Computational Genomics (in space)
Concepts and applications in
Translational Research

Christoforos Nikolaou

Computational Genomics Group, BSRC “Alexander Fleming”

4th Immunology Workshop for clinicians - Heraklion, June 2023
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..sometimes reveals strange patterns




7
- — —

\

/

/

\
|
|
|

Cretaceous Sediments

Fertile Blackland
Prairie Soil

Black population, 2010

‘which, in turn, may provide new insights

Average Farm Size, 1997

Election Results, 2020
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/Can we segment the linear genome in “territories” where pervasive

" _activity is crystalized into function?
How may these functional/structural territories be associated with

other biological functions.




" Spatial genomics properties in one dimension

Gene expression, differential expression and co-
/f////;//e/xpression

Epigenetic/epigenomic markers

Chromatin Accessibility
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. Ripples from neighbouring transcription
7
L, Miki Ebisuya', Takuya Yamamoto', May Nakajima' and Eisuke Nishida'?
8 c FGF
%
7
Raf / MEK / ERK
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Nishida lab, Nat Cell Biol 2008

ARTICLE

Transcriptional decomposition reveals active
chromatin architectures and cell specific regulatory
interactions

Sarah Rennie!, Maria Dalbyw, Lucas van Duin' & Robin Andersson
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Chromatin neighbourhood

Positional neighbourhood ———e ~ ~ ~

s R I el >4

N Positionally dependent (PD) expression level
I Positionally independent (PI) expression level

RESEARCH

Gene transcription is spatially dependent

Neighbouring transcription units (TUs) A MMM

Andersson lab, Nat Comm 2018
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Positional dependency

SYNTHETIC GENOMICS

Transcriptional neighborhoods regulate transcript
isoform lengths and expression levels

Aaron N. Brooks'tt, Amanda L. Hughes't, Sandra Clauder-Miinster’, Leslie A. Mitchell§, /

Jef D. Boeke®?, Lars M. Steinmetz!*5*
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Spat1a1 Organization of Gene
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Domalns of co-
/Qrdlnated expression

_~ are more dispersed,

shorter and more
fragmented in a group
of ~150 SLE patients,
compared to a group
of 50 healthy
iIndividuals.
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\ eg ions of differential chromatin accessibility

Mutatlon rates in cancer are enriched in particular areas of decreased chromatin
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Clark lab, Nature Cell Biology 2010

Epigenetic silencing in cancer
occurs In extensive regions.

Domains of the genome
where under-expression is
consistently reversed by methlyl-

transferase inhibition (azacitidine).




/ [

// \\ N\ \
( AN N \
N \ \

\

|

~

\
|
|
I

. Spatial genomics properties in three dimensions
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/' Gene activation in 3D
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.~ Gene activation in three-dimensional transcriptional
condensates

Spatial transcriptomics and 3D cell

environments




‘In Zoe the lack of Signs does not allow you to the understand the function of each
building: You are lost in an indivisible environment.”
Italo Calvino, Invisible Cities
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Left: A 2D live cell DNA dSTORM image, adapted from Benke A, Manley S. ChemBioChem.
Right: Artistic representation of Calvino’s city of Zoe'b ' ente frantzen
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Utopian Architecture ("ou TéTOG" = no place)

F

The lack of landmarks is a
characteristic of “ultra-
designed” architectural
structures, in which the
sense of space is by
definition arbitrary. (“ou ,
torto¢” = no place) /

" 1ZE

g |

Most urban landscapes have, in contrast, developed
through gradual aggregation of distinguishable
architectural elements.

Aerial vie f Paris (2017)
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'/ /Can we identify architectural landmarks in the 3D nucleus of

~ _eukaryotes?

And if so, what can we learn from their positions and their dynamics?




