The Biogenesis of Chromosome Translocations
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Chromosome Translocations
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History...

Timeline | History of the study of chromosome translocations in cancer
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Genome Organization in the Nucleus: Non-random

Roukos V. & Misteli T. Nature Cell Biology, 2014




Genome Organization in the Nucleus: Non-random

Boyle et al., Hum Mol Genet, 2001
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Where in the nucleus are translocating chromosomes? N

80% of lymphomas in ATM-/- mice contain translocations
involving combinations of 12/14/15 chromosomes

Liyanage M. et al., Blood, 2000

Parada L et al., Cur Biol, 2002



Spatial intermingling and translocation frequency

The degree of intermingling of chromosome territories in lymphocytes correlates
with their translocation frequencies
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Proximity of Translocation Partners in Burkitt’s Lymphoma IE?%VCER

Genes that are involved in translocations are in closer proximity
than other non translocating pairs

Roix J. et al., Nature Genetics, 2003



Proximity predisposes to translocation

Chiarle et al., Cell, 2011
Klein et al., Cell, 2011
Hakim et al., Nature, 2012
Zhang et al., Cell, 2012
Rocha et al., Mol Cell, 2012



Contact-first vs. breakage-first CL
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Contact-first model

Breal:age -first mndel

@@

L.a'ndge

le‘ﬁlﬁ ion Df‘ -
free ends

&2

Proximity

Joining

Mature Reviews | Molecular Cell Biology
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Mobility of Double Strand Breaks

Lisby at al., Nat Cell Biol 2003
Colocalization of multiple DNA double-strand breaks IScel-HO, endonucleases (yeast)
at a single Rad52 repair centre

Aten et al., Science. 2004

Ipha-particl I
Dynamics of DNA double-strand breaks revealed by alpha-particles (mammals)

clustering of damaged chromosome domains

Krawczyk et al., J Cell Science. 2012 y-irradiated (mammals)

Chromatin mobility is increased at sites of DNA double-
strand breaks

=, Dion V, et al., Nat Cell Biol. 2012
; ; IScel endonucleases (yeast)
EE E. Increased mobility of double-strand breaks requires Mecl,
e |_I" ==

Rad9 and the homologous recombination machinery

"'\l Miné-Hattab J, Rothstein R. Nat Cell Biol. 2012

IScel endonucleases (yeast)
Increased chromosome mobility facilitates homology search

- during recombination.




of Double Strand Breaks

Nelms et al.,Science. 1998

In situ visualization of DNA double-strand break repair in Ultrasoft X-rays (mammals)
human fibroblasts.

Kruhlak M et al., J Cell Biol. 2006

. . e e . 364 ion UV |
Changes in chromatin structure and mobility in living cells at sites of DNA nm areon 1ofl BV Taser

(mammals)
double-strand breaks
Soutoglou et al., Nature Cell Biology 2007 IScel endonuclease
Positional stability of single double-strand breaks in mammalian cells (mammals)

Jakob B et al., Proc Natl Acad Sci. 2009
Microscopy analysis of radiation-induced DNA double-strand break motion Heavy ion irradiation

Girst et al Scientific Reports. 2013 Carbon ion
Subdiffusion Supports Joining Of Correct Ends During Repair Of micro-irradiation.
DNA Double-Strand Breaks
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The Cell Biology of Translocations

How do broken chromosomes meet in the nucleus?
How long does the translocation process take?
How does the cell cycle affect translocation formation?

Which are the molecular players?



Experimental System to Visualize Translocations in vivo
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Experimental System to Visualize Translocations in vivo

LacR-GFP~ TetR-mCherry
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1 LacO and 3 TetO integrations in distinct chromosomes N

LacO array

/

TetQ arra
ey, |
TetQ array |,
# -.
TetQ aray

[:] chromosome 7 D chromosome 8 D chromosome 1 [:] chromosome 10

Dara Wangsa






\[TONAP

Double Strand Break formation and repair
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Capturing rare events: High-Throughput Imaging

NIH3T3 cells High-Throughput Microscopy Automated Image Analysis
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Image analysis

nuclei detection
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LacO spot detection
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How does a translocation look like? | CER
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Colocalization of arrays and translocation formation upon DSB-induction

relative quantity of DNA
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Sequencing the translocated junctions

