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ABSTRACT

RAG1 and RAG2 play a central role in V(D)J recomb-
ination, a process for antigen receptor gene assembly.
The truncated ‘core’ regions of RAGs are sufficient to
catalyze the recombination reaction, although with
lower joining efficiency than full-length proteins. To
investigate the role of the non-core regions of RAGs
in the end-joining phase of antigen receptor rearrange-
ment, we analyzed recombination products isolated
from core RAG1 and core RAG2 knock-in mice. Here,
we report that the truncation of RAGs increases the
frequency of aberrant recombination in vivo. Signal
joints (SJs) associated with V-to-D recombination of
core RAG1 knock-in mice were normal, whereas those
of core RAG2 knock-in mice were highly imprecise,
containing large deletions and additions, and in
some cases coding sequences. In contrast, we
found an elevated level of imprecise D-to-J associated
SJs for both core RAG1- and RAG2-expressing mice.
Likewise, sequences of coding joints (CJs) were also
affected by the expression of core RAGs. Finally,
sequences found at the junctions of rearranged
T-cell receptor loci were highly influenced by differ-
ences in rearranging recombination signal sequence
pairs. We provide the first evidence that the non-core
regions of RAGs have critical functions in the proper
assembly and resolution of recombination intermedi-
ates in endogenous antigen receptor loci.

INTRODUCTION

During lymphocyte development, immunoglobulin (Ig) and
T-cell receptor (TCR) genes are assembled from germline
V, D and J gene segments to generate antigen receptor diver-
sity, by a process known as V(D)J recombination (1,2). V(D)J
recombination is initiated by RAG1 and RAG2 proteins that
introduce double-strand breaks (DSBs) between two coding
segments and flanking recombination signal sequences (RSSs).

Subsequent repair via the non-homologous end-joining
(NHEJ) pathway generates precise signal joints (SJs) and
imprecise coding joints (CJs). RSSs are composed of two
consensus elements, a heptamer and nonamer, along with
an intervening spacer sequence of 12 or 23 bp. Cleavage
occurs in a coupled fashion that requires the pairing of a
12 bp RSS with that of a 23 bp RSS. Depending on the tran-
scriptional orientation of the gene segments, recombination
results in either deletion or inversion of intervening DNA.

RAG-mediated DNA cleavage produces two types of DNA
ends: blunt signal ends (SEs) and covalently sealed hairpin cod-
ing ends (CEs). Following DNA cleavage, the ends are held
togetherinacleavedsignal complex (CSC), wherein CJ formation
is thought to occur, leaving behind a stable signal end complex
(SEC) (3-5). The opening and processing of RAG-generated
hairpinned CEs are required for CJ formation, and are often
accompanied by nucleotide loss and addition. The activity of
terminal deoxynucleotidyl transferase (TdT) further increases
diversity via N nucleotide addition. In contrast, the blunt SEs
within the SEC are usually re-ligated in a precise manner.

Genetic analyses of various mutant cells and mice have
revealed important roles for several NHEJ factors in the repair
of DSBs introduced by RAGs during V(D)J recombination
(1,6). The Ku70/80 heterodimer, XRCC4 and DNA ligase
IV are required for the formation of both SJ and CJ. The
catalytic subunit of DNA-dependent protein kinase (DNA-
PKcs) and Artemis are more important for CJ formation.
Recent data suggest that there can be additional component(s)
required for V(D)J recombination (7).

Core RAG1 (384-1008 amino acids) and core RAG2 (1-
383 amino acids) have been defined as the minimal regions
sufficient for recombination of extrachromosomal substrates
(8-12). Although core RAGs are capable of recognizing RSS
and perform coupled DNA cleavage in vitro, several studies
have shown that the missing regions have important functions
for normal V(D)J recombinational activity, including suppres-
sion of aberrant rearrangements (13—17), regulation of protein
degradation (18-20), control of nuclear localization (21,22)
and regulation of proper lymphocyte development (23-26).

In addition to these specific effects on V(D)J recombination,
studies have shown that the truncated RAGs have decreased
overall recombination efficiency compared to the full-length
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RAGs when tested with extrachromosomal substrates
(9,11,12). The higher levels of SE recombination intermedi-
ates generated using core RAGs suggest that the non-core
regions may be required for effective joining, since there
is a reduction in the formation of SJ and CJ (27). The
identification of RAG mutations within the core regions of
RAG1 and RAG?2 that affect the second phase of the reaction
supports an architectural role of the post-cleavage complex
to facilitate the end-joining reaction (28-31). However, a
role for RAGs in the end-joining phase of V(D)J recombina-
tion at endogenous antigen receptor loci has never been
addressed.

To elucidate potential functions of non-core regions of
RAGs in end processing and joining of endogenous loci,
we have compared the DNA sequences of recombination pro-
ducts isolated from lymphocytes of core RAGI, core RAG2
and wild-type (WT)-RAG expressing mice. We find a reduc-
tion in the fidelity of SJ isolated from core RAGI1 or core
RAG2 mice compared to controls. Expression of core
RAGT alters the features of SJ associated with D-to-J joining
but not of V-to-D joining. On the other hand, expression of
core RAG?2 severely affects the fidelity of V-to-D joining, and
to a lesser extent D-J joining. In addition, characteristics of
junctional sequences are highly dependent on particular RSS
pairings. SJ containing D-coding sequences suggest aberrant
cleavage, indicating a possible role of non-core regions of
RAGs for controlling proper alignment of the synaptic com-
plex. Our results suggest that the non-core regions of RAGs
influence the structure of the synaptic complex and stability of
the post-cleavage complex, thereby influencing end-joining
products.