4
Q-C? e
& ?
&
¢ * o %
S0 0,00,
KEXREXN REXKRKN ’0‘0‘9‘0 0‘9’0,
o'6%0%6% %% % o'00020%0. 070" % %% %2%%%%%%.
oot sttt otte,  atetetotate s to% it R RXRXRIIRANKS
%0, LRIttt 996%02020%0 2626202626222
TAD 1 TAD 2 Fused TAD
() (@@
\.I:’/ "'\] _‘-::)_I

b~
b

Heéﬁhy cells

Lazaris, Aifantis and Tsirigos, Trends in Cancer 2020

Tumor cells

Genomic elements function in
proximity to each other.

Proximity is linked to the 3D
genome structure.

The 3D genome is robust but
flexible and can be
(dys)regulated.




= Transcnptlonal perturbations in 1D and 3D
Iecargamzatlon in inflammation
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Readthrough transcription

" abolition of loop contacts.
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N Transcnptlonal perturbations in 1D and 3D
, Qrgamzatlon in inflammation
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Transcrlptlonal perturbations in 1D and 3D
reorgamzatlon in inflammation
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Mock (uninfected) Influenza (1AV)
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P4 CTCF motifs /™~ mRNA & Transcription termination

0 Cohesin ™\_~ read-through RNA NST Influenza A NS1 protein

Brenner lab, Cell 2018
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| the immune system

:~ / Innate lymphocytes (ILCs) can
_be grouped in three types, each
g with distinct genome
organization.

E.g. only in one of the three
groups does the genome
structure allow the Eomes gene
to contact conserved, cognate
regulatory elements.
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~“enhancer contacts

'\

3) reorgamzauon in the differentiation of

,f ,the 1.mmune system

Alternatlve promoter-

among gene groups Is
generalized.

Mbs

Some key genes as 1d2
are prominent in all
three types.

Henao-Mejia lab, Nature Immunology 2023
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Structural variants in the
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endme Structure in Development & Disease
Conden/sates Factories, Phase-separations and other curious entities

-~ /
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Transcription factories

David R.F. Carter”, Christopher Eskiwt and Peter R. Cooki?

Cranfield Health, Cranfield University, Cranfield, Bedfordshire MK43 DAL, UK., Hlaboratory of Chromatin and Gene Expression, The Babraham Institute,
/ m Research Campus, Cambridge (822 3AT, UK. and $The Sir William Dunn School of Pathology, University of Oxord, South Parks Road,
/ rd OK1 3RE, UK

Prokaryote

I

Eukaryote

territory
in nucleus

euchromatm hetero-
hromatm
cloud
around

factory

loop N
attached 4

to factory

zig-zagging

string

nucleosome s .‘_ ......... -
DNA duplex ——

Leading Edge

A Phase Separation Model
for Transcriptional Control

Denes Hnisz,'"* Krishna Shrinivas, 7 1° Richard A. Young,'* Arup K. Chakraborty, 7. and Phillip A. Sharp®®"

A Typical enhancer
<
+ e
Activator TA E
DNA binding Gene
Activator concentration
Super-enhancer
e
=5 e
++ 4 E
Activator :
TA 4
i I 8
DNA bindin, Gene
Activator concentration
B 10kD
Typical enhancer: | Super-aenhancer: e—

T T Transcription
| ' d factors

7 = ™
l' RNAPI

42
| Mediator

0
Cohesin

VI WY

f

miR-290-295 &

c
A 170 kb
o Interaction scor
ChIA-PET (numbar of PETs)
interactions I— o
< - o 19
9
H3K27AC
1 ddi o (A

RUNXT

Molecular Cell

Enhancer Features that Drive Formation of

Transcriptional Condensates

Graphical Abstract

Transcription-associated proteins form
condensates localized at specific DNA elements

Al —
N o
siong, structured  weak, multivalent [——
rotein-DNA. protein-protein condensala
interactions. interactions
—— DNA

@ Coscivatar
Transeription factor (TF)
WA TF Binding site (on DNA)

Disordered ragion

Condensate formation

DNA encoding TF binding site
features beyond sharp thresholds
ariva lncalized condansation of
transcription protsins

Binding site features on DNA.