TetO primer IScel site LacO primer

an 100 110 1:z0 130

o b b b b b v b b b b b b b b b b b b b b b v s b b s b Lo

P [CBACTTICACTTITICTC AT ACTRATAGGEARTRCTALLCTCCACRTTACCCTETTATE CLTATCBACCTC CARGCATC RACTC TAGA GG CRCC CAATTC CACALATTOTTATCCCCTCACARTT CLAC ATETER]

TetOlscelLacO CGACTITCACTITICTC TATCACTGATAGGFAGT GG TARLCTCGACAT TACCCTIGTTATC CCTATCGACCTCGAGGGATC GACTCTAGAGG CGCC GAATTCCACALATTGTTATCCGLTCACLATTCCACAT TR

# colony sequencing 1| ' CGACTTTCACTITICTCTATCACTGATAGGGAGTGETARACTCGACATTACCCTTTATC CCTATC GACCTCGAGGEATCGACTC TAGAGGCG LT GARTTCCACARATTFTTATCCGCTCACAKTTCCAL ATGTGG]
| CGACTTTCACTTTTC T TATCAC TEATAGBEAGT BHTARACTCGAC =TT == ==T== == == == == e m e o e e e e e oo CACALATTGTTATCCGCTCACALTTCCACATGTEG]
| CGACTTTCACTITTCTC TATCAC TEATAGGGAGTGATARACTCGACATTACCCTETTATE CCTATCGACCTCGAGGGATCCACTC TAGAGGCECC GAATTC CAC ALATTGHTATCCGCTCAC AL TT CCACATGTGG]
| CCACTTTCECTTTTCTCTE-C BE T AT AR BRAGTBATALACTCNGCATTACCOTRTTATE CC TATC BACCTC BACCCATC CACTC TTRABR COCC CAATTC CAC AAATTCTTATCCOCTCAC AATT CC AC ATETCER
| AT T A DT T T T T TATC AL TO AT AR BB AR TBATARACTOGACATTAC LT -~ = —— —— ~— - mmmm oo CACALTTCCACATETEE]
| CGACTTTCACTITTICTC TATCACTGATAGGFAGT G TARLCACGACAT TACCCTGTTATC CCTATCGACCTCGAGGGATCGACTC TAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
| CGACTTTCACTITTICTC TATCACTGATAGGFAGT G TARLCTCGACAT TACCCTGTTATC CCTATCGACCTCGAGGGATCGACTC TAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
| CEACTTTCACTITTCTC TATCACTGATAG GEAGTGETAMACTC GACATTAC CCTGTTATE COTATC GACCTCGAGGGATCGACTC TAGA GG CG CC GAATTC CACATATTGTTATC CGCTCACARTTCC ACATGTGG]
| CEACTTTCACTITTCTC TATCACTGATAG GEAGTGETARMACTCGACATTACCCTGTT- - - —— —— e Gmmmmm e e CCACARBTTGTTATCCGCTCACALTTCCACATGT G
10{ | CEACTTTCACTITICTC TATCACTEATAGGGAGTGGTARACTCGACATTACCCTETTA- - - - - —————-—-— GGEATCGACTCTAGAGGCGCC GAATTCCACAAATTGTTATCCGC TCACAATT CCAC ATGTGE]
11| | CBACTTTCACTITICTC TATCACTEATAGGGAGTGGTARACTCGACATTACCCT-T-ATC CTTATC GACCTC GAGGGATC GACTC TAGAGGLGCC GAATTCCACARATTGTTATCCGCTCACARTTCC ACATGTGR]
12/ | CEACTTTCACTITICTC TATCAC TEATAGGGARTGOTARACTCGACATTACCCTGTTATC COTATC GACCTC GARGGATC GACTC TAGA GGG CC GAATTCCACALATTCTTATCCGCTCACALTTCC ACATETGR]
13 | CEACTTTCACTITICTC TATCACTEATAGGGARTGOTARACTCGACATTACC -~ TTATC CCTATC GACCTC GARGGATC GACTC TAGAGGCGCC GAATTCCACALATTCTTATCCGC TCACALTTCC ACATETGR]
14 | CEACTTTCACTTTTICTC TATC ACTEATAGGEARTROTAALCTCCACATTACC CTRTTATE COTATC BACCTC GARGCATC BACTC TAGA GECECC GAATTC CACALATTOTTATCCCCTCACALTTCC ACATRTER]
151 CGACTTTCACTITTICTC TATCACTGATAGGFAGT G TARLCTCGACAT TACCCTGTTATC CCTATCGACCTCGAGGGATCGACTC TAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
14 | CGACTITCACTITICTC TATCACTGATAGGFAGT G TARLCTCGACAT TACCCTGT TA- - - -~~~ — - =~ === === ———— ACTCTAGAGGCGOC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
171 CGACTTTCACTITTICTC TATCACTGATAGG-AGTGETARLCTCGAC-TTTCACT-TTCTC CCTATCGACCTCGAGGGATC GACTATAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
18 | CEACTTTCACTTITICTC TATCACTGATAGGRAGTGETARACTCGACATTACCCTGTTATC CCTATC GACCTC GAGGGATC GACTC TAGAGG LG CC GAATTC CACAMATTGTTATC COCTCACAATTCC AL ATGTGG