MATERIALS AND METHODS
Mice and preparation of genomic DNA

The generation of knock-in mice with the core RAGs have
been described (23,24). All the mice used in this study were of
the 129SvEv background, and housed under specific pathogen-
free conditions. Single cell suspensions of homogenized
thymus or spleen were prepared from 8 to 12 weeks old
mice. CD4" CD8" (DP) T cells were isolated by staining
thymocytes with FITC anti-CD4 and PE anti-CD8 antibodies
and sorting on a MoFlo (DakoCytomation). Genomic DNA
was prepared as described previously (32).

Analysis of SJs and CJs

An aliquot of 500 ng of genomic DNA for SJ and 150-180 ng
for CJ were subjected to 35 cycles of PCR amplification using
the following combinations of primers. To amplify SJ asso-
ciated with V-to-D recombination, V14 SIGNAL and Df1.1
SIGNAL for VB14-DB1 SJ; SR1 and SR2 for V5-Dd2 SJ; and
V8.3 SIGNAL and DB1.1 SIGNAL for VB8.3-D31 SJ were
used. To amplify SJ associated with D-to-J recombination,
SR5 and SR6 for D32-J61 SJ; JB1-F and DPIR420 for
DB1-JB1.1 SJ; and SR14 and SR15 for DB2-JB2.1 SJ were
used. To amplify VB14-JB1.1 CJ, VB14-S and JB1.1 CODING
primers were used. The primers SR7 and SR8 were used to
recover VPB10-JB2.1 CJ. PCR products containing SJ and CJ
were cloned using the TA cloning kit (Invitrogen). For SJ,

inserts were identified using PCR and products were digested
with ApaLl to detect precise joints. Plasmid DNA was pre-
pared from ApaLl resistant SJ clones and all the CJ clones.
Inserts were sequenced using DYEnamic'™ ET terminator kit
(Amersham Pharmacia Biotech) and analyzed by ABI prism
3100 genetic analyzer (Applied Biosystems).

Oligonucleotides

The following oligonucleotides were used in this study: VB14
SIGNAL, 5-CAGACTTCAACTTGACTATC-3’; DpI.1
SIGNAL, 5-ACCTTCCTTATCTTCAACTC-3'; SR1, 5'-GC-
AAGTCTGGCCTGAACTAA-3'; SR2, 5-CAACCTGGCA-
TGTGACTTTC-3'; VB8.3 SIGNAL, 5-AGCTAGAAACCC-
ATCCTGCA-3'; SR5, 5-CTTGTCCAGTCAACTTCCTG-3;
SR6, 5'-AAGTCATGATGAGCCAGCTG-3; JB1-F, 5'-CT-
GTGATGCACACAAAGCGA-3'; DBIR 420, 5'-CATTCTG-
GATCTAAACAC-3'; SR14, 5~ AAGACCTTGTGAGTCCA-
CTC-3; SR15, 5-GCCTCATGCAAGGTCAAGAT-3;
VB14-S, 5-AGAGTCGGTGGTGCAACTGAACCT-3'; JB1.1
CODING, 5'-TGCTTTGTCCGAAGAGAGACCTG-3'; SR7,
5'-GCTTCTCACCTCAGTCTTCA-3’; and SR8, 5-TGCTAA
GGTTTTCTGCTCCG-3'.

RESULTS

Increased frequency of aberrant SJ in V-to-D
recombination in core RAG2 knock-in mice

Unlike CJ, SJ is free from selective forces, leaving the evid-
ence of the joining reaction behind. The majority of SJ
isolated from WT lymphocytes do not contain nucleotide
additions or deletions (33). Thus, an elevated frequency of
imprecise SJ provides evidence of defects in the end-joining
process. To compare the sequences of SJ produced in WT,
core RAGI and core RAG2 knock-in mice, we first analyzed
SJ formed during VB14-DB1 joining (Figure 1 and Table 1).
Subcloned PCR fragments containing VB14-DB1 SJ were
tested for the presence of a new restriction site, ApaLl,
which is generated upon precise head-to-head ligation of
RSS heptamers. Genomic thymus DNA was prepared from
at least two independent animals. Since no significant differ-
ence was observed in the data among these animals, the
results were combined to calculate each frequency. As pre-
dicted, 90% of clones (43 out of 48 independent clones)
isolated from WT thymus were sensitive to ApaLl digestion,
demonstrating that the majority of recombination products
form precise SJ (Table 1). Similarly, 82% (40 out of 49)
of SJ recovered from core RAGI mice were also precise.
On the other hand, only 62% (29 out of 47) of SJ recovered
from core RAG2 mice were precise. Chi-square analysis
shows that the reduction in the frequency of precise joints
in core RAG2 mice is statistically significant (P < 0.01). To
further analyze the quality of SJ, ApaLl-insensitive clones
were sequenced and compared. Imprecise joints produced in
WT and core RAGI mice contained additions of several
nucleotides but no deletions were observed (Figure 1A).
On the other hand, imprecise joints produced in core
RAG2 mice contained additions and deletions. Two clones
contained patches of deletions displaying microhomology at
their break points that could have come from either joining



A Vvp14-Dp1 recombination

Vp14 RSS codin N coding DB1 RSS n
AGACTCCAGGCAC) (GCCCCCTGTCCC jeacaatgitacagetiintacaaaaaag
Wild type (129 +/+ )
cacaptgiiscageliialacanaanag 43
CCAECC oG cacaatgiiacagolitatacanaaasg 2
teaptpty CCACCCTTA cacaREIACIgetatACARAANIE 1
GG cacatgiacigetitacamamg 1
GA eacmatgiacagelitalaca g 1
Core RAG1 (1c/1c)
CACRALEIACOZCITAIACARARAAT 40
GG CACARLETACHECUTAACARARAE 2
i GACCT CACHNEIACHECHLIACA AT 1
GAa caculgiacageiitalacamnamg 1
™ cacaalgiscageilalacARnRnng 1
[ae] CACRALETLACAZCILAACARAARAD 1
GC CACARLEILACAZCULIACARARRDE 1
GT cacaREtAcIEeiatacARIARIE 1
oC cacautgtacageitalacamnamg 1
Core RAG2 (2c/2c)
cacmatgiacagelialacamang bl
G CACRALEIACaECILALACARAANDD 2
AGACTCCAGG)  GT (CCTGTCCC jeacaatgtiacagetiiatacanaanng 1
EEttittgcacagagicigeccoaccotacteagtptel AGACTC) T (CCTGTCCC jeacaatghtacagctitatacanagnag 1
o AGACT) - (COTGTCCC jeneaatgitacapestintaenaamaag 1
ATAA cacmnlyttsenge il camang 1
TGAA cacaatgilscagellalacARANng 1
GGC cACRALETACaZCILAlACARAARDD 1
CCRCCE CCT cacantgitacagotititacanaanng 1
GAC CRCRRETACIEC UL ACARARRAE 1
ACT cacmutgiacage il g 1
CrC cacmalgiacage Ul Aca g 1
T CACRALETACAZCILALACARAANDD 1
GC CACRALETACHZCULAACARAARAT 1
coaccoincteRptEtg GA CACARETACOECHEIACARAARAE 1
| {-13 ooC CRCRItE A EC LI ACA AR 1
REUgeacagMgicigececaccetactCng. .. (- 4) - clitatacanannag-13) 1
{27y * gelitalacanaanag-12) 1
B V(8.3-Dfi1 recombination
Vp8.3 RSS coding N coding Dp1 RSS n
ATCACTGCTGGE)  (GCCOCCTGTOCC lencaatgiachgetintacanaang
Wild Type (129+/+)
cacastEnacagCittaCARARRNE 47
AT cacastEuacagcittaCAsaRRag 1
GG cacastEnacagcitaaCAsARRag 1
C cacastEiacagcitatacasaanag 1
Core RAG1 (1cfic)
cRCRBEEIICAEe LA 42
g [aan corRRtEICaEC it Cn AR 1
GGG cacantgiicapeitaticaaamg 1
CAM cacautEICAECHCIRAmE 1
oC cacantgincapeitnCRan A 1
AM caCARtEICAgC L tCARARIIE 1
TC CACARIENICAECIIACAARARRE 1
G cacantEocagCittCARARRAE 1
Core RAG2 (2cf2c)
cacaatEacagciiaacaaRanag 32
{-T) ATT (TGTCOC jeacaatgiiscageitacasaaaag 2
-0 TCGT (CCCCCTGTCOC jeacaatgiacagetilalscanaaang 1
-9 (CCCCTGTCCC jeacantgitacapetitaAcAaaanag 1
{-T GA (CCCTGTOCC jeacaatgiiacageiilalacagaaasg 1
(-12) AAA (CCTOTCCC jeacaatgitacagciiisacasaanag 1
(100 TG (CCCTGTCOC jeacaatglacageilalacanaaang 1
T T (CTGTCOC jeacaatgiiacage Al aianmmg 1
oo cacaatgacagciilaAcaaRnang 1
o cacaalgiacapciiaacaaRanng 1
{-4) CTTGGG cacaalgiiacagciilalacananaag 1
AGOCT cacaalgiacapclial AchaRnnng 1
TGG e e e— 1
{-100 AAT - aalgacageimatacananaag]-3) 1
£-10) AT caatgiacageitacannaang|-2) 1
g ge (-2) A cageiincanaaang-11) 1
partner. Furthermore, three clones contained additional

sequences identical to coding sequences originally located
adjacent to the RSS.

VP14 rearranges via inversional joining, whereas other V[3s
undergo deletional recombination, therefore we next asked if
the quality of SJ could be affected by transcriptional orienta-
tion of RSSs. VP8.3-DB1 SJ, produced by deletional recom-
bination, were readily recovered by PCR amplification of total
thymus DNA, which contains excision circles formed by dele-
tional recombination. We detected a significant decrease in the
frequency of precise VP8.3-DB1 SJ derived from core RAG2
mice (67%) compared to WT or core RAG1 mice (94 and 86%,
respectively; Table 1). VB8.3-DB1 SJ was similar in feature to
those isolated from VB14-D1, with nucleotide deletions and
additions occurring, and some containing homologous
sequences (Figure 1B). However, the frequency of deletions
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C V&5-D&2 recombination

V&5 RSS coding N coding D&2 RSS n
B (ATACCCOGA)  (CTCGTATCCCTCOGAT kencggtgotacaggetigraamnace
Wild Type (129+/+)
CACEEIECIACAPALCIIECARKAACT 55
ceAraplE CCGCCT CACEEIECIACAALCIECARARACT 1
GOOC CaCEElECiacagRECtiigCIaRIace 1
cre CACEELRCIACAEACTIRCARKAACT 1
CGC CACEEIECIACAEACIECARRAACT 1
ACC CUCEELECIACA AR CTTECIARIACT 1
oo cacggigelacagagCiligenanaace 1
TIT CACEEIECIACARALCIECAARAACT 1
LT GG CACEEIECIACAPAECTECAARRACT 1
G cacElpelacagagCigeaamace 1
T CACEEIECIACAEALCIIECAAKAACT 1
acclgraceacaply C CACEEIECIACAPACCIECARRAACT 1

Core RAG1 (1cfc)

epgigciacapapciigemames -1}
<eo-o-BlgClacagapciiigeanmnaces -4)
gptpciacagagcliigeasaance(-3 )

oo ERgetitgenanamcei- 123

CacgRIpClacapapCIgeaaRaace 54
ACCECOCCACRETLE CACEEIECIACAAECIECAARRACT 2
Tc.\TTrrT{ATﬁwn..\T]mlmm:mw:: 1
CacgEIpClacApapCIigeAaBaACE 1
GG(‘TI' cacgpipclacapagriipeaanaace 1
CGGAC CICEELETIACApAEC I ECIARIACT 1
GUOCA cacgglpclacapap i IRCAAKIACT 1
GAA CACEEIECIACAPALCINECAARAACT 1
coc CACEETECIACAEAECTECAARAACT 1
Go cacygigclacagagCiigeaaRIace 1
cC COCEEIRCIACAEapCIECAARAACT 1
acclgeaceacagly CG cacggigclacagageiiigeaasaace 1
T CHCEELECIACaRECECIaRIACT 1
Core RAG2 (2c/2c)
cacgglgclacagageigeamace 15
17 - peaaanacei-19) 2
(4] (TCOTATCCCTCOOAT TTEGEETTOCGHGE mggxguacagngcummm 1
(-7} ACCCTGTGGG 1
{-14} GTGGGCACT 1
BptitppEtacagEciceigpacac. .. 3 CTGCACCA 1
BEtEREtIcI g o gEReacClg, -4 CTATAMA 1
) AAGGGGO - 1
GOGGGG acgg(gcmcasagcmgﬂmm Iy 1
CGTT L CEEIECtac AR ECanaRAce]-2) 1
1-5) GTGG . cpptgetcagngetigemmmanee(-2) 1
] .. egEtgclacagagellgranaanec] -2 1
GCT CACEEIECIACAIAZCIECARERACT I
(8 }] coC +oeeApEtncagngetpenmnanee - 51 1
G -cgplgctacagagellgeamaanee] -1} 1
colgpn i-16) GG <o gEIEClacagageIipeaagaace-3) 1
TG epEigstacpapciigeananace -2} 1
{-2) AA glgctacagagetitgeananace-4) 1
i-5) AA .acplgclscagapeiigeanaance-1) 1
e T COCEEECINCARAECIECARRIACT 1
GG ..cgigetacagagoiigeamaance] - 2) 1
C COCEEIRCIACAEApCIgCARRAACT 1
G CACEETECIAcAACIECARRAACT 1
EEtigEEtIcagpeicoclgggeaccigences. ..., -5} A 1
T 1
1
1

.oagetigeasaascer-13)
-eittgeamasce(-15)

Figure 1. Sequences of SJs formed by V-D recombination. (A) PCR fragments
containing SJs formed by VB14-D1 recombination were compared among WT
(RAGI"TRAG2™"), RAGI core (RAG1““RAG2™*) and RAG2 core (RAG1™
*RAG2°) mice. The original sequences are indicated by lowercase letters and
possible insertions are indicated in capital letters. Heptamer and nonamer
sequences are in boldface letters. Nucleotide additions containing more than
three continuous bases identical to either CEs were considered as coding
sequence and indicated in parentheses. Nucleotide additions assigned as N
additions with 2 or 3 nt homology with either CE are italicized. Numbers of
deleted bases are shown in parentheses at the right end of each RSS.
Microhomologies are underlined. ‘n’ indicates the number of junctions with
the indicated sequence. (B) SJs formed by Vf8.3-DB1 recombination.
(C) SJ formed by V§5-D32 recombination.

and presence of coding sequences were elevated when 5D 1
RSS was paired with VP8.3 RSS (Table 1). Thus, the
characteristics of SJ appeared sensitive to the differences in
RSS partners.

To determine if the reduced ability of core RAGs to mediate
precise SJ extended to other TCR loci, we analyzed V85-D62
SJ that occur by inversional joining (Figure 1C and Table 1). A
total of 83 and 81% of clones recovered from thymus DNA of
WT and core RAG1 knock-in mice, respectively, contained
precise V05-D&2 SJ. All imprecise joints were found to
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Table 1. Comparison of V-D SJs

WT Core RAGI1 Core RAG2

VB14-DB1
Precise joints
Imprecise joints

43/48 (90%)
5/48 (10%)

40/49 (82%)
9/49 (18%)

29/47 (62%)
18/47*%* (38%)"

N addition 5/5 (100%) 9/9 (100%) 15/18 (83%)

Coding sequences 0/5 (0%) 0/9 (0%) 3/18 (17%)

Deletion 0/5 (0%) 0/9 (0%) 3/18 (17%)

Microhomology 0/5 (0%) 0/9 (0%) 2/18 (11%)
VB3.3-DB1

Precise joints 47/50 (94%) 42/49 (86%) 32/48 (67%)

Imprecise joints 3/50 (6%) 7149 (14%) 16/48%* (33%)*
N addition 3/3 (100%) 7/7 (100%) 15/16 (94%)
Coding sequences 0/3 (0%) 0/7 (0%) 8/16 (50%)
Deletion 0/3 (0%) 0/7 (0%) 12/16 (75%)
Microhomology 0/3 (0%) 0/7 (0%) 0/16 (0%)

Vd5-Dd2

Precise joints
Imprecise joints
N addition

55/66 (83%)
11/66 (17%)
11/11 (100%)

54/67 (81%)
13/67 (19%)
13/13 (100%)

15/56 (27%)
41/56** (73%)"
23/41 (56%)

Coding sequences 0/11 (0%) 1/13 (8%) 1/41 (2%)
Deletion 0/11 (0%) 0/13 (0%) 37/41 (90%)
Microhomology 0/11 (0%) 0/13 (0%) 13/41 (32%)

Number of each joint out of total number analyzed was shown. The frequency of
each joint is shown in parentheses. Significant differences versus WT mice,
when compared by chi-squared test, are indicated by s (P < 0.01). Junctions
were sequences from two independent animals, and the results were combined to
calculate the number of each case.

“Differences from WT mice are still statistically significant even when the data
containing coding sequences are excluded, to exclude possible non-12/23 HJ
from SJ (see Discussion).

contain nucleotide additions, with no deletions observed. In
contrast, only 27% of V35-D82 SJ isolated from core RAG2
thymus DNA were precise (Table 1). Strikingly, 90% (37 of
41) of imprecise V85-D32 SJ from core RAG2 thymus DNA
contained deletions (average = —17.1 + 2.8 bp). Furthermore,
13 imprecise joints exhibited microhomologies at the junction.
These results indicate that the non-core region of RAG2, but
not the non-core region of RAGI, is important for precise
V35-D62 SJ formation.

These findings demonstrate that a recombinase complex
containing truncated RAG2 more frequently produces
imprecise SJ than does full-length RAG2. In contrast,
core RAG1 does not affect the characteristics of SJ pro-
duced by VD joining. Furthermore, the quality of SJ pro-
duced in the presence of truncated RAG2 was not dependent
on the genomic configuration of RSS pairs, as we detected
reduced fidelity in SJ formed during both deletional and
inversional recombination. However, all three different
sets of VD joints tested from core RAG2 knock-in mice
showed distinct preferences for modifications: VB14-DB1 SJ
displayed fewer deletions (3 out of 18 imprecise SJ) though
with a high frequency of N additions (15 out of 18). V[38.3-
DB1 SJ often contained DP1 coding sequences (8 out of
16 imprecise SJ), nucleotide additions (15 out of 16) and
deletions (12 out of 16). Most V35-D62 SJ had deletions
(37 out of 41 imprecise SJ), and frequently contained short
stretches of microhomology (13 out of 41) (Table 1). Thus,
the characteristics of end processing mediated by core
RAG?2 when producing imprecise SJ seemed to be affected
by the combination of different RSSs.

Increased frequency of aberrant SJ in D-to-J
recombination in core RAG1 and core
RAG2 knock-in mice

To determine if non-core regions of RAGs differentially influ-
ence V-to-D and D-to-J joining steps, we next analyzed SJ
associated with DB1-JB1.1, DB2-JB2.1 and D82-J81 joining,
all produced by deletional recombination (Figure 2 and
Table 2). PCR amplification of total thymus DNA isolated
from WT mice demonstrated 14, 18 and 15% of DB1-IB1.1,
DB2-JB2.1 and D&2-J81 SJ, respectively, were imprecise
joints (Table 2). In contrast, we detected a 2—4-fold increased
frequency (for DB1-JB1.1, DP2-JB2.1 and D&2-J31 SJ: 29, 80
and 43% for core RAG1 and 26, 69 and 22% for core RAG2,
respectively) of imprecise SJ from both core RAG1- and core
RAG2-expressing mice. The higher frequency of imprecise
joints associated with core RAG1 expression was statistically
significant for DB2-JB2.1 and D32-J81 SJ (Table 2). Although
the overall frequency of DB1-JB1.1 and D82-J81 imprecise
joints were elevated in core RAG2 expressing mice, only the
level of DB2-JB2.1 imprecise joints was statistically significant.

Thus, we conclude that the expression of core RAGI
affected the accuracy of recombination associated with DJ
joining in general. Expression of core RAG2 also influences
DJ associated SJ, however, it seems to be more sensitive to
different RSS pairs. Most imprecise DB1-JB1.1 and D82-J51
joints contained N nucleotide additions, although some dele-
tions were detected in a few DB1-JB1.1 SJ isolated from both
core RAGI1 and core RAG2 knock-in mice. DB2-J32.1 SJ
was even more severely affected, containing deletions,
N nucleotide additions and sequences homologous to coding
gene segments at the junction (Figure 2B). The long D32
coding sequences attached to modified JB2.1 SE strongly sug-
gests that the involvement of aberrant cleavage during
DB2-JB2.1 recombination.

Non-core regions of RAGs influence the quality of CJ in vivo

To ask if non-core regions of RAGs play a critical role in
normal CJ formation, we next analyzed CJ associated with
VB14-DB-JB1.1 and VB10-DB-JB2.1 (Figure 3). The VP14
RSS was selected as an example of an RSS that rearranges
by inversion. VB10 RSS was chosen as an example of an RSS
whose recombination with downstream gene segments results
in the deletion of genomic DNA, since it showed the closest
match with consensus 23-RSS of VH/VJ origin (25). VB14-
DB-JB1.1 CJ was analyzed from genomic DNA of splenocytes
using PCR (Figure 3A). To exclude effects biased by the
negative/positive selection of productive rearrangements
(34), VPB14-DB-JIB1.1 CJ was also analyzed from genomic
DNA of CD4"CD8" (DP) thymocytes (Figure 3B). VB10-
DB-JB2.1 CJ was analyzed from DP thymocytes
(Figure 3C). Frequency and average length of nucleotide mod-
ifications are summarized in Table 3.

Although the sequences of CJ were heavily modified in all
clones analyzed, CJ isolated from core RAG1 and core RAG2
knock-in mice frequently contained a higher degree of mod-
ification than those of WT mice (Table 3). The average length
of VP14 segment deletions were larger in core RAG1 and
core RAG2 than in WT (—2.86, —3.34 and —1.79 bp, respect-
ively), although we did not observe a difference in the fre-
quency of such deletions. Similarly, the average length of
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cacaglgecalaggalgaggaganaaat
eacaggrcalaggnlgaggnganaaat

+ AglgecatnggatgngEagnamt]-3)
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Dji1 RSS coding N
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GGGT
GOCA
GGC
GeC
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Core RAG1 (1c1c)
g 7 COCGTC
COGAA
GGTG
TCGA
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AMG
GGG
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RSS coding N
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Wild Type (128+/+)
geitiiglampcacciciceagipentiply
Etanangcaccichiccagtiganeattptg cC
Higlasapescclciceaglipsaeatiply AGGGT
Etaannpeacoicticeagigancattpg GGCT
Igtasapracciciiccaglipasicaligly OGOT
BeHEEtpeacctciccagtipanieattptg AGT
selliglasnpecclcicagipssleatiply coe
tEtaannEcaccicticeagigastentotg GCT
seltiiglasapacciciceagipsscatiply AC

Core RAG1 (1c/ic)
EetHtgtaannpcaccicticcagitpastcattpty

geititigtasangraccicticeagipssieatiglg (GCCCCCCCAGTOD) TTAAGAAAG
TAAAGAG

(GCCCCCOCAGTC)

getittigtananpesccieiccagipaneatiplg (GCCCCOCCAGTOCC)  TATAG

grittttgtananpracciciceaghpasteattptg (GOCCCCC)

AGGGG

gclllllgmaagu.ﬁ“cmmsuwm:t?CCCCCéCAG'ECL‘C} GGGA

(GOCCCOCCAGT) GCTA
getittigtananpeaccieticcagtipaneattglg (GCCCCOCCAGTCCC),  TTG
gettitigtananpcacciciceagipasienatttg (GCCCC) TOG
gettttigtasanpeaccicticeagipssicatiglg (GCCCCOOC) oG

(GOCCCOCCAGTOC) TAG

(GCCCCCCCAGTC) GGG

(GOCCCOCCAD) [ac]

(GCCCCOOC) CAC

(GOCCOO) AGA

(GCCCCCCCAGT) GG

gettittgtanngcacciciceagligasteatipty (GOCCCCCCAGTCOC) GG

(GCCCCCCCAGTCOC)

gettitigtanaagaccicticeagtigasteatigty (GCCCCCOCAGTOC) AG

(GCCCCCCCAG) GA
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cacageapaapEpClaCCangaatlc
CACARCAR A EECICCRAEAATTC
cacAgeAgaanAEEEClACCRRgAALIc
CACAECAZAAMEEECIICCRAZAATIC
cacageagaatappClaCeaagaatic

CACRECARARAEERCICCRAERATEE
cacageagassapgpctaccagaatic
oo EEREAAAEERCIACCRAREARLEC 4}
cacapeagasaapgpclaccangiatic

eacageagsasaggpclaceangaatic
cncageagaaanggECIcCAgnatic
o EEARAAAApEECLACCAREARTIC -4 )
.......... A ———

peagaanapgpciccgatic
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CACAECAZAAMIEEECIICCRAEAATIC
oo fEApAASREEOCLACCARgARTLC(-4)
CACARCAR AR ECICCARERATTC
.. CRSCALINAIEEECISCCARgantLe]-1)
CACRECAR A E e CRgNAtic

B -

o o b . s o sk ok e

nucleotide additions at the VD junction of V14-DB-JB1.1 CJ

was also larger in core RAG2 samples than WT (+3.87 and
+2.72 bp, respectively). On the other hand, no significant
differences were observed in the frequency or degree of
modifications of VB or VD junctions for VB10-DB-JB2.1
CJ between core RAGI, core RAG2 and WT samples.
Instead, the length of DB coding sequence was frequently
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Core RAG2 (2c/2c)
wnmu;cncmmmwm

Etassapeacciciccagiigaatcatigly [C-((‘((‘CLCM A‘T’l M‘J‘1
(GOOCCCCCAGTOCC)  GTOOC
(GOOCCCCCAGTC) TCTTG
grittttgtaanngraccicicengttgaatentigly (GOCCCCCCAGTOC) AGG
{GCCCCCCCAGTCCC) GGG
(GOCCCCCCAGTOCC) GGG
1GOCCCC) TCG
gettittglasaagraccicticeagitgaatcatigty (GOCCCCCCAG) TG
gettttigtaasapcaccicticeagtipaateattgtg (GOCCCCCCAGTCOCC) G
(GCCCCCCCAGTOCC) -
gettttigtassapraccicticeagtipaaseattgtg (GOCCCCCCAGTC) o
(GOCCCCCCAG)
Ectttitgtasanpeacciciccagiigaatcatigg GGCACAAC
Mgtanageaccictiocagtigaal. ... (8] COATTT
EtasanpCaccichiceagigaatcatigte TGGGG
gellitgleannpracetticeag i paeal gl GOTTT
Bettitgtasangeacciciccagiigaateattaty ACTTA
geltitiglanapracciciceagiacatigly TACC
Betttitgtasaapeacciciccagiigaatcattgty TTCOC
geliglaaapracciciceagiigaacatigly AGC
ECttitgtanaagracciciccagtgaaicattgtg AGA
geltiiglasanpracciciceagipaacatigly GOT
BrHTtEt s pcaccic iecagipasteattaty GGG
Belliglaaapraccicticcagipaacatigly AAT
BeHEE A peacciciceagZipaateattaty GAG
Beltiglssaapraccicliccagigaaicatigly AC
getttttglasapcaccicicoaglipuascutigty cc
Eelitigtasaapracciciccagipaatcatlgly AG
c Dé2-J51 recombination
D52 RSS coding N
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Figure 2. Sequences of SJs formed by D-J recombination. (A) PCR fragments
containing SJs formed by DB1-JB1.1 recombination were compared among WT
(RAGI*RAG2""), core RAG] (RAG1¢° RAG2™") and core RAG2 (RAG1™
*RAG2°) expressing mice. Details are as in Figure 1 legend. (B) SJ formed by

Dp2-JB2.1 recombination. (C) SJ formed by D§2-J81 recombination.

shorter in VB10-DB-JB2.1 CJ when core RAGI was
expressed, with 50% of clones (15 out of 30) containing 4
or less nucleotides of potential DB coding sequence origin.
Only 10% (3 out of 30) of CJ isolated from WT samples
contained D} segments consisting of four or fewer nucleo-
tides, and only 20% (6 out of 30) in core RAG2 samples. In
addition, core RAG1 Df} segments in VB10-DB-JB2.1 CJ had
an average length deletion of —8.83 bp, compared to an
average of —6.03 bp in WT DB segments. Thus, core
RAGT1 expression resulted in more frequent and extensive
deletions within the DB segment of VB10-DB-JB2.1 CJ. In
contrast, we observed no significant differences in the fre-
quency or length of D within VB14-DB-JB1.1 CJ of core

RAGI, core RAG2 and WT samples. The frequency of

nucleotide additions at DJ junctions of VB14-DB-JB1.1 CJ
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A VE14-DB-JB1.1 1 bination (spl yte)
V14 7 mer 7 mer D1 7 mer 7 mer JB1.1 Frame
tEtEeCtERagteti CACACTG) (CATTGTE ACGETE (CACTGTG
PN

Wild Type (129+/+)
totgcctggagtet TGCAC CaEACACAAAZCT -
fgtgeciggaghe. » =
igtgectggagtet AG TTC
tgtgectggagte. AAGAGACGTC - .....cacaganagict -
Igigeciggagic, C - Lacacagaagict -
tgtgectggagtet AGT A eenn.- Agaagtet -
lgigectpgaptct C T catacicagaagict -
tgigectggag. .. T TGOGAG - ACACAREAZICT
totgcctpgagtct (5] - -
TgigCClgEag. .. GGC - +
tgigectggagic. CGOG -
tgtgoctEg.. ... T AA CalACICagnagict +
gigeciggagt.. [anl CHIACACAZAARICT -
tgigectggagtct AlA - .aacacagaagict -
1glgectgga. .. A G .dacicuguagict +
igigectggagict AG CGA CEIACACAZAAZICT
tgigoctggagte. CTTT - -
plgeciggaglc, CA
igtgectggagtct AC
tgtgectega. ... AG - canacacagaagtct -
Tgigeciggagic, GG AT o CRCAZAAGICT
igigectggagtc. - - casacacagaagtct -
1gigectggagte, CCCA TC TTG CRIACICHEIARICL
igigectggagic, GG ™ - CACAgaagict
tgtgectggagtet Al GA - canacacagaagict -
Core RAG1(1c/1c)

gigeciggagict AG AA GGAG .. dcacagaagict -
tatgectgga. .. = g casacacagaagict +
1Egectge. ... CCcC GOCG CRIACICIEIAEct +
igigectggagict AGG GG JRR 1111 -
tgigectggagtct AGT - .BnACAcagaagtct -
1gtgectggagtct AGA GG A PR L F L
igtgectggagtct - AGGG ... acacagaagtct -
tgigectggagtct CCTIG CRIACHCAZAAgtct -
Iglgectggagict . G 1o EAAGIEL

tgtgectggag. .. Loc CAQ canacacagaagtct
1gigectggagtet A A acacigaagtct -
12IgCCtgRag. .. - - AAACACAZAAGICT +
totgoctggag. .. AG CCTTTGG ....cacagaagtct +
lglgeciggagte, AA GC L dCwCAgRgIet E
igigectggagtct AGTT ACTT .aacacagaagict -
tgigectggagtct AG TGG G ..Acacagangict -
Tgigectpgagict AA - .. ACHCAgAREIC -
tgtgectggagte. [wls TG .Aacacagaagict -
lglgoctggagte, AC - L. dcacaganglet
igigectggagtct AGA GT G AGGC .. cacagagict -
tgtgoctggagtct oC T casacacagaagict +
lgigeciggagict GT E cuiacicagaagict B
tgtgociggagict GA CCG ...acacagangict -
tgtgoctEgagte. CATC A calacacagaagict -
Igtgeciggagict AG TTGCACTTA oG sevneen GHARICL

Core RAG2 (2c/2c)

1EIECClEEaE. .. CCCTCGT CCC = peagaugict +
igigeciggagic, GGC TTG AACACAAAZICT -
iglgoctggagte. - AGGG ...BCacagangict -
Tglgcclggag. CCTAGAA - e RERARICL +
igigectggagtc, C GO cagacacagaagtct -
tgigeclggagtct GG ac o L cacaguagict -
glgectgpagtct A - . EAEACAgAAgICT -
tgigectggag. .. GCTOCC L e cacagaagict +
tgigeclgea.... TCCC GC TTGGG L. aACICaEaagict +
igigectggagtct CToC - ... Bacacagaagict -
tgtgoctgg. ... GG - +
1ZIgCCIEERg. .. CCTA - +
igigectpgagict CTGGEG GG -
tgigectggagtct AG CAGGG - -
[T, 2 .
igigectggag. .. COTA - +
1gigectggagtct A L =
igigectggagict A CAG

totgoctggagt.. TGG - -
TEECCIEE. ..o GATCAC -
igigectggagtet Al CC - -
igigectggagtet AGAC A - -
glgectggag. .. Coco AT CHIACACAZAARICT +
tgigectggagic, ocC A casacacagaagict -
IEIECCIEEag. .. cC T o CBCagangiet +

was significantly elevated when core RAG1 was expressed
(50 and 85% for WT and core RAGI, respectively), although
we did not observe a difference in the size of such additions.
The increased frequency of nucleotide additions at DJ
junctions was less apparent in V310-DB-JB32.1 CJ. However,
core RAG2 VB10-DB-JB2.1 CJ exhibited more extensive
deletion of JB coding sequences compared to WT (—3.93
and —2.6 bp, respectively). VB10-DB-JB2.1 CJ from core
RAGI1 T cells also included deletions of JB (—3.81 bp),
although these were not statistically different from WT.
VB14-DB-JB1.1 CJ showed no significant difference among
samples in the frequency or extent of deletions of JP
sequences. Therefore, though expression of core RAGs

B V{14-Dp-Ji1.1 recombination (DP thymocyte)

Vpi4 7 mer 7 mer D 7 mer 7 mer JB1a Frame
tgtgectggagtetiCACACTG) ACATTGTGIZEERCARREERCICACGGTG) (CACTGTG) Carachchgangtct
PN P

Wild Type (129+/+)

totgcctggagtct AGG

Igtgeciggagle, o jie]

igtgectggagtct GOOGTAA -

totgoctggagte. C AMA

iglgectggagict AA AT

igtgectggagtct E [} s

tgigectggagtc, oo T ClARCacagangtet
1gigectggagic, ACT = caancacagaagict
tglgoctggagte. [e] A caagcacagaagiet
1gigectggagtct A 16 CuABCAcgangLel
igigectggagic, - TG CHBCACAZAARICT -
tgtgoctggagt.. G C <o dCBCagRