


Figure 4.6. Rearrangements to histone and Polll-associated gene groups
and gene body distribution in AID sufficient cells. (A) Relative frequency of
rearrangements in Polll-associated or activating histone mark-associated gene

groups (Yamane et al., 2011). IgH' (left) or Myc' (right) AID®Y captures. Dashed
line indicates expected frequency based on a random model. P < 0.001 for all
(permutation test). (B) Composite density profile of rearrangements, genic (red)

and intergenic (blue) regions in IgH' (upper) or Myc' (lower) AID?V captures.

93



In contrast to recent studies that used Nbs1 as an indirect marker of AID

mediated damage (Staszewski et al., 2011), we found little or no difference in

rearrangements to genomic repeats in the presence of AID (Table 4.2). Thus,

AID does not dramatically alter the general profile of rearrangements.

Table 4.2. Rearrangements in intergenic repeats in Myc'AID® and Myc'AID™

samples.

Repeat Myc'AID” | Frequency | Myc'AID®V | Frequency | p-value

Type Myc'AID” Myc'AIDRY

CA 507 0.0271 1528 0.028 0.5361
LINE 1084 0.0579 3137 0.0574 0.197
SINE 862 0.0461 2645 0.0484 0.7991
Others 2610 0.1395 7048 0.1291 0.0003
Total 18707 54605

Table 4.2. Rearrangements in intergenic repeats in Myc'AID?Y and Myc'AID”

samples. For each category, the number of events in each repeat type and the

fraction of all events falling in that type are shown. A Fisher‘s exact test was

performed to compare AID sufficient and AID deficient frequencies. Total =

number of rearrangements analyzed in that sample.

94




Next, we examined whether IgH' and Myc' capture DSB targets at similar rates.
Indeed, in AID sufficient samples, total translocations from a given chromosome

to IgH' or Myc' occurred at roughly similar frequencies (Figure 4.7).
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Figure 4.7. Translocations from Myc' and IgH' to transchromosomal targets.
Graph comparing the number of translocations per mappable megabase to each

chromosome from IgH' (y axis) or Myc' (x axis).

This similarity could be explained by the close physical proximity of IgH and c-

myc, as suggested by studies with EBV-transformed B lymphoblastoid cells (Roix
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et al., 2003). Alternatively, the correlation in trans-chromosomal joining might
represent random ligation between I-Scel DSBs in IgH or c-myc and DSBs on
other chromosomes. This might also be a function of gene density; chromosome
7 and 11 are relatively gene rich while chromosome 3 is relatively gene poor. We
conclude that extra-chromosomal DSBs ligate DSBs in IgH' and Myc' at similar

rates.

To examine the nature of the intra-chromosomal rearrangement bias we
calculated the ratio of IgH' to Myc' captured events for each 500 kb segment of
the genome and compared the values for chromosome 12 and 15 to the trans-
chromosomal joining average of 500kb windows genome-wide (Figure 4.8A).
This analysis revealed that DSBs are preferentially captured intra-chromosomally
and this effect diminishes at a rate inversely proportional to the distance from the
I-Scel site (d"?°) (Figure 4.8B). This effect was most prominent locally but was
evident at up to ~50 Mb away from the I-Scel break. We conclude that paired
DSBs are preferentially joined intra-chromosomally and that the magnitude of this

effect decreases with increasing distance between the two lesions.
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Figure 4.8. Distance dependent intra-chromosomal rearrangements.

(A) Ratio of IgH' captured to Myc' captured events in 500 kb bins moving away
from the |-Scel capture site (both directions combined). Dotted line represents
the average trans-chromosomal joining frequency computed on all chromosomes
other than 12 or 15. Gray areas show 2 standard deviations around the mean.
(B) Modeling intra-chromosomal rearrangement bias. Rearrangements to IgH'
(red) and Myc' (blue) in the combined AID®Y samples were sorted into variable-
sized bins of =20 events. Rearrangement density was calculated per bin to the
left and right of c-myc separately as a step plot. When both directions were
combined and plotted as a scatter plot on a log-log scale (inset graph, hotspots in
grey) from 5 kb to 1 Mb, a roughly linear relationship suggested that the
rearrangement density decreased as a function of a power of the distance.
Fitting a linear model to the log transformed data excluding hotspots allowed the

exponent of this power law to be estimated as approximately -1.3 (R?=0.81).
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CHAPTER 5:

Rearrangement Hotspots in Activated B

Cells

To determine whether there are hotspots for rearrangement, we searched the B
cell genome for local accumulations of reads in AID deficient and sufficient
samples. TC-Seq hotspots were defined as a localized enrichment of
rearrangements above what is expected from a uniform genomic distribution. We
removed likely artifacts; namely hotspots containing >80% of reads within DNA
repeats, and those with footprints of <100nt (because translocations are
amplified from randomly sonicated DNA (Figure 2.4A), deep-sequence tags
associated with bona fide rearrangements are unlikely to map within a small
region). We chose to omit these repeat alignments because while repeats may
be analyzed in bulk (Table 4.2), the alignments from the reads may not be
reliable. We identified 34 hotspots captured by Myc' in the absence of AID (Table
5.1). There were 31 hotspots in 17 genes and 3 in non-genic regions. 17 of the

hotspots were in Pvt1, within 500 kb of the I-Scel site.
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Table 5.1. TC-Seq hotspot list for Myc'AID° B cells.

Hotspot position R::rt;ln_ Clqsest gene Closest Repeat_ type and
gements idiname gene (nts) cryptic I-Scel

Chrg:gggffs"%' 61 192961Pvt1 in gene all
chrgi:glggzgos- 48 192961Pvt1 in gene all
chr1651:§;58§;15209- 37 192961Pvt1 in gene
chrg:gggfggw- 36 751530IMir715 | in gene
chr1651:§11§$§;01 ) 27 192961Pvt1 in gene all
chrgi:ggggg; 84- 26 192961Pvt1 ingene | M ssiir:ziel_,TDRr\]/?NA’
Chrf%%zﬁ%%?“' 26 17391IMmp24 | in gene
IS |1y | e | g | S rc
chr::g;i;é)g%- 18 192961Pvt1 in gene sine, Itr
chr1651:g;§22g7582- 17 192961Pvt1 in gene ””‘;’ ;g‘lg ('éTTF,"GE"A'\)'A’
chr1851:;3;57é33;24- 14 114291Aco2 in gene
Chrgg;fgﬂ 88- 12 192961Pvt1 in gene
Chrgg:?lgf'm' 11 192961Pvt1 in gene
Ch? e 11 21956/ Tnnt2 2762 | near cryptic Iscel site
chr1651:g§1)§§£5373- 8 192961Pvt1 in gene
chr?(:)1702221(;%8561 i 7 69536|Hemk1 in gene sine
Ch”fg;?g;f; 95- 7 12565Cdh9 | 488543 | near cryptic Iscel site
chr1:37704468- ; 7209712010800 |

37704668 CO2Rik
chr1652:852;)85:)1249- 7 192961Pvt1 in gene
Chrl%ggggg;?o_ 6 218952IFermt2 | in gene
chr1651:g§1)19§33§31- 6 192961Pvt1 in gene
chr125155623%’:34;01 5 17391IMmp24 in gene sine, line
Chrﬁ ;17272?278' 5 71458IBcor 235647 LTRI’SZiTrSﬁ;yp“C
Chrggg?ggg 28- 5 192961Pvt1 in gene ””e(’c';tg :X‘;‘p'e
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Chfgiig;;’gggoo' 5 192961Pvt1 in gene
Chﬂ:ﬁggg;fg“ i 4 19296|Pvt1 in gene line
Chrg&i%ﬁ%%? 4- 4 14681IGnao1 | in gene simple (CA)
Chfg;;%?;;& 4 57775IUsp29 | in gene simple (ca)
Chrl&g;‘g’;ggos' 4 202501Scd2 in gene near cryptic Iscel site
Chr123123é%65%57296 3 66634IMcm8 in gene Sine, Simple (GT)
Chfgiig;gzg ol 3 192961Pvt1 in gene

chrgé%icéaé%ﬁm - 3 52055;) gam i | 5ieag
Chfgzigfgggzy 9- 3 192961Pvt1 in gene

chr7:80884795- 3 100038347IFa | o

80885210 m174b

Table 5.1. TC-Seq hotspot list for Myc'AID° B cells. For each hotspot the
number of rearrangements constituting the hotspot, the closest gene, the
distance to that gene, and the type of repetitive DNA elements contained in the
hotspot are shown. Hotspots attributed to cryptic I-Scel sites are indicated in the

last column.
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In addition, 2 hotspots occurred within 5 kb of cryptic I-Scel sites (each bearing
one mismatch to the 18- base pair recognition sequence). For example, one such
hotspot at chr15:16219195-16219312 containing a 1-off I-Scel recognition
sequence bore 8 rearrangements (Figure 5.1). A genome-wide search for
rearrangements within 5 kb of cryptic I-Scel sites (83 within the mouse genome
with 1 or 2 mismatches to the canonical I-Scel recognition sequence) yielded 57
events, 7 times more than expected in a random distribution model. When
allowing up to 6 mismatches we find a total of 5 out of 17 AID-independent
hotspots near putative cryptic I-Scel sites. Although I-Scel has been used to
generate a unique DSB in gene targeting and DNA repair experiments, our data
suggest that DNA recognition by I-Scel can be promiscuous in the mouse

genome, as demonstrated for other yeast endonucleases (Argast et al., 1998).