19 | CRACTTTCACTITICTC TATCAC TEATAGGFARAGGTARACTCGACATTACCCTGTTATC C- ~A-C-A-—T-G--—--T—G--—-—-G- -~ - - —— - CCACARATTGTTATCCGLTCACARTT CC ACATETGR]
20 | CGACTTTCACTTTTCTCTATCACTGATAGGEAGT GETARACTCGACATTACCATGTTATG CC TATC GAC CTCGAGGGATCGACTC TAGA GG GO0 GAATTCCACAAATTGTTATCCGCTCACAATT CC ACATGTGGH
21| lCGACTTTCACTTTTCTCTATCACTGAT ARGGAGT GETARACTCGACATTACCCTGTTATE CC TATC GAC CTCGAGGRATCGACTC TAGA GG CGCC GALTTCCACALNTTGTTATCCGCTCACALTTCC ACATGTGG]
| CGACTTTCACTTTTC TATATC AL TG ATAGBEAGT G-~~~ mm—m— - mm e mmm o —m = CTCTAGAGGCGCCGAATTOCACAMATTGTTATCCGCTCACALTTCCACATGTGR]
| CEACTTTCACT I TICTC TATC AC TG ATAGEGAGTGETARAC TCGACATTACCCTGTTATC CCTATCGACCTCGAGGEATCEACTC TAGA GG L6 CC GARTTCCACARATTETTATCCGCTCACALTTCCAC ATGTER(]
| AT oA T T T T TATC AL TA ATAGBGAGTBATALACTC G ACATTACCOTETTATE CC TATC CACCTCAACCCATC CACTC TAGABACO O FAATTC LA AAATTGTTATCCOCTO AL AATT L0 ACATOTGR]
251 CEACTITCACTITICTC TATCACTGATAGGGAGT G TAMA CTCGACAT TACCCTGT IATC CCTATCGACCTC GAGGGATCGACTC TAGAGGCGCC GALTTCCACAL L TTGT TATCCGCTCACAATTI CCACATGT 0
26( | CGACTTTCACTITICTC TATCACTGATAGGFALTGETARLCTCGACATTACCCTIGT - - -- -~ TATCGACCTCGAGGGATC GACTCTAGA GGCGCC GAATTCCACAAM TGN TATCCGCTCACAATTCCAC ATGT GG
271 CGACTTTCACTITTICTC TATCACTGATAGGFAGT G TARLCTCGACAT TACCCTGTTATC CCTATCGACCTCGAGGGATCGACTC TAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
28 | CEACTTTCACTITTCTC TATCACTGATAG GEAGTGETAMCTC GACATTAC CCTGTTATE COTATC GACCTCGAGGGATCGACTC TAGA GG CG CC GAATTC CACAAATTGTTATC CGCTCACAATTCC ACATGTRG]
29 | CGACTTTCACTTTTCTC TATCAC TGAT AR GRAGT GETARACTCGACATTACCCTGTTATC CC TA-C- - CCTORAGGRATC GACTC TAGA GE GO0 GAATTCCACARMTTGTTATC CGCTCACAATT CC ACATGTER]
30 | CGACTTTCACTTTTCTCTATCACTGATAGGGEAGT GETARACTCGACATTACCCTGTTATC CC TATC GAC CTCGAGGGATCGACTCTAGA GG CGCC GAATTCCACARMTTGTTATCCGCTCACAATT CC ACATGTGG]
31 | CGACTTTCACTTTTCTCTATCACTGATARGGAGT GETARACTCGACATTACCCTGTTATE CC TATC GAC CTCGAGGRATCGACTC TAGA GG CGCC GALTTCCAC AL TTGTTATCCGCTCACALTTCC AC ATGTGG]
32 | CGACTTTCACTTTTCTCTATCACTGATARGGAGT GETARACTCGACATTACCCTGTTATC CC TATC GAC CTCGAGGGATCGACTCTAGA GG CGCC GALTTCCAC AL TTGTTATCCGCTCACALTTCC ACATGTGG]
33| | CGACTTTCACTTTTCTC TATC ACTCATARCRARTAETARACTC BALATTAC CLTETTATC L — - ~m——mm - mmmmmmmm oo mm e GCTCACARTTCCACATETERE]
34 | o ea CTTTCAC T T T T T O TATC AL TG AT AR CRAGT R AT AR ACTC BACATTAC COTOTTATE OC TATC BAC CTOCAGGAATC CACTCTAGA BE 06 00 BAATTC L ACAATTTETTATC COCTLACAATTOC AC ATATEG]
3501 CGACTTTCACTITTICTC TATCACTGATAGGFAGT G TARLCTCGACAT TACCCTGTTATC CCTATCGACCTCGAGGGATCGACTC TAGAGG CGCC GAATTCCACALATTGTTATCCGCTCACLATTCCACATGT GG
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36| | CEACTTTCACTTTTC T TATC ACTGATAGGGAGTGGTARACTCGACATTACCCTGTTAT- - —— G T-G-G——————— CCACARMTTGTTATCCGCTCACAATT CCACATGT GG
37| | CEACTTTCACTTTTCTC TATC ACTGATAGGGAGTGATARACTCGACATTACCCTETTATE COTATC GACCTC GAGGGATC GACTC TAGA GG LG L0 GAATTCCACAMATTGTTATCCGC TCACAATT CCAC ATGTGR]
38 | CGACTTTCACTTTTCTCTATCACTGATAGGGAGTGETAMACTCGACATTACCCTETTAT- —— - G G m oo CCACARMTTGTTATCCGCTCACAATT CCACATGT GG
39 | CRACTTTCACTTTTC T TATC ACTGATAG G GAGTGETANACTC RACATTAC G ~— — = == == === === === === === === oo oo CACARTTCCACATGTGGM

