (at the 0.1-1Mb
scale) between pairs of specific sites that appear as local dots in
interaction maps. Many of such dots represent loops formed by
cohesin-mediated loop extrusion that is stalled at convergent
CCCTC-binding factor (CTCF) sites’”. Loop extrusion also pro-
duces other features in interaction maps such as stripe-like patterns
anchored at specific sites that block loop extrusion. The effective
depletion of interactions across such blocking sites leads to domain
boundaries (insulation). At the megabase scale, interaction maps of
many organisms including mammals display checkerboard patterns
that represent the spatial compartmentalization of two main types
of chromatin: active and open A-type chromatin domains, and inac-
tive and more closed B-type chromatin domains®.

The Hi-C protocol has evolved over the years. While initial pro-
tocols used restriction enzymes such as HindIII that produces rela-
tively large fragments of several kilobases®, over the last 5 years Hi-C
using DpnlI or Mbol digestion has become the protocol of choice
for mapping chromatin interactions at kilobase resolution’. More
recently, Micro-C, which uses MNase instead of restriction enzymes
as well as a different cross-linking protocol, was shown to allow
generation of nucleosome-level interaction maps’~. It is critical to
ascertain how key parameters of these 3C-based methods, includ-
ing cross-linking and chromatin fragmentation, quantitatively

( : hromosome conformation capture (3C)-based assays' have

influence the detection of chromatin interaction frequencies and
the detection of different chromosome folding features that range
from local looping between small intra-chromosomal (cis) ele-
ments to global compartmentalization of megabase-sized domains.
Here, we systematically assessed how different cross-linking and
fragmentation methods yield quantitatively different chromatin
interaction maps.

Results

We explored how two key parameters of 3C-based protocols,
cross-linking and chromatin fragmentation, determine the abil-
ity to quantitatively detect chromatin compartment domains and
loops. We selected three cross-linkers widely used for chromatin:
1% formaldehyde (FA), conventional for most 3C-based protocols;
1% FA followed by incubation with 3mM disuccinimidyl glutarate
(the FA+DSG protocol); and 1% FA followed by incubation with
3mM ethylene glycol bis(succinimidylsuccinate) (the FA+EGS
protocol) (Fig. 1a). We selected four different nucleases for chro-
matin fragmentation: MNase, Ddel, Dpnll and HindIII, which
fragment chromatin in sizes ranging from single nucleosomes to
multiple kilobases. Combined, the three cross-linking and four
fragmentation strategies yield a matrix of 12 distinct protocols (Fig.
1b). To determine how performance of these protocols varies for
different states of chromatin we applied this matrix of protocols to
multiple cell types and cell cycle stages. We analyzed four different
cell types: pluripotent H1 human embryonic stem cells (H1-hESCs),
differentiated endoderm (DE) cells derived from H1-hESCs, fully
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Fig. 1| Outline of the experimental design. a, Experimental design for conformation capture for various cells, cross-linkers and enzymes. b, Representation

of interaction maps from experiments in a.

differentiated human foreskin fibroblast (HFF) cells (12 protocols
for each), and HeLa-S3 cells (9 protocols). We analyzed two cell
cycle stages: G1 and mitosis, in HeLa-S3 cells (9 protocols for each;
Fig. 1). Each interaction library was then sequenced on a single lane
of a HiSeq4000 instrument, producing ~150-200 million uniquely
mapping read pairs (Supplementary Table 1). We used the Distiller
pipeline to align the sequencing reads, and pairtools and cooler'
packages to process mapped reads and create multi-resolution
contact maps (Methods). Given that the density of restriction sites
for Ddel, DpnlI and HindIII fluctuates along chromosomes, we
observed different read coverages in raw interaction maps obtained
from datasets using these enzymes (Extended Data Fig. 1h). These
differences were removed after matrix balancing''.

We first assessed the size range of the chromatin fragments pro-
duced after digestion by the 12 protocols for HFF cells (Methods).
Digestion with HindIII resulted in 5-20-kb DNA fragments;
Dpnll and Ddel produced fragments of 0.5-5kb; and MNase
protocols included a size selection step to ensure that the liga-
tion product involved two mononucleosome-sized fragments
(~150bp) (Extended Data Fig. 1). Different cross-linkers did not
affect the size ranges produced by the different nucleases, although
DSG cross-linking lowered digestion efficiency slightly (Extended
Data Fig. 1b).

All 3C-based protocols can differentiate between cell states. We
first assessed the similarity between the 63 datasets by global and
pairwise correlations using HiCRep and hierarchical clustering
(Extended Data Fig. 1c)'>"’. We found that the datasets are highly
correlated and cluster primarily by cell type and state and then by
cell type similarity, for example H1-hESCs and H1-hESC-derived
DE cells cluster together; and the most distinct cluster is formed
by mitotic HeLa cells. MNase protocols show slightly lower correla-
tions with Hi-C experiments.

Extra cross-linking yields more intra-chromosomal contacts.
Given that chromosomes occupy individual territories, intra-
chromosomal (cis) interactions are more frequent than inter-
chromosomal (trans) interactions'. The cis:trans ratio is
commonly used as an indicator of Hi-C library quality given that
inter-chromosomal interactions are a mixture of true chromatin
interactions and interactions that are the result of random liga-
tions'*". For all enzymes and cell types, we found that the addi-
tion of DSG or EGS to FA cross-linking decreased the percentage
of trans interactions (Fig. 2a for HFF and Extended Data Fig. 2a for
H1-hESC, DE, HeLa-S3).