Molecular Cell

Transcription activation is enhanced by multivalent
interactions independent of phase separation

Graphical abstract

above Critical below Ceritical

Authors

Krishna Shrinivas, Benjamin R. Sabari,
Eliot L. Coffey, ..., Phillip A. Sharp,
Richard A. Young, Arup K. Chakraborty

Correspondence
sharppa@mit.edu (P.A.S.),
young@wi.mit.edu (R.A.Y.),
arupc@mit.edu (AK.C)

In Brief

Shrinivas et al. demonstrate that specific
types of motif compositions encoded in
DNA drive localized formation of
transcriptional condensates. These
findings explain how phase separation
can occur at specific genomic locations
and shed light on why only some genomic /
loci become highly active enhancers.

Authors

Jorge Trojanowski, Lukas Frank,
Anne Rademacher, Norbert Miicke,
Pranas Grigaitis, Karsten Rippe

Correspondence
karsten.rippe@dkfz.de

In brief

Phase separation of TFs into
condensates has been proposed to
enhance transcription activation.
Trojanowski et al. show that a high
propensity of TFs to engage in multivalent
interactions is needed for their full
activation capacity independent of TF
assembly into phase-separated liquid-
like droplets.




Genome Structure in Development & Disease
Our system of study: B-cell to macrophage transdifferentiation

+ B-estradiol
| | |
C/EBPa-ER : : :
BLaER cells L |
Human B-cell ! ! ! ,‘
line 0d 1d 7d Macrophages
Type of experiment od 1d 7d
ATAC-seq v v v
C/EBPa ChiIP-seq v v v
H3K27ac ChiIP-seq v v v
H3K4me3 ChiP-seq v v v
Hi-C v v v

Nikolaou and Graf labs, Bioinformatics 2023




Genome\ Structure in 3D and Transcriptional Activation
SEGCOND the first method to predict transcriptional condensates

@ Annotation

@ Integration of Hi-C data

Segments across chromosome 22

PC1 values across Chromosome 22 Contact /I

Enrichment j§  /

Enhancer - poor Enhancer - enriched
Segment Segment

Enhancer - enriched

Enhancer - depleted
Contact
Depletion l l

[0 Enhancer
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chr22 Coordinates



SEGCQN) \1dent1f1es a transcriptionally ultra-active subset of genomic
elemems/
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Genome Structure 1n 3D and Transcriptional Activation
Experimental validation of a transcriptional condensate: Ikzfl

PTC example : Ikzf1
locus on Chromosome 7

5ﬁ().1Mb R 50.4Mb

Nikolaou and Graf labs, (unpublished)



Visible Genomic Landscapes in 3D (that matter)
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" Actl\f ity is pervasive but functionality is localized.
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7 Where things happen is sometimes as important as what is
happenlng (or perhaps even more).




:}:// 4 Where thlngs happen is sometimes as iImportant as what is
happenlng (or perhaps even more).

1D juxtaposition of genomic elements imposes constraints on
possible 3D conformations




:}:// 4 Where thlngs happen is sometimes as iImportant as what is
happenlng (or perhaps even more).

1D juxtaposition of genomic elements imposes constraints on
possible 3D conformations

of flexibility and robustness




:};// 4 Where thlngs happen is sometimes as iImportant as what is
happenlng (or perhaps even more).

1D juxtaposition of genomic elements imposes constraints on

/
|

possible 3D conformations |
Genome architecture has evolved in order to allow for a comblnatlonr

/// /

of flexibility and robustness S
What happens in both 1D and 3D space can be used to explam ey

/"‘\\_/

mechanistic aspects of every possible genomlc/nuclear process >
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Welcome to the Computational Genomics Group at the Biomedical Sciences Research Center "Alexander Fleming".

Our group was established at the Biology Department of the University of Crete in 2010 and moved to Fleming in 2020.

Our interests fall in the (quite) general category of Computational Genomics, Genome Architecture and Sequence Analysis.
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