Next, we searched the AID sufficient data sets for AID dependent hotspots.
These were defined as genomic locations where there was at least a 10-fold
enrichment over background rearrangement levels. In contrast to AID”, we found
157 hotspots in 83 genes captured by IgH'AID?Y and 60 hotspots in 37 genes by
Myc'AID?V in 100 million B cells. (Tables 5.2 and 5.3). This suggests that AID is

generating targeted genomic instability above background levels.
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chr15:16,218,271-16,220,148

- ~
- ~
- ~
-~ ~

cryptic I-Scel TAGGGATAACAGGGGAAT
canonical I-Scel TAGGGATAACAGGGTAAT

100bp

Figure 5.1. I-Scel cryptic site screenshot. Screenshot showing a TC-Seq
hotspot associated with a cryptic |-Scel site located on chromosome 15 in
Myc'AID™ B cells. Rearrangements accumulate within 200 bp of a site that differs

by 1 base (T->G) from the canonical I-Scel recognition sequence.
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Table 5.2. TC-Seq hotspots in Myc'AID?Y B cells.

Total Closest
Hotspot position Rearran- Clqsest gene gene
gements idiname (nts)
chr12:114569045-114578835 2063 IgHIIgH in gene
chr12:114600202-114603869 259 IgHIIgH in gene
chr7:132695991-132699453 141 16190I1l4ra in gene
chr13:43880182-43885076 132 12522/Cd83 in gene
chr15:62001300-62004099 128 19296IPvt1 in gene
chr15:74761629-74764081 85 17069ILy6e 21399
chr11:61466811-61469564 74 715201Grap in gene
chr15:62009859-62012742 69 19296IPvt1 in gene
chr15:74785846-74789190 57 17069ILy6e in gene
chr17:29627912-29629491 49 18712IPim1 in gene
chr12:114665845-114667844 48 IgHIIgH in gene
chr15:82040871-82042918 28 20788ISrebf2 5481
chr10:53793003-53795422 27 17155IMan1a in gene
chr7:52091757-52092909 25 142041114i1 in gene
chr15:34012782-34013570 24 67154IMtdh in gene
chr15:79724869-79726419 23 80287IApobec3 in gene
chr16:84706683-84708187 20 387173IMir155 6197
chr4:44714489-44715772 20 18507IPax5 in gene
chr16:84703741-84705601 19 387173IMir155 8783
chr8:129115681-129117132 17 270110lIrf2bp2 in gene
chr15:62157722-62158587 15 19296IPvt1 75192
chr16:19061770-19063197 14 IgLlambdallgLlambda in gene
chr7:132747538-132748234 13 6050411121r in gene
chr4:44716165-44717120 13 18507IPax5 in gene
chr11:87569331-87570257 12 387160IMir142 108
chr15:62000011-62000612 11 19296IPvt1 in gene
chr4:44722019-44722683 11 18507IPax5 in gene
chr6:70676375-70677272 11 IgLkappallgLkappa in gene
chr9:44333604-44334132 9 12145ICxcr5 in gene
chr4:44981291-44982237 9 76238IGrhpr 12045
chr11:86398867-86399824 9 75909ITmem49 in gene
chr15:74827015-74828130 8 110454ILy6a in gene
chr11:61470062-61470857 7 715201Grap in gene
chr8:35871344-35872045 7 3195201Dusp4 in gene
chr6:129134035-129135134 7 93694IClec2d in gene
chr15:62160533-62161287 6 19296IPvt1 78003
chr15:61903483-61904141 6 19296IPvt1 in gene

104




chr15:74784468-74785172 6 17069ILy6e 308
chr7:132750068-132750375 6 6050411121r in gene
chr8:73223046-73223403 6 16478IJund in gene
chr9:107199973-107201059 6 12700ICish in gene
chr8:87501360-87502454 6 164771Junb in gene
chr15:82980236-82980359 5 104307IRnu12 12
chr12:114550576-114550791 5 IgHIIgH in gene
chr3:95463197-95463519 5 17210IMcl1 in gene
chr10:17443755-17444131 5 17684ICited2 in gene
chr10:59681817-59682230 5 53374IChst3 in gene
chr10:59680759-59681209 5 53374IChst3 in gene
chr12:114551620-114552139 5 IgHIIgH in gene
chr15:79913571-79914224 5 27367IRpl3 in gene
chr6:127100691-127101260 4 12444ICcnd2 in gene
chr15:61897189-61897630 4 19296IPvt1 in gene
chr15:74756575-74757098 4 17069ILy6e 28382
chr15:62156632-62157160 4 19296IPvt1 74102
chr13:46059069-46059856 4 20238|Atxn1 in gene
chr12:114566773-114567144 4 IgHIIgH in gene
chr15:62020486-62020920 4 19296IPvt1 in gene
chr9:44143288-44143844 4 15270IH2afx in gene
chr17:35138064-35138737 4 22321|Vars in gene
chr15:62105382-62105511 3 19296IPvt1 22852

Table 5.2. TC-Seq hotspots in Myc'AID?Y B cells. For each hotspot the
genomic location (chromosome:base#-base#), the number of events in that
hotspot and its most proximal gene is shown. If a hotspot is in a gene the last
column indicates this, if the hotspot is in an intergenic region the last column
gives the number of bases away from the nearest gene. Only AlD-dependent

hotspots are shown.
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Table 5.3. TC-Seq hotspots in IgH'AID® B cells. (Pages 106-109)

Total Closest
Hotspot position Rearrang- Closest gene idiname
gene (nts)
ements

chr12:114563677-114583617 18010 IgHIIgH in gene
chr12:114592880-114605961 3415 IgHIIgH in gene

chr12:114464291-114473409 397 IgHIIgH 24991
chr7:132695160-132701616 355 16190I1l4ra in gene
chr12:113826127-113831888 306 704351Inf2 in gene
chr12:114477632-114487105 198 IgHIIgH 11295
chr13:43880627-43885981 158 12522|Cd83 in gene
chr12:114545002-114549279 149 IgHIIgH in gene

chr16:84703733-84708651 142 387173IMir155 5733
chr11:61466722-61471367 129 71520IGrap in gene
chr12:114550562-114553023 120 IgHIIgH in gene

chr12:114487888-114495960 103 IgHIIgH 2440
chr6:129131713-129135370 95 93694IClec2d in gene
chr6:70672635-70676968 90 IgLkappallgLkappa in gene
chr12:81210545-81214030 89 121921Zfp36I1 in gene
chr17:29627857-29630975 74 18712IPim1 in gene
chr12:114529738-114534115 61 IgHIIgH in gene
chr12:114460798-114463471 60 69195ITmem121 33065
chr7:132746979-132749248 58 6050411121r in gene
chr16:58715676-58718789 52 712231Gpr15 in gene
chr7:52091646-52094659 49 100328588INup62-il4i1 in gene
chr8:129115389-129117233 43 270110lIrf2bp2 in gene
chr15:61817197-61819111 42 17869IMyc in gene
chr12:116745900-116747837 38 IgHIIgH in gene
chr10:53793549-53795607 38 17155IMania in gene
chr12:115526476-115529230 35 IgHIIgH in gene
chr11:87569636-87571044 31 387160IMir142 in gene
chr12:115984499-115986323 29 IgHIIgH in gene
chr12:114560586-114562879 29 IgHIIgH in gene
chr12:116861441-116863848 27 IgHIIgH in gene
chr12:117150666-117151414 27 IgHIIgH in gene
chr12:88539032-88541058 27 382620ITmed8 in gene
chr12:115821793-115822684 26 IgHIIgH in gene
chr12:114096947-114100451 26 566961Gpr132 in gene
chr16:19061101-19062590 26 IgLlambdallgLlambda in gene
chr12:116152849-116154287 25 IgHIIgH in gene
chr13:63896445-63900869 25 7625110610007P08Rik 15758
chr3:135352008-135353935 24 18033INfkb1 in gene
chr9:107199367-107200994 20 12700ICish in gene
chr17:51970428-51972180 20 202301Satb1 in gene
chr12:114606862-114609279 20 IgHIIgH in gene
chr12:114557649-114560033 19 IgHIIgH in gene
chr3:95462675-95465208 19 17210IMcl1 in gene
chr11:106173700-106175830 19 15985ICd79b in gene
chr12:114835673-114836176 18 IgHIIgH in gene
chr11:115487516-115488927 18 672831SIc25a19 in gene
chr12:116886227-116888201 17 IgHIIgH in gene
chr12:115097413-115098823 17 IgHIIgH in gene
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chr11:86398657-86400144
chr16:19065068-19066725
chr8:35870456-35872041
chr12:70298030-70299253
chr8:73223130-73224638
chr12:117158582-117159779
chr12:115630002-115631365
chr9:107201768-107203198
chr14:122361101-122363562
chr12:116532327-116532749
chr12:116383843-116384804
chr12:56591584-56593525
chr12:117086102-117086768
chr12:70397988-70398524
chr4:44725889-44726961
chr7:133556483-133558100
chr13:53014444-53014988
chr12:115560605-115561181
chr4:44980880-44981502
chr13:23713187-23714124
¢chr3:96073011-96074020
chr12:87027653-87028719
chr4:44715829-44717064
chr2:158492484-158494071
chr13:53072809-53074649
chr9:44333703-44334267
chr12:115076892-115077564
chr12:115391414-115392751
chr2:166888980-166890860
chr12:115776774-115777349
chr8:87501548-87502456
chr12:114610038-114611149
chr9:44412166-44412743
chr16:58672312-58673522
chr1:108068896-108070111
chr12:115232761-115233011
chr12:115707425-115707742
chr12:114955011-114955614
chr6:136752518-136753244
chr12:114555430-114556333
chr10:59681922-59682995
chr12:116175390-116175840
chr12:115008112-115009040
chr8:97269761-97270072
chr12:116733901-116734666
chr12:117072263-117072562
chr6:129130592-129131098
chr12:115717148-115717715
chr12:116229318-116230137
chr4:44714015-44714884
chr12:114553758-114554896
chr15:74785673-74786897
chr16:10784789-10785123
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75909ITmem49
IgLlambdallgLlambda
3195201Dusp4
10906511110034A24Rik
16478|Jund
IgHIIgH
IgHIIgH
12700ICish
3210191Gpr183
IgHIIgH
IgHIIgH
18035INfkbia
IgHIIgH
69554|Klhdc2
18507IPax5
12478ICd19
11992|Auh
IgHIIgH
76238IGrhpr
50709IHist1h1e
319189IHist2h2bb
53314|Batf
18507IPax5
228852IPpp1r16b
18030INfil3
12145ICxcr5
IgHIIgH
IgHIIgH
6894911500012F01Rik
IgHIIgH
164771Junb
IgHIIgH
13209IDdx6
12892ICpox
98432|Phipp1
IgHIIgH
IgHIIgH
IgHIIgH
320332IHist4h4
IgHIIgH
53374IChst3
IgHIIgH
IgHIIgH
20299ICcl22
IgHIIgH
IgHIIgH
93694IClec2d
IgHIIgH
IgHIIgH
18507IPax5
IgHIIgH
17069ILy6e
12703ISocs1