Regarding intra-chromosomal interactions, we noticed two
distinct patterns. First, digestion into smaller fragments increased
short-range interactions. MNase digestion generated more interac-
tions between loci separated by less than 10kb, whereas digestion
with either Ddel, Dpnll or HindIII resulted in a relatively larger
number of interactions between loci separated by more than 10kb
(Fig. 2a,b for HFF and Extended Data Fig. 2a,b for DE, H1-hESC,
HeLa-S3). Second, P(s) plots showed that the addition of either
DSG or EGS resulted in a steeper decay in interaction frequency
as a function of genomic distance for all fragmentation protocols.
Moreover, for a given chromatin fragmentation level, additional
cross-linking with DSG or EGS reduced trans interactions, as
shown for HFF cells and all other cell types and cell stages stud-
ied (Fig. 2¢,d and Extended Data Fig. 2¢). The addition of DSG or
EGS could have reduced fragment mobility and the formation of
spurious ligations, resulting in a steeper slope of the P(s). We note
a difference in slopes for data obtained with different cell types and
cell cycle stages, which could reflect state-dependent differences in
chromatin compaction.

Random ligation events between un-cross-linked, freely dif-
fusing fragments lead to noise that is mostly seen in trans and
long-range cis interactions. Experiments that use Dpnll and

NATURE METHODS | VOL 18 | SEPTEMBER 2021|1046-1055 | www.nature.com/naturemethods 1047




Hierarchical genome organisation

Lieberman-Aiden, E., et al. (2009). Science, 326(5250), 289-293.
Roo, S. S. P., etal. (2014). Cell, 1-29.
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Are TADs functional units@

Om - >
9% < X
LS 3
S = X<
okl ge; 2%
.94 @ 20303,
> RS
< * £ TS0
R4 - = RS
* %, o) ) KX o
%% " _ L /
% =
L % v A
. = < %
_I
A ks
®
m RS E <
= ERRKS > * 9
We'e® < TRRK
9 o202
* S %098
$ %%
90 - %
o%
‘
%
S
o %ol
3 "%
B3 o s
92024 2
X = *
% o%
* % 558
¢ 00000 -
SRR S ‘S
A S
* “0”- w R
O o
K = X
) re &
o
2 m S ADH *{mm
% o = T d
oolo o ¢ .
(XX D 0‘
RS  RERCS
00 254 00000 >
o "3
| -
&&
9|
<
KX
93
m 203!
e
= C X2
KR4
onA
0%
%
%
%
R85 :
v ;
< o %
5 xRS
S
R %6%0%%
2 *o%
o 4
\ s o A
& & 0O 7S
* “000 [ _Aln > 00 ooooonnm
2 | © = g et %N
CRR< X Q PR R 24
o - 9 PRRRILR
. 9% T RIPHR XXX
R EXLX R X~
PR ° IR
> 0.9.9.0
LR XSS
5%
R X4
% o
0000 0000
<

awiouab 91U SA awousb woisnd sA



Deletion of a boundary

Hnisz, D., et al. (2016). Science
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loop-extrusion as a TAD forming mechanism

Fudenberg, G., et al. (2016) Cell Reports. & Seaborn ef al. (2015) PNAS
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Some questions. ..

Do TADs exists@

t they do, are they really “domains”e

Are TADs the results of a population analysis@

Who is more importante The boundary or the TAD?

“A probabilistic (population) event that is the result of a collection of (extruded) loops who's
conformational exploration depends on boundaries”



Can we see TADs?

Bintu et al. Science 2018: Mateo et al. Science 2019: Mateo et al. Nat Protocols, 2021
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Visualizing the genome!



Number of cells

Oligo 1S5EQ

Nature Methods (2020) 17 p822

OligoSTORM

PLOS Genetics (2018) 14(12) e100/8/2
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In Oligo! 1SSEQ every pixel matters & make “patches”
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Oligo ISSEQ pipelinea with OligoSTORM
chr2
2 3 A

OligoSTROM Oligo' ISSEQ Decoding Mapping
1 round 2 round Oligo- IS=EQ OligoSTROM
(2h/round) (3h/round)
2pR3 2qR3 * 2 pm
Ay p V% W O
J& v / & ,iJ 1 -
| L zqu \ |
L v
bz
2 L=}
; 1OEm
10Em
e 2qR2 w
T A e
e X 18 éqm/ / ey W
-

o 2pR2



High-resolution imaging
Tracing chromosomes with OligoSTORM & tluidics cycles in PGP1 cells
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High-resolution imaging
Tracing chr19:/,335,095-15,449,189 ~8Mb
] 2 3 > 6 8 9
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Integrating Hi-C and Imaging



SHAKER, itegrating Hi-C ana STOR/\/\
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Imaging data processing

Step 1
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Full model of 8Mb in human chromosome 3
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Other challenges. ...
"Ditficult” samples

Volume 187
Number 14
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A “whoolly” phenomenal sample

R

ke
s Dan Fisher
UMich, Museum of Paleontology

Valeri Plotnikov

Sakha Academy of Sciences

* Found in permatrost in the summer of 2018
* Belaya Gora in Yakutia, Russia

* Date beyond the range of radiocarbon dating but older than >45,000 vyears




Paleo-HIC improves endogenous long-range contact recovery
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This is a Hi-C from mammoth

PaleoHi-C vs Loxafr3.0,
fragmentary African elephant assembly
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52 Mammotn Altered Regulation Sequences (MARS)
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Paleorhic recovers loop signatures!
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How is this possible?

The “chromoglass” hypothesis
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Discussion points (Tech)

1. What techniques are beste
2. How imaging can help?
3. What samples we need?

Discussion points (Concepts)
I. To TAD or not to TAD?

2. loops, or else?
3. Ititis dynamic, what do we care then?
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