40 | GACTTTCACTTTTCTCTATCACTGATAGGEAGT GETARACTCGACATTACCCTGTTATE CC TATC GAC CTCGAGGGATCGACTCTAGA GG CGCC GAATTCCACAAMTTGTTATCCGCTCACAATT CC ACATGTGG]
AN | CGACTTTCACTTTTCTCTATCACTGATARGGAGT GETARACTCGACATTACCCTGTTATE CC TATC GAC CTCGAGGRATCGACTC TAGA GG CGCC GALTTCCACALNTTGTTATCCGCTCACALTTCC ACATGTGG]
42 | CGACTTTCACTTTTCTCTATCACTGATARGGAGT GETARACTCGACATTACCCTGTTATC CC TATC GAC CTCGAGGGATCGACTCTAGA GG CGCC GALTTCCACALNTTGTTATCCGCTCACALTTCC ACATGTGG]
43/ | CACTTTCACTTTTCTC TATC ACTCATAD COABTGCTARACTC CACATTACCCTCTT CadbdTTOTTATCCOCTCACAATT CCACATCTCOGT
44 | G ACTTTCACTTTTCTC TATC ACTGATAGGGAGTGATARACTCGACATTACCCTETTATE COTATC GACCTC GAGGGATCGACTC TAGA GG LG L0 GAATTCCACAMATTGTTATCCGCTCACAATT CCAC ATGTGG]
45 | CEACTTTCACTTTTC T TATC ACTGATAGGGAGTGATARACTCGACATTACCCTETTATE O TATC GACCTC GAGGGATC GACTC TAGA GG LG L0 GAATTCCACAMATTGTTATCCGCTCACAATT CCAC ATGTGR]
48 | CEACTTTCACTTTTCTC TATC ACTGATAGGGAGTGATARACTCGACATTACCCTETTATE O TATC GACCTC GAGGGATC GACTC TAGA GG LG L0 GAATTCCACAMATTGTTATCCGCTCACAATT CCAC ATGTGR]
47 | CEACTTTCACTTTTCTC TATC ACTGATAGGGAGTGATARACTCGACATTACCTTETTATE COTATC GACCTC GAGGEATC GACTC TAGA GG LG L0 GAATTCCACAMATTGTTATCCGCTCACAATT CCAC ATGTGR]
48 | CGACTTTCACTITICTCTATCACTATAGEGAGTGFTARACTC GACATTACCCTGETTATC CC TATCGAC CTC GAGGEATCGAC TC TAGAGG L6 O GARTTCCACAMATTETTATC COCTCACAATT CCAC ATGTER]
49 | CGACTITCACTTTICTCTATC ACTGATAGGEAGTGETARACTCGACATTACCCTETTATE CC TATC GAC CTC GAGGEAT AL TC TAGAGG LG G GARTTCCACAAATTETTATCCOCTCAC AATT CCAC ATGTER(]