in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
2577
in gene
in gene
in gene
12780
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
231
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene




chr15:74763628-74764024
chr12:115134720-115134990
chr7:132750171-132750297
chr17:35136839-35137019
chr12:116831379-116831823
chr4:44721635-44722251
chr12:115414770-115415436
chr15:79911701-79912444
chr13:51942199-51943030
chr6:48655721-48656684
chr15:82041126-82042151
chr1:36365470-36366278
chr12:116396756-116396922
chr11:5421596-5421866
chr12:116930165-116930446
chr12:115251470-115251824
chr3:96024349-96024764
chr15:74787652-74788420
chr12:114729327-114730211
chr12:114497586-114498517
chr6:48696841-48697785
chr11:61472162-61473172
chr12:55797689-55797969
chr12:117107309-117107806
chr12:92827477-92828227
chr2:34812256-34812641
chr12:115609552-115610249
chr12:115855867-115856592
chr6:48634895-48635772
chr12:115117746-115118111
chr9:32347803-32348302
chr2:127952144-127952647
chr12:115298061-115298583
chr12:113858703-113859237
chr17:88463676-88464261
chr1:162966442-162967042
chr13:21871724-21872334
chr15:34012549-34013176
chr6:48689187-48689841
chr7:108257838-108258501
chr16:10783339-10784041
chr10:59413651-59414365
chr14:70688210-70689003
chr12:115252782-115253686
chr4:134479505-134480566
chr12:115187722-115188045
chr13:63895201-63895639
chr16:58720437-58720884
chr7:132634208-132634668
chr12:116011816-116012535
chr10:59634442-59634618
chr12:117238411-117238513
chr1:38720806-38720934
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17069ILy6e
IgHIIgH
6050411121r
22321|Vars
IgHIIgH
18507IPax5
IgHIIgH
27367IRpl3
23882|Gadd45g
2319311Gimap6
20788ISrebf2
214855|Arid5a
IgHIIgH
224331Xbp1
IgHIIgH
IgHIIgH
319176IHist2h2ac
17069ILy6e
IgHIIgH
IgHIIgH
3177571Gimap5
71520I1Grap
66266/Eapp
IgHIIgH
83602IGtf2a1
22029ITraf1
IgHIIgH
IgHIIgH
107526lGimap4
IgHIIgH
14247IFli1
12125IBcl2111
IgHIIgH
11565|Adssl1
225055IFbxo11
14455|Gas5
56702IHist1h1b
67154IMtdh
16205IGimap1
207278lFchsd2
12703ISocs1
747471Ddit4
19057IPpp3cc
IgHIIgH
27981ID4Wsu53e
IgHIIgH
7625110610007P08Rik
712231Gpr15
67711INsmce1
IgHIIgH
53374IChst3
IgHIIgH
16764IAff3

21456
in gene
in gene
832
in gene
in gene
in gene
in gene
in gene
in gene
5736
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
837
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
in gene
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chr12:116550486-116550640 IgHIIgH in gene

chr4:44724505-44724640 3 18507IPax5 1193
3
chr5:114281912-114282032 20345ISelplg 1402

Table 5.3. TC-Seq hotspots in IgH'AID®Y B cells. For each hotspot the
genomic location (chromosome:base#-base#), the number of events in that
hotspot and its most proximal gene is shown. If a hotspot is in a gene the last
column indicates this, if the hotspot is in an intergenic region the last column
gives the number of bases away from the nearest gene. Only AlD-dependent

hotspots are shown.

Next, we sought to characterize the nature of AID targets. Consistent with a
translocation coupled targeting mechanism, 80% of the AlD-dependent hotspots
captured by c-myc and 90% of those captured by IgH were within genes. For
example, we found robust AlD-dependent hotspots on //4i1 and Pax5 (a recurring
IgH translocation partner in lymphoplasmacytoid lymphoma (Kuppers, 2005))

(Figure 5.2 and Tables 5.2 and 5.3).
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Figure 5.2. Screenshots of AID-dependent rearrangement hotspots.
Translocations per 100 bp present at //4i1 and Pax5 genes in all samples. Arrows
indicate the direction of transcription. Black boxes represent exons while lines

represent introns.
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AID-dependent hotspots were similar for IgH' B cells expressing wild type levels
(WT) or retrovirally over-expressed (RV) AID, however the number of TC-Seq
captured events per hotspot was decreased in the former (Figures 5.2 and 5.3).
Therefore, translocations to AID targets occur in cells expressing physiological
levels of AID and hotspots are not dependent on AID over-expression. 3 hotspots
observed in AID"T samples but not AID?Y samples are likely due to experimental
variability. We conclude that AID produces substrates for translocations in a
number of discreet sites throughout the genome, and these sites are mainly in

genes.

IgH'AIDWT

IgH'AIDAY

Figure 5.3. Overlap of hotspots in AIDY" and AID?Y IgH' samples. Venn
diagram showing the number of shared and exclusive AID-dependent hotspot-

bearing genes in IgH'AID?V and IgH'AID"'" experiments.

111



Consistant with equal capture rates of extrachromosomal targets by c-myc and
IgH (Figure 4.7) Genes containing AlD-dependent hotspots overlapped between

IgH'AID®Y and Myc'AID®Y samples (Figure 5.4).

IgH'AID?Y

Myc'AID?Y

: Myc'AID*

Figure 5.4. Overlap of hotspots in IgH'AID®Y: Myc'AID®Y and Myc'AID*°
samples. Venn diagram showing the number of shared and exclusive AID-

dependent hotspot-bearing genes in the three experiments.

We found that 28 of the frequently translocated targets were shared. In contrast,
there were a number of unique intra-chromosomal AlD-dependent hotspots. For
example, rearrangements to /nf2 on chromosome 12 (~850 kb from IgH') were
only found by IgH' capture while rearrangements near Pvt1 on chromosome 15
(up to ~350 kb from Myc') were only found by Myc' capture (Tables 5.2 and 5.3).

Thus, there is a bias towards recombination between I-Scel breaks and AID
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hotspots within the same chromosome. Additionally, the finding that some
hotspots are only captured in cis indicates that TC-Seq underestimates the
number of AID mediated DSBs in the genome and suggests that we have not
reached saturation. Additionally, we note that AlD-independent hotspots do not
arise in the AID-sufficient sample. We propose that this is due to a higher
availability of AID-generated DSBs, which saturate the rearrangement profile to I-

Scel generated ends.

Combined analysis of the IgH' and Myc' TC-Seq data sets and mRNA-Seq data
shows that AID dependent hotspots are primarily found in transcribed genes
(Figure 5.5A). However, while nearly all of the translocated genes are actively
transcribed, there is no clear correlation between transcript abundance and
rearrangement frequency (Figure 5.5B). Furthermore, ~2000 highly transcribed
genes are not rearranged (Figure 5.5A, shaded area). Therefore transcription is
necessary but not sufficient for AID targeting, and transcription levels alone

cannot account for AID-dependent DSBs.
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Figure 5.5. Correlating AID dependent hotspots with transcription.

(A) Empirical cumulative distribution analysis showing transcript abundance in
genes displaying (red) or lacking (black) AID dependent rearrangement hotspots.
Filled-in gray slice represents ~2000 highly transcribed yet unrearranged genes.
(B) Total rearrangements as a function of gene expression (mMRNA-Seq)
(Yamane et al., 2011) in genes bearing AID dependent rearrangement hotspots.

Each gene is plotted as one point.
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Additionally, AID-dependent hotspots are biased to the region around the
transcription start site (Figure 5.6A). This finding is consistent with the
accumulation of AID and Spt5 around the promoters of stalled genes and the
distribution of somatic hypermutation (Pavri et al., 2010; Yamane et al., 2011).
Indeed, AID-dependent TC-Seq hotspots overlap with regions of AID and Spt5

accumulation (Figures 5.6B and 5.7).

A B
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Figure 5.6. Genomic features at AlD-dependent hotspots. (A) Composite
density graph showing the distribution of rearrangements in genes associated
with AID dependent hotspots relative to the TSS. (B) Spt5 and AID recruitment at
genomic sites associated with translocation hotspots (Pavri et al., 2010; Yamane

et al., 2011).
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Figure 5.7. AID loading at AlD-dependent rearrangement hotspots.
Empirical cumulative distribution function showing AID accumulation at TSSs of
genes displaying (red) or lacking (black) AID-dependent TC-Seq hotspots. AID
association data was derived from AID ChlIP-Seq experiments (Yamane et al.,

2011).

This correlation prompted us to explore the relationship between AID activity and
accumulation of chromosomal translocations by measuring somatic
hypermutation at TC-Seq captured AID targets (Yamane et al., 2011) (Table 5.4).
To increase sensitivity we examined AID mediated mutations in IgkAID/UNG” B
cells (AID over expression by virtue of a VKappa promoter increases AID levels
and therefore, mutation rates). In the absence of UNG mutation rates are further

increased because U:G mismatches are processed into mutations rather than
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DSBs (Schrader et al., 2005; Xue et al., 2006). We found a positive correlation
(Spearman coefficient = 0.84) between hypermutation and rearrangement
frequency (Figure 5.8). All genes analyzed with a mutation frequency over 10x10
® bear rearrangements, and all genes with AID-dependent TC-Seq hotspots show
mutations (Figure 5.8). Rearrangements were only seen rarely in genes with
lower rates of mutation. This suggests that the frequency of hypermutation and
the frequency of AID-induced DSBs are directly proportional. We conclude that
AlID-dependent TC-Seq hotspots occur on stalled genes that can accumulate

Spt5, AID, and may suffer hypermutation relative to background levels.
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Table 5.4. Hypermutation analysis. (Pages 118-120)
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\oSm | /9KAID-Ung-/~ | 26101 | 521 1996 1.00E-08
9 Aicda-/- 26369 | 0 <1
1oSa7 | lgkAID-Ung-/~ | 18255 | 286 1567 1.00E-08
959 Aicda-/- 28270 | 0 <1
pimg | [9kAID-Ung-/- | 20453 | 41 2005 1.00E-08
Aicda-/- 17219 | 1 5.8
. IgkAID-Ung-/- | 21551 | 43  199.5 1.00E-08
Mir142 Aicda-/- 23676 | 1 4.22
uve | IGKAID-Ung-I- | 103818 [ 171 1647 2.17E-06
y Aicda-I- 19136 | 3 15.7
Jha | IgkAID-Ung-/- | 17223 | 26  151.0 1.00E-08
intron Aicda-/- 14640 2 13.7
yara | lgkAID-Ung-/~ | 29062 | 35 120 5.36E-08
Aicda-/- 25257 | 2 7.92
IgkAID-Ung-/- | 22734 | 26  114.37 1.28E-05
QUKL Aicda-/- 12838 | 0 0
mir2q | GKAID-Ung-- | 25583 | 27  105.53 2.60E-08
Aicda-/- 23454 | 0 0
Gra IgkAID-Ung-/- | 19084 | 19  99.6 1.55E-04
P Aicda-/- 12402 | 0 <1
] IgkAID-Ung-/- | 27677 | 26  93.94 1.00E-08
LAt Aicda-/- 31614 | 0 0
Csk | l9kAID-Ung-/~ | 37807 | 31  82.00 3.92E-05
Aicda-/- 33267 | 5 15.03
paxs | IOKAID-Ung-I- | 114476 | 81 70.70 9.00E-04
Aicda-/- 28035 | 4 14.27
] IgkAID-Ung-/- | 42680 | 34  79.7 2.52E-06
Histthic | =" i da-i- 34266 | 3 8.8
L v6e | lOKAID-Ung--| 20583 | 13 63.2 2.61E-03
y Aicda-/- 13546 | 0 <1
IgkAID-Ung-/- | 11577 | 7 60.5 3.59E-05
Cds3 Aicda-/- 38378 0 <1
IgkAID-Ung-/- | 23611 | 12 55.1 1.81E-03
H2afx Aicda-/- 18630 | 0 <1
IgkAID-Ung-/- | 23728 | 13 54.8 5.25E-04
Gaddd5g | =" i da-)- 27482 | 1 3.6
IgkAID-Ung-/- | 37505 | 18  47.99 3.10E-03
Apobec3 | = i aer- 16440 | 0 0
Clec2d | IgkAID-Ung-/- | 50996 | 22  43.14 1.20E-07
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Aicda-/- 67695 | 1 1.47
oty | 1OKAID-Ung-/- | 34994 | 15 42.86 1.05E-02
Aicda-/- 36302 | 4 11.02
a1 | GKAID-Ung-/- | 41757 | 14 383 1.14E-03
Aicda-/- 55503 | 3 5.4

IgkAID-Ung-/- | 23333 | 8 34.3 2.45E-02
Adrbk1 Aicda-/- 17277 | 0 <1
Hven7 | IGKAID-Ung-1- | 24912 | 8 32.1 2.45E-01
Aicda-/- 21033 | 3 14.3
IgkAID-Ung-/- | 38265 | 12 31.36 1.50E-02
B Aicda-/- 34002 | 2 5.87
Actp | [GKAID-Ung-/- | 25984 | 7 26.9 1.62E-02
Aicda-/- 23858 0 <1
IgkAID-Ung-/- | 22139 | & 226 1.69E-02
Ucp2 Aicda-/- 27937 | 0 <1
IgkAID-Ung-/- | 37789 | 7 1852 3.15E-01
(Ereits Aicda-/- 29540 | 2 6.77
] IgkAID-Ung-/- | 36102 | 6 16.6 3.16E-02
Pip5kic Aicda-/- 56600 | 1 1.8
IgkAID-Ung-/- | 26430 | 4 15.1 5.48E-02
Dpagt1 Aicda-/- 48791 | 1 2.1
Lmang | 1GKAID-Ung-/- | 29569 | 3 10.14 3.31E-01
Aicda-/- 36662 | 1 2.72
IgkAID-Ung-/- | 32871 | 3 9.12 6.69E-01
Sfrs9 Aicda-/- 37790 | 2 5.29
Trexq | 1KAID-Ung-/- | 34574 | 3 8.68 2.59E-01
Aicda-/- 27625 0 <1
iy | 19KAID-Ung-/- | 36549 | 3 8.21 5.73E-01
Aicda-/- 38924 | 1 2,57
ioCm | 1GKAID-Ung-/- | 45906 | 4 8.71 3.29E-01
9 Aicda-/- 25726 | 0 <1
IgkAID-Ung-/- | 28015 | 2 714 5.05E-01
Cdcé2 Aicda-/- 22838 | 0 <1
IgkAID-Ung-/- | 28566 | 2 7.00 2.08E-01
Hmbs Aicda-/- 34058 | 0 <1
Eifsh | [9KAID-Ung-/- | 33048 | 2 6.05 5.01E-01
Aicda-/- 30948 0 <1
ol | 1GKAID-Ung-/- | 34352 | 2 5.82 5.02E-01
P Aicda-/- 30600 | O <1
IgkAID-Ung-/- | 22472 | 1 4.44 4.58E-01
Rbbp7 Aicda-/- 26602 | 0 <1
crk | IGkAID-Ung-i- | 27511 | 1 3.63 1.00E+00
Aicda-/- 28215 | 1 3.54
Spip | 1GKAID-Ung-/- | 28941 | 1 3.45 1.00E+00
P Aicda-/- 27684 | 0 0
IgkAID-Ung-/- | 34086 | 1 2.93 6.14E-01
Fams50a Aicda-/- 32154 | 2 6.22
) IgkAID-Ung-/- | 35479 | 1 2.82 1.00E+00
ek Aicda-/- 25717 | 0 0
Gaiz | 19KAID-Ung-/- | 31044 | 0 <1 2.48E-01
Aicda-/- 30772 | 2 6.5
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N-myec IgkAID-Ung-/- | 45462 0 <1 1.00E+00
Aicda-/- 31251 0 <1
Repeat | IgkAID-Ung-/- | 34173 3 8.73 _
1* Aicda-/- na _ _ _
Repeat | IgkAID-Ung-/- | 39636 0 0.00 _
2** Aicda-/- na _ _
Repeat | IgkAID-Ung-/- | 48809 1 2.05 _
3*** Aicda-/- na _ _
Serinc3 ngAI.D- Ung-I- | 48237 2 4.15 _
Aicda-/- na _ _
, IgkAID-Ung-/- | 46081 11 23.87 5.51E-01
Ll Aicda-/- 44285 | 14 31.61

*chr19:28,942,810-28,943,877
**chr11:27,022,268-27,023,001
***chr2:98,506,321-98,507,533

Table 5.4. Hypermutation analysis. Genes were analyzed using DNA isolated
from IgkAID/Ung” or Aicda” LPS + IL-4activated B cells (Robbiani et al., 2009).
Genes marked in yellow were analyzed de novo and added to a previous

hypermutation survey (Yamane et al., 2011). bp: total number of bp sequenced.
Mutations: total number of mutations detected. p value was calculated between

the mutation frequency obtained in IgkAID/Ung” and Aicda™.

120



p=0384 .
10%3 .
°
2 .
€ %
S o o°
€ L] )
& 10'3 ° L
c [ ]
§ ... )
10%2
% o
e o

105 10! 10 107

Mutation rate (x10-5)

Figure 5.8. Translocation frequency versus mutation frequency in AID
targeted genes. Each gene was plotted as a function of its mutation rate in

IgkAID/Ung™ B cells and its rearrangement frequency as determined by TC-Seaq.

Among AID-dependent hotspot containing genes we find several that are
translocated or deleted in mature B cell lymphoma. These include Pax5/IgH,
Pim1/Bcl6, 1121r/Bcl6, Gas5/Bclé and Ddx6/IgH translocations and Junb and
Socs1 deletions in diffuse large B cell lymphoma, Birc3/Malt1 translocation in
MALT lymphoma, Ccnd2/IgK translocation and Bcl2/11 deletion in mantle cell
lymphoma, Aff3/Bcl2 and Grhpr/Bcl6 translocations in follicular lymphoma,
mir142/c-myc translocation in B cell prolymphocytic leukemia as well as c-

myc/IgH and Pvt1/IgK translocations in Burkitt’s lymphoma (Table 5.5).
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Table 5.5. AID-dependent rearrangements in human B cell lymphoma.

Mature BCL

TC-Seq Gene Translocation in Mature BCL Type Reference
Birc3 (Api2) t(11;18)(gq21;921) MALT (Rosebeck et al., 2011)
21r 1(3;16)(q27;p11) DLBCL (Ueda et al., 2002)
Pax5 1(9;14)(p13;932) DBLCL (lida et al., 1999)
Pim1 (3;6)(q27;p21.2) DLBCL (Yoshida et al., 1999)
Aff3 1(2;18)(q11.2;921) FL (Impera et al., 2008)
Gas5 t(1;3)(925;927) DLBCL (Nakamura et al., 2008)
Ccnd2 t(2;12)(p12;p13) MCL (Gesk et al., 2006)
c-myc t(8;14)(q23;032) BL (Kuppers, 2005)
Ddx6 (Rck) 1(11;14)(g9283;932) DLBCL (Lu and Yunis, 1992)
Grhpr 1(3;9)(q27;p11) FL (Akasaka et al., 2003)
Bcl2l11 Deleted MCL (Bea et al., 2009)
Socs1 Deleted DLBCL (Mottok et al., 2009)
Junb Deleted DLBCL (Mao et al., 2002)
mir142 t(8;17) B-PLL (Gauwerky et al., 1989)
Pvt1 1(2;8)(p11.2;924.1) BL (Einerson et al., 2006)
IgH several several (Kuppers, 2005)
IgK several several (Kuppers, 2005)
IgL several several (Kuppers, 2005)

Table 5.5. AID-dependent rearrangements in human B cell lymphoma.
Genes bearing AID-dependent TC-Seq hotspots are shown with the associated
translocation or deletion observed in human mature B cell lymphoma (BCL). BCL
types are abbreviated as follows: MALT (mucosa-associated lymphoid tissue

lymphoma), DLBCL (diffuse large B cell lymphoma), FL (follicular lymphoma),
MCL (mantle cell lymphoma), BL (Burkitt's lymphoma), B-PLL (B cell

prolymphocytic leukemia).
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Interestingly, we find that AID is capable of inducing DSBs in Fli1 (Table 5.3),
which is translocated to EWS in 90% of Ewing’s sarcomas, a malignant tumor of
uncertain origin (Riggi and Stamenkovic, 2007). We conclude that in addition to
mutating many genes, AID also initiates DSBs in numerous non-/g genes. These
genes serve as substrates for translocations associated with mature B-cell
lymphoma, strongly implicating AID as a source of genomic instability in these

cancers.
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CHAPTER 6:

Discussion

To date, the study of chromosomal aberrations has been primarily limited to
events identified in tumors and tumor cell lines. Although we have learned a great
deal about the importance of genomic rearrangements in cancer, it has not been
possible to develop an understanding of the cellular and molecular forces that
govern their genesis. To examine genomic rearrangements in primary cells in
short term cultures, we developed a technique to catalog these events by deep
sequencing, TC-Seq. Using this technique we have obtained the complete
recombinomes of two genes, c-myc and IgH, in activated B cells in the presence
and absence of AID. Our analysis of over 180,000 rearrangements reveal the
importance of transcription, chromosome territories and physical proximity in
recombinogenesis, and identifies hotspots for AID-mediated translocations in
mature B cells. Our data also suggest that non-lg DSBs induced by AID are an
important source of genomic instability in the mature B cell lymphomas. Finally,
TC-Seq is a widely applicable technique; it can be adapted to study translocation
biology is any tissue or cell type and to discover the location and nature of other

DNA damage sources.
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Nuclear Proximity and Chromosomal Position

The existence of chromosome territories, regions in which individual
chromosomes segregate, has been long proposed (Cremer and Cremer, 2001)
and recently shown to be a key feature of genome organization and determinant
locus proximity (Lieberman-Aiden et al., 2009). However, until now the degree to
which this impacts the genomic rearrangement landscape was unclear. Our
analysis provides evidence that physical proximity and chromosome territories
are partial determinants for joining of rearrangement partners. First, we find that
rearrangements tend to occur intra-chromosomally. For example, when a DSB is
introduced in c-myc 40% of rearrangements to that site occur on chromosome
15. This observation is consistent with the analysis of rearrangements in breast
cancer genomes, which showed that 92% of events occur intra-chromosomally
and involve joining of DSBs within 2 Mb of each other (Stephens et al., 2009).
Furthermore, since our experiments were performed in primary cells we can
conclude that this phenomenon is a basic feature of rearrangement, not a result

of cancer cell specific effects or selection.

We find that the effects of physical proximity are most evident in the 350 kb
region around a DSB. In both the absence and presence of AID, the plurality of
rearrangements fall in this region. Interestingly, this marked preference for DSB

repair within 350 kb matches the range of yH2AX spreading from a DSB
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(Bothmer et al., 2010; Savic et al., 2009). yH2AX is a marker of the DNA damage
response, which has been shown to spread widely around the site of a DSB,
perhaps marking the extent of the DNA damage focus. It has been hypothesized
that that the DNA damage response facilitates proximal rearrangement, a
phenomenon most prominent at the /gH locus during CSR. (Bothmer et al.,

2011). Our observed preference for local repair might reflect this fact.

The magnitude of the effect of chromosome territories on rearrangement is far
less prominent than proximal joining, but is consistent with recent genome
mapping data obtained by high-throughput chromosome conformation capture
(Hi-C) (Lieberman-Aiden et al., 2009). When compared to trans-chromosomal
joining, we find that a bias to intra-chromosomal rearrangements is evident even
when as much as 50 Mb separates DSBs. In mouse, the mean autosome size is
~130 Mb, so a 50 Mb preference for intra-chromosomal joining on either side of a
DSB will encompass nearly the entire average chromosome. An intra-
chromosomal joining bias is evident in the preferential joining of AID hotspots and
non-hotspots on chromosome 12 and chromosome 15 with their respective I-Scel
breaks. When a break occurs in IgH the AID target inf2 ~1 Mb from the break
appears as a robust hotspot, but when a break occurs in c-myc, inf2 is not
captured. The inverse occurs for pvt1 exon 5, an AID target on chromosome 15
that is captured by c-myc but not by IgH. We conclude that intra-chromosomal

joining is preferred to trans-chromosomal joining.
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Hi-C data shows that intra-chromosomal contact probability is inversely
proportional to distance and obeys a power law scaling with a slope of —1.08
(Lieberman-Aiden et al., 2009). We find that this closely matches the behavior of
a DSB. Rearrangement density decreases as a power function of the distance
from a break. The exponent of this power law is -1.29, close to the Hi-C estimate
of -1.08. Since rearrangement density diminishes with distance in a manner
similar to contact probability, it is mediated by proximity, a likely consequence of
local chromosome packing and nuclear chromosomal territories. We conclude
that the nuclear organization of chromosome territories impacts the
rearrangement landscape and is a determinant of rearrangement propensity.
Functionally, a strong preference for proximal intra-chromosomal rearrangement
minimizes gross genomic alterations. We propose that this may be an important

feature of DSB repair regulation that maintains genomic integrity.
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Transcription

Transcription is associated with increased rates of DNA damage and genome
instability; these effects are likely mediated by a number of different mechanisms
(Gottipati and Helleday, 2009). Transcription may expose ssDNA, which is
susceptible to chemical or oxidative damage (Aguilera, 2002). Additionally, head-
on collision of the replication and transcription machinery has been implicated in
fork stalling and genomic instability (Takeuchi et al., 2003). While these
phenomena have been well documented, it remains unclear which is the primary
contributor to transcription associated instability and if this is a major mechanism

of instability genome-wide.

TC-Seq data suggests that transcription associated instability plays a key role in
genome instability. First, in the case of the c-myc locus, transcription increases
the size of the local area around a DSB that is available for recombination from
50 kb to 300 kb. Rearrangements appear throughout the transcribed pvi1 gene;
this suggests that transcription is indeed recombinogenic. Perhaps more striking,
I-Scel breaks rearrange predominantly to transcribed genes genome-wide. We
find that in the absence of AID, ~50% of rearrangements occur to genes;
whereas only 40% of the genome is genic, this represents a significant
enrichment. Rearrangements also tend to occur in transcribed genes, and appear

to increase proportionally with transcription levels; significantly more
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rearrangements than expected occur to highly transcribed genes while
significantly less than expected occur to silent genes. This data is further
supported by the finding that activating histone mark association and Polll
loading tends to occur on rearranged genes, but not on genes lacking
rearrangements. A bias for rearrangement between genic regions was also
reported in recent studies on tumors; in sequenced breast cancer genomes 50%
of rearrangements occur to genes (Stephens et al., 2009). However, in these
studies the role of transcription, transformation or selection in these events could
not be evaluated. Our experiments demonstrate that transcribed genic regions
are over-represented in chromosomal rearrangements in primary cells in short-
term cultures. Thus, this likely represents a general principle underlying

recombinogenesis genome-wide.

There are several non-mutually exclusive explanations for our results. They may
be a consequence of increased instability at transcribed genes, increased
recombinogenicity of transcribed genes or simple physical proximity. Composite
density analysis of the genic rearrangement profile implicates ssDNA instability
as a major contributor to transcription associated recombination. The plurality of
genic rearrangements occur to the transcription start site (TSS). The TSS is a site
of substantial KMnO, sensitivity along the gene body, and thus the primary site of
ssDNA through the gene (Nechaev et al., 2010; Zhang and Gralla, 1989). And,

as discussed in the introduction, ssDNA has documented sensitivity to damage
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as compared to dsDNA (Frederico et al., 1990; Zhang and Gralla, 1989). Thus,
we suggest that exposed ssDNA serves as a major source of genomic instability

that predisposes transcribed genes to damage and rearrangement.

In addition to being more susceptible to damage, this effect may be due to
proximity. c-myc is transcribed in activated B cells, and, Hi-C experiments show
that transcribed regions are spatially associated in the nucleus (Lieberman-Aiden
et al., 2009). Therefore, the proximity of c-myc to other transcribed genes might
contribute to a bias for genic rearrangements. Additionally, we find that c-myc
and IgH translocate to both AID-dependent and -independent extra-chromosomal
targets at similar rates. FISH experiments in cytogenetically normal lymphoma
cell lines demonstrate that IgH and c-myc are in relatively close proximity (Roix et
al., 2003). Thus, similar rearrangement profiles of c-myc and IgH might be the
result of a shared nuclear neighborhood, the inhabitants of which are determined

by transcriptional activity.

Whatever the origin, we speculate that this phenomenon may have
consequences for tumorigenesis. The rearrangement of proto-oncogenes to
transcribed regions may lead to their dysregulation by placing them next to
constitutively active promoters. Alternatively, rearrangements of coding regions to
one another might produce fusion proteins that alter cellular metabolism, as is the

case in CML.
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AID and Chromosome Translocation

AID initiates SHM and CSR by deaminating cytosine residues in ssDNA exposed
by transcription (Chaudhuri and Alt, 2004; Di Noia and Neuberger, 2007;
Nussenzweig and Nussenzweig, 2010; Peled et al., 2008; Stavnezer et al.,
2008). A primary site of AID activity is the IgH locus, where it generates DSBs
(Petersen et al., 2001). In addition to participating in the physiological
recombination reactions, these breaks may also partner in the generation of
chromosomal rearrangements. Indeed, in many of the mature B cell lymphomas
IgH is translocated to proto-oncogenes thereby dysregulating their expression
and driving tumorigenesis (Kuppers, 2005). Until recently, the source of breaks in
non-Ig genes translocated in mature B cell lymphomas was largely unknown. In
2008, Robbiani and colleagues demonstrated that AID generates DSBs in c-myc,
which is translocated in Burkitt’s lymphoma (Robbiani et al., 2008). They showed
one year later that AID deregulation can affect tumor growth in a mouse model of
B cell lymphomagenesis, in some cases targeting mir-142 for translocation
(Robbiani et al., 2009). Thus, the retinue of non-lg genes conclusively shown to

suffer AID mediated DSB was 2, c-myc and mir-142.

Other studies have suggested additional DSB targets of AID. Liu and colleagues

sequenced 118 genes from germinal center B cells and showed that AID was

capable of mutating 25% of them (Liu et al., 2008). This study suggested that AID
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may act promiscuously, but it examined a very limited number of loci and only
analyzed mutations, not DSBs. Subsequent genome-wide studies examined the
locus association of certain factors by ChlP-Seq, elucidating AID’s targeting
mechanism and extending the catalog of potential AID targets. Pavri and
colleagues showed that the IgH locus and the TSSs of stalled genes load Spt5, a
Polll stalling factor (Pavri et al., 2010). AID interacts with Spt5, which associates
with thousands of loci, specifically at the TSS of stalled genes. AID ChIP-Seq
confirmed the presence of AID on genes that load Spt5 (Yamane et al., 2011).
Both the Spt5 and AID ChlIP-Seq studies included mutational analysis of a few
loci in a fixed position of the gene body, but lacked a direct measurement of AID
activity genome-wide (Pavri et al., 2010; Yamane et al., 2011). Without such a
measure, these studies remain suggestive. Moreover, to date no method exists
to perform an unbiased examination of AID-mediated DSBs or translocations.
Therefore, the precise relationships between AID and Spt5 occupancy, mutation,

and translocations have not been investigated.

Here, we provide the first genome-wide direct measurement of AID activity and
the first unbiased analysis of AID-mediated DSBs. First, we show that AID targets
discrete sites for DSBs. These sites are predominantly genic; 90% of the AID-
dependent rearrangement partners of IgH are in genes. We can detect
rearrangements to the transcription start sites of nearly 100 different genes that

are actively transcribed. This is consistent with many studies showing that AID is
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associated with transcription (Jung et al., 1993; Stavnezer-Nordgren and Sirlin,
1986; Yoshikawa et al., 2002), and with the positions of sequenced c-myc/IgH

translocations in primary B cells (Robbiani et al., 2008).

The TSS is a site enriched in ssDNA (Nechaev et al., 2010; Zhang and Gralla,
1989); this appears to be the primary site of AID activity genome-wide, which is
consistent with studies demonstrating AID activity on ssDNA in vitro and in vivo
(Bransteitter et al., 2003; Chaudhuri et al., 2003; Dickerson et al., 2003;
Petersen-Mahrt et al., 2002; Pham et al., 2003; Ramiro et al., 2003; Sohail et al.,
2003). While genes rearranged by AID are transcribed, expression (as measured
by mRNA-Seq) does not correlate directly with rearrangement frequency. This
suggests that transcription is necessary but not rate-limiting for rearrangement.
Rather, Polll stalling is the likely mechanism for AID targeting. This is reflected in
the distribution of AID and its co-factor Spt5 in the genome (Pavri et al., 2010;
Yamane et al., 2011), and that AID-dependent rearrangements occur mainly on
transcription start sites of stalled genes that carry high levels of the Polll stalling

factor Spt5.

Interestingly, The AID-dependent rearrangement partners of c-myc and IgH
appear largely similar. We observe a bias for intra-chromosomal joining of AID
targets to I-Scel sites. But, for extra-chromosomal AID targets, we observe no

such effect. This might be due to a shared nuclear compartment of c-myc, IgH
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and most AlD-targeted genes (which are transcribed). Their mutual physical
proximity may be facilitating similar trans-chromosomal rearrangement profiles.
Given the demonstrated physical proximity of IgH and c-myc (Roix et al., 2003)
and the tendency of transcribed regions to interact (Lieberman-Aiden et al.,
2009), transcription-associated genomic organization may mediate this

phenomenon.

A recent study using Nbsi1 ChIP-on-ChlP as a surrogate for DNA damage
suggested that AID targets repeat rich sequences (Staszewski et al., 2011).
These were proposed to occur specifically at CA repeats, non-CA tandem
repeats and SINEs. In contrast, we find no AID-dependent increase in
rearrangements to these, or any other, non-/g repeats. This is consistent with AID
and Spt5 ChIP-Seq studies, which failed to note any loading at these sites.
Moreover, AlD-dependent rearrangement hotspots predominantly occur in genes,

not in or near repeat regions that are not transcribed.

In addition, we find a strong correlation between hypermutation and
rearrangements, suggesting that genes susceptible to AID mediated DSBs are a
subset of the most highly mutated genes in the genome. Consistent with this
notion, we show that Pax5, 1121r, Gas5, Ddx6, Birc3, Ccnd2, Aff3, Grhpr, c-myc,
Pvt1, Bel2I11, Socs1, mir142, Junb and Pim1, which are translocated or deleted

in mature B cell lymphomas, and are among the more highly mutated AID
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targets, bear AlD-dependent translocation hotspots. This suggests that in
addition to hypermutation, AID is a major source of genomic instability in these
cancers. Many of the mature B cell lymphomas are thought to originate in the
germinal center, which is the primary site of AID expression and activity
(Kuppers, 2005; Muramatsu et al., 1999). And, many of the AlD-initiated
translocations we describe are recurrent and clonal in these tumors. In line with
data showing that AID is oncogenic in vivo (Robbiani et al., 2009), we suggest
that AID can initiate genomic rearrangements essential for mature B cell
lymphomagenesis. It should be noted that our experiments were performed on in
vitro stimulated B cells. Germinal center B cells may have an alternate gene
expression profile that influences the number and position of AID target sites.
This may account for the absence of some genes from our hotspot lists known to
be translocated in mature B cell lymphoma. For example, we do not detect the
Bcl6/IgH translocation observed in diffuse large B cell lymphoma (Ye et al.,
1995). As such, to further extend these studies and capture the entire
complement of IgH translocation partners, we propose that TC-Seq might be

adapted for in vivo use in germinal centers.
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Future Directions

Finally, we propose that TC-Seq can be adapted for use in other cell types and
systems to study translocation biology, nuclear architecture and the mechanics of

other DNA damaging enzyme, chemicals and conditions.

Translocation profiles of other cell types. Recurrent translocations appear in
tumors other than mature B cell lymphomas. For example, most mucoepidermoid
carcinomas harbor the MECT1-MAMLZ2 gene rearrangement and in many
prostate cancers TMPRSS?2 is found fused to the ERG gene (Clark and Cooper,
2009; Hunt, 2011). In this study we have examined the rearrangement profile of
IgH, and thereby have revealed the mechanisms of its rearrangement. We
propose that examining the recombination profile of DSBs in rearrangement-
prone genes of other cell types might reveal the forces underlying their behavior.
TC-Seq can be performed in any cell culture, so these experiments would simply

require that the cell type of interest be isolated and grown.

Examining junctional microanatomy. TC-Seq relies on paired-end lllumina
sequencing to identify the |-Scel containing locus and a sequence displaced from
the partner sequence breakpoint; 36 nucleotides are read from each end of each
molecule. This sequencing modality has the advantage of extremely high
throughput, using latest-generation chemistry each run can yield greater than 240

million reads. Such a quantity of data allows us to assay tens of million of cells
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concurrently while ensuring complete saturation, thereby facilitating highly
powered studies of rare events. However, lllumina paired-end sequencing does
not allow for sequencing through breakpoints. High throughput breakpoint
analysis would vyield information about junctional microanatomy (deletion,
microhomology utilization and insertion) thereby allowing us to distinguish
between NHEJ and alt-NHEJ mediated events. First, one could explore the
relative contributions of these two pathways to the unselected rearrangement
landscape in primary cells. Second, these experiments could be performed in the
absence of DNA repair factors to investigate their contribution to aberrant joining

in these two pathways.

To obtain such data one needs at least 300 bp continuous sequencing reads,
through the entire fragmented DNA molecule. An alternative sequencing
technology, 454 sequencing, performs 400 bp continuous reads that would allow
such an analysis. Unfortunately, this technology is merely medium-throughput (1
million reads per run), so much less power can be achieved in these analyses.
We have successfully adapted TC-Seq for use with a 454 sequencer and are

exploring the genome-wide landscape of junctional microanatomy.

Mapping common fragile sites. Common fragile sites are areas of the genome

damaged during partial replicative stress. While about 80 of these sites are

currently known, they are generally coarsely mapped. While a sequence feature
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is likely to underlie this phenomenon the exact cause of their emergence is
incompletely defined (Durkin and Glover, 2007). These sites are documented to
partner in rearrangements (Burrow et al., 2009). We propose that TC-Seq can be
employed to map rearrangements that arise after treatment with aphidicolin, a
drug that induces DSBs at fragile sites (Glover et al., 1984). In this way, the exact

nature and location of fragile sites can be determined.

A silent gene recombinome. TC-Seq data has revealed that c-myc and IgH, both
transcribed genes, tend to rearrange to other transcribed genes. Since the
composite density analysis of genic rearrangements reveals a bias to the
transcription start site, ssDNA fragility may be a partial determinant of this bias.
However, what role genomic architecture plays in this trend is unknown. We
propose that obtaining the recombinome for a DSB in a silent gene could reveal
the relative roles of ssDNA instability and spatial proximity in this phenomenon.
We expect that if differential localization of transcribed and non-transcribed
genes impacts rearrangement profiles, a DSB in a silent gene should recombine
less frequently than a DSB in an active gene to other transcribed genes. Such an
experiment could be performed by generating a knockout mouse with an I-Scel
site in a gene silent in B cells, or by performing TC-Seq on IgH in a cell type in

which it is unexpressed.
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Exploring RAG-induced non-lg DSBs. RAGs may catalyze non-/g DSBs. These
DSBs may participate in rearrangement observed in B cell lymphomas
(Vaandrager et al., 2000). However, the spectrum of RAG targeting is unknown.
TC-Seq may be adapted to discover these targets. We propose that pre-B cells
bearing I-Scel sites may be isolated from mouse bone marrow and infected with
Ablson virus, thereby immortalizing and freezing them in an early large pre-B cell
stage in which RAGs are not expressed (Muljo and Schlissel, 2003).
Administration with STI-571 (Gleevec) will allow cells to differentiate into the late
pre-B cell stage and enforce RAG expression (Muljo and Schlissel, 2003). At this
time cells can be infected with |-Scel to generate RAG-mediated rearrangements

to that site.

RAG function differs substantially from AID. While AID has no known end
protection function, RAG2 shepherds DSBs to faithful joining by the NHEJ
pathway (Corneo et al., 2007). Thereby, RAG-generated ends may be less
amenable to rearrangement generation than AID generated ends. coreRAG2
released DNA ends may be more available to aberrant joining (Corneo et al.,
2007; Deriano et al., 2011); we propose that using this RAG2 mutant in TC-Seq

might facilitate non-/g RAG target discovery.

139



CHAPTER 7:

Methods

B Cell Cultures, Infections and Sorting

Resting B lymphocytes were isolated from mouse spleens by immunomagnetic
depletion with anti-CD43 MicroBeads (Miltenyi Biotech) and cultured at 0.5 x 10°
cells/ml in RPMI supplemented with L-glutamine, sodium pyruvate,
antibiotic/antimycotic, HEPES, 50 uM 2-mercaptoethanol (all from GIBCO-BRL),
and 10% fetal calf serum (Hyclone). B cells were stimulated in the presence of
500ng/ml RP105 (BD Pharmingen), 25 pg/ml lipopolysaccharide (LPS) (Sigma)
and 5 ng/ml mouse recombinant IL-4 (Sigma). Retroviral supernatants were
prepared by cotransfection of BOSC23 cells with pCL-Eco and pMX-IRES-GFP-
derived plasmids encoding for I-Scel-mCherry or AID-GFP with Fugene 6, 72 hr
before infection. At 20 and 44 hr of lymphocyte culture, retroviral supernatants
were added, and B cells were spinoculated at 1150 g for 1.5 hr in the presence of
10 pg/ml polybrene. For dual infection, separately prepared retroviral
supernatants were added simultaneously on both days. After 4 hr at 37°C,
supernatants were replaced with LPS and IL-4 in supplemented RPMI. At 96 hr

from the beginning of their culture, singly infected B cells were collected and
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frozen in 10 million cell pellets at -80C. Dually infected B cells were sorted for
double positive cells with a FACSAria instrument (Becton Dickson) then frozen

down.
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Translocation Capture Sequencing (TC-Seq)

Genomic DNA Extraction and Sonication

5x10 million B cell aliquots were thawed on ice. Cells were resuspended in 100ul
of Phosphate buffered saline (PBS) and transferred to a 15ml conical tube
containing 5mL Proteinase K buffer (100mM Tris pH8, 0.2% SDS, 200mM NaCl,
5mM EDTA) and 50ul of 20mg/ml Proteinase K. Cells were digested overnight at
55C. To extract DNA, addition of 5mL of phenol-chloroform was followed by 30s
of gentle inversion and 20 minutes of centrifugation at 4000rpm. The aqueous
phase was transferred to a 50ml conical tube containing 12.5mL of 100%
ethanol. The mixture was centrifuged for 15 minutes at 4000rpm at 4C. The pellet
was washed twice with 5mL 70% ethanol, transferred to a microcentrifuge tube,
air dried for 5 minutes and resuspended in 100uL 10mM Tris pH8 with 1uL of
0.5mg/ml DNAse-free RNAse (Roche). Genomic DNA concentration was
adjusted to 167ng/uL with 10mM Tris pH8 and divided into microcentrifuge tubes
containing 300uL each. Genomic DNA was fragmented by sonication at low
power for 7 cycles (30" on/30” off) in a Bioruptor (Diagenode) to yield a 500-
1350bp distribution of DNA fragments. DNA was further divided into 50x30ul

(5ug) aliquots in 1.5mL eppendorf tubes.
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Genomic DNA Fragment Preparation, Linker Ligation and Elimination of

Unrearranged Loci

Each experiment consisted of genomic DNA from 50 million B cells in 50 x 5ug
aliquots for a total of 250ug of fragmented genomic DNA. The following reactions
were performed individually on 5ug aliquots. DNA was blunted by End-It DNA
Repair Kit (Epicentre) then purified by Qiagen PCR purification column and
eluted in 43uL of Buffer EB. Blunted DNA was adenosine-tailed by addition of 5ul
10x NEB2 buffer, TuL 10mM dATP and 2uL Klenow fragment 3->5’ exo” (NEB)
followed by incubation at 37C for 1hr. Each reaction was purified by Qiagen PCR
purification kit and eluted in 40uL of Buffer EB. Each aliquot of blunted, A-tailed
DNA fragments was ligated to 200pmol of linkers by addition of 4uL linker, 5uL
NEB T4 DNA ligase buffer and 1uL high concentration T4 DNA ligase (NEB)
followed by incubation overnight at 16C. Ligase was inactivated by incubation at
70C for 20 minutes, reactions were purified by Qiagen PCR purification column
and eluted in 44uL Buffer EB. Native loci were eliminated by adding 5uL 10x NEB
Isce1 buffer, 0.5uL 100x BSA and 1uL I-Sce1 then incubating the reaction at 37C
for 2 hours. Each reaction was purified by Qiagen PCR purification column and

eluted in 50uL Buffer EB. Finally, all 50 reactions were pooled.
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PCR Round 1

Pooled linker-ligated DNA was divided into 2 equal parts for semi-nested ligation-
mediated PCR using either forward or reverse primers. Forward and reverse
enrichment streams are kept separate for the entire remainder of the protocol.
DNA was divided into 1ug aliquots and mixed with 20ul 5x Phusion HF buffer, 3ul
10mM dNTPs, 1ul 20uM biotinylated pMycF1, pMycR1, plgHF1 or plgHR1, 1uL
of Phusion Tag (Finnzymes) and H20 to 100uL. Single-primer PCR reactions
were run — 1x(98C-1min) 12x(98C-15sec, 65C-30sec, 72C-45sec) 1x(72C-1min)
1x(4C-forever) - then each tube was spiked with 1ul 20uM pLinker and subjected
to additional cycles of PCR - 1x(98C-1min) 35x(98C-15sec, 65C-30sec, 72C-
45sec) 1x(72C-5min) 1x(4C-forever). Forward and reverse PCR reactions were
pooled separately, and 400uL of each was purified in 4 Qiagen PCR purification
columns, each eluted in 50uL EB. All 200ul of each sample was run on a 2%
agarose gel until well separated and appropriately size fragments [for IgH": F
(350bp-1kb) R (300-1kb), for Myc": F (300bp-1kb) R (300-1kb)] were excised.
DNA was purified in Qiagen Gel purification columns and gel-based size
selection was repeated once. 100uL of washed magnetic T1 magenetic
streptavidin beads (Invitrogen) were resuspended in 400ul 2x B&W buffer (10mM
Tris pH7.5, TmM EDTA, 2M NaCl), 200ul was added to each forward and reverse
PCR1 products and the mixture incubated for 1hr with gentle nutation at room

temperature. Beads were isolated, washed 3x in 500uL 1x B&W buffer, 1x in
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ddH20 and resuspended in 87ul H20. Unrearranged loci were further eliminated
by adding 10ul 10x NEB lIsce1 buffer, 1ul 100x BSA and 2uL Iscel, then
digesting DNA on beads for 2 hours at 37C. Beads were washed 3 times in 1x

B&W, once in H20 and resuspended in 50uL H20.

Round 2 PCR

20ul of beads from each of the forward and reverse PCR1 was separately mixed
with 40ul 5x Phusion HF buffer, 6ul 10mM dNTPs, 2ul 20uM plgHF2, plgHR2,
pMycF2 or pMycR2, 2uL 20uM pLinker, 2ul Phusion tag and 128ul H20 then
separated into 50ul aliquots and subjected to PCR - 1x(98C-1min) 35x(98C-
10sec, 65C-30sec, 72C-40sec) 1x(72C-5min) 1x(4C-forever). PCR reactions
were separated from beads and each tube was run on one lane of a 2% agarose
gel until appropriate separation was achieved. Desired fragment sizes were
excised [for IgH": F (300bp-1kb) R (250-1kb), for Myc': F (270bp-1kb) R (270-
1kb)] and purified by Qiagen gel purification column. Size selection was repeated
once more in 4 Qiagen gel purification columns for each forward and reverse;

each column was eluted with 30uL EB.

Preparing Enriched DNA for Paired-end High Throughput Sequencing

120ul of isolated DNA was mixed with 13uL 10x NEB Buffer 4, 2uL of Asc1 and
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H20 to 150ul then incubated at 37C for 2 hours to cleave the linker off enriched
products. Restriction digests were purified by Qiagen PCR purification column
and redigested with Asc1 to ensure complete linker removal. Desired fragment
sizes [for IgH': F (250bp-1kb) R (200-1kb). for Myc': F (220bp-1kb) R (220-1kb)]
were isolated by eletrophoresis on a 2% agarose gel and isolated by Qiagen gel
purification column. DNA was blunted by End-lt DNA Repair Kit (Epicentre),
column purified, A-tailed as described above and ligated to Illumina paired end
adapters. Ligation reactions were column purified then run on a 2% agarose gel
and desired fragment sizes isolated [for IgH": F (320bp-1kb) R (270-1kb), for
Myc': F (300bp-1kb) R (300-1kb)] (Note, at this point the product may not be
visible on the gel). Adapter ligated fragments were enriched by 25 cycles of PCR
with lllumina PCR primers PE1.0 and PE2.0 and desired fragment sizes isolated
on a 2% agarose gel [for IgH'": F (400bp-1kb) R (350-1kb), for Myc": F (380bp-
1kb) R (380-1kb)]. Samples were confirmed to be enriched for rearranged loci by
TOPO cloning and screening 10 forward- and 10 reverse-enrichment colonies.
Finally, appropriate size distribution was confirmed by Agilent Bioanalyzer.
Forward and reverse libraries for the same sample were mixed in equimolar
ratios and sequenced by 36x36 or 54x54 paired-end deep sequencing on an

[llumina GAII.
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Mapping of Translocation Hotspots

A translocation hotspot was defined as a localized enrichment of translocation
events above what is expected from the null hypothesis of uniform distribution of
translocation events along the genome. To identify such hotspots, candidate
regions were defined as locations containing consecutive translocations with
distances shorter than expected from the mappable size of the mm9 genome
assembly (P < 0.01 each as determined by a negative binomial test). For a
candidate region to be called a hotspot it had to (1) have more than 3
translocations and (2) have at least one read from each of the two sides of the
bait and (3) have at least 10% of the translocations come from each side of the
bait and (4) have a combined P value less than 10®° given the number of
translocations and length of the region as determined by a negative binomial test.
Hotspots with a large degree (>80%) of overlap with repeat regions or small
footprints (<100nt) were removed. For AID-dependent hotspot lists hotspots with
less than 10-fold enrichment over the AID” control were removed. Analyses of
RNA-Seq, chromatin modifications, AID-, Polll-, and Spt5-ChIP as well as the
identification of cryptic |-Scel sites, TSSs, genic and intergenic domains were

carried out in R (http://www.R-project.org).
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Hypermutation Analysis

CDA43" splenocytes from IgkAID-Ung” or Aicda™ mice were cultured at 0.1 x 10°
cells/ml with LPS+IL-4, and 0.5 mg/ml of aCD180 (RP105) antibody (RP/14, BD
Pharmingen). At 72 hrs cells were diluted 1:4 and cultured for another 48 hs. 50
ng of genomic DNA was amplified for 30 cycles with Phusion DNA polymerase
(New England Biolabs) and specific primers. For nested PCR, two-20 cycle
amplifications were performed with DMSO. The amplicon was cloned using PCR

Zero blunt (Invitrogen) and sequenced.
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Primers

50mM double stranded asymmetric linker (dsaLinker) was generated by mixing

equimolar parts of pLT and pLB in annealing buffer (10 mM Tris, pH 8.0, 50 mM

NaCl, 1 mM EDTA), heating the mixture to boiling, then incubating it at room

temperature for 2 hours.

Table 7.1. Primers for TC-Seq.

Name 5' modification Sequence 3' modification
GCAGCGGATAACAATTTCAC
ACAGGACGTACTGTGGCGC

pLT GCCT
GGCGCGCCACAGTACTTGA
pLB Phosphorylated CTGAGCTTTA dideoxycytosine
GCAGCGGATAACAATTTCAC
pLinker ACAGGAC
CAAAATTGGGACAGGG
pMycF1 | Biotinylated ATGTGACC
GGTGTCAAATAATAAGAGAC
pMycR1 | Biotinylated ACCTCCC
GCTTATTGTTGAATGGGCCA
plgHF1 | Biotinylated AAGGTC
CTAAAGCAATGACTGAAGAC
plgHR1 | Biotinylated TCAGTCCC
CTTGGGGGAAACCAGAGGG
pMycF2 AATC
TACACTCTAAACCGCGACGC
pMycR2 C
GGTAGGCCTGGACTTTGGG
plgHF2 TC
ACTGTGGCTGCCTCTGGCTT
plgHR2 AC
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Table 7.2. Primers for hypermutation analysis. (Pages 150-151)

Anne Anne
aling | Nested_ | Nested_ | aling
Gene Primer_F Primer_R Temp | Primer_F | Primer_R | temp
GAAGC | GAGGTC
CTCTCCG | GAGGTCAG GGAGA | AGGCAC
CACCACG | GCACAAAA GGAACT | AAAACA
Nfkb1 GTGCAG CATG 62c CTTG TG 64c
CTTTTAAA | CATGGAGTT
TAAAGCAA | AATAATAGA
GGCTTTTA | CAGGACAA
mir21 CCACAG AG 60c
CAAAGCT
GACAGGA | CAGCTGAC
AAGTCCA | CCCACTCT
mir-155 | G GC 64c
GAGAG
CAGAGA | GAAGTC
ACTGTCCT | CAGATGGC GGTGA | TTATAA
GCAGGCC | CCACACGA GTGCTG | GCAATG
Csk ACTGAT TTAG 60c G C 60c
TGAACTCC | TGTTCTACC
TGACCTTC | TCCAAGTCC
Apobec3 | AGAAG TAC 60c
AGGAG | AAAGGA
CTTCCCTA | TCAAGAGCT GTAGAA | TTTGGT
CCTATGCT | CAAAACAGA GTGGGT | CCTGAG
Clec2d | TAGTC AAGG 60c AAG TAG 60c
CATTCTTG | CCCTAACAC
GCCCCCA | CAGTTTGGT
Ikzf1 AAGC TCTG 60c
ATGTGAA | GGGGTGAG
CCGAGCC | GGTGCGAA
bcl11a GTCGT CTAAT 60c
AATCCAG | ACTGGACT
CCAACCA | GCTGTGCT
Gpri5 GACAAC GTTC 60c
CTGGTCC | ACGTCTGG
TGCTTGG | CCTCATGCT
Bir1 AACTTTA |TTC 60c
Spib GCTCTGT | TGAGGCCA |60c
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CTTCCTAG | GAAGTAGAT
ACAAG GATC
CCCTTGA | GAGGCAGG
GTCTGGTT | TGGATCATT
aicda TGCATTG | CTG 60c
TTGTCCAG | TGGTTTTCA
Repeat1 | ATGAACTT | TTTTCGGTG
(chr19) GACTGTG | TCTTCTG 60c
GTCTGTA | GTATTCCAC
Repeat2 | GATGTAG | CAAGATCTG
(chr11) CTCTCTTC | CTTAG 60c
CTGGCTAT | CATGTGCA
Repeat3 | GTCCCAG | GGAACATG
(chr2) TTCTTC TAACTAAG 62c
ATACCTTT
TAGAGGA | GTAACTCAG
GGCTGTA | GTGATTAG
Serinc3 | C GTCTTG 60c
CCTAGGT | AGGGAACG
GCCTGCT | ACACAGCA
mir715 TCTGAG GAAC 60c
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