50 | CGACTTTCACTTTICTCTATC ACTGATAGGEAGTHETARACTCGACATTACCCTETTATC LA = - === == === == mmm = mm oo e = CTCACAATTCCACATGTGG
51 | CGEACTTTCACTTTICTCTATC ACTGATAGEGAGTGETARACTCGACATTACCCTETTATC CC TATC GAC CTC GAGGEATCGAC TC TAGAGG LG CC GARTTCCACALATTETTATC COCTCACALTT CCAC ATGTER(]
52 | CEACTTTCACTTTICTCTATC ANTGATAGEGAGTRETARACT -~ A —————-——G- -A-CC-T-T--ACC-C TH-—-— e TTATCCGCTCACAATTCCACATGTGGN

53 | AT TCACTTTTC T e TATC AT T AT AG S BAR TR ST ARACTC G AL AT TAC OO TETTATE OO TATC SAC LT AAGGEATCBACTC TAGAGE 0O 00 GARTTCCAC ALATTSTTATC OO TO AL AATT CCAC ATETER]




Colocalization of arrays and translocation formation upon DSB-induction
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High-throughput timelapse microscopy to capture translocations

3 z stacks/field, 14 fields/well, 60 wells/experiment, imaging for 18 hours, 1h interval

840 movies for 18h = 90720 images ~50GB of data
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Unbiased, automated image analysis

6h 24h

6 v 8 9 10 11 12 13 14 15 16 17/ 18 19 20 21 22 23 24 (hours)

G
N
&)
N

G
J

®



Align tracks with paired DSBs
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Persistent vs transient pairing
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Synchronized motion of translocated DSBs
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Translocations in real life

Roukos et al., Science, 2013
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Translocations in real life | %\JT%H{E




Distinct phases of translocation formation

Transient pairino

Persistent pairino




Translocations in real life - monitoring DNA repair




TIONAL
CER
INSTITUTE

Where do translocation partners come from?



DSB-pairing occurs from proximal breaks
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Translocations occur predominantly from proximal DSBs
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Translocations between distal breaks
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When in the cell cycle do translocations form?



When in the cell cycle do translocations form?

Non homologous end-joining (NHEJ) Homologous recombination (HR)

G1

v

2 Chromosomal loci/breaks show different mobilities according to cell cycle stage

M

? Distinct pathways repair DSBs in a cell cycle-dependent manner

Heun et al., Science, 2001

Gerlich et al., Cell, 2003

Walter et al., J Cell Biol, 2003

Thomson et al., Cur Biol, 2004

Krawczyk et al., J Cell Sci, 2012

Symington and Gautier, Annu Rev Genet, 2011



An imaging tool to determine cell cycle phase using DAPI staining
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An imaging tool to determine cell cycle phase using DAPI staining

Pl staining

DAPI staining
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Roukos V., Pegoraro G. Voss T., Misteli T. Nature Protocols, in press



Cell cycle staging of individual cells by fluorescence microscopy

Option A: high-throughput confocal microscope
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Translocations occur in all stages of the cell cycle
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Translocations occur in all stages of the cell cycle

relative DNA quantity
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Is there anything special about translocating DSBs?



Increased mobility of translocating DSBs
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How do DNA repair processes affect
translocation formation?



Inhibition of Mrell reduces pairing and translocations
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Inhibition of DNAPKcs does not affect pairing but promotes translocations

Pairing Translocations
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A spatiotemporal framework for the formation of translocations

reécruitment

Roukos V. et al., Science, 2013
Roukos V. & Misteli T. Nature Cell Biology, 2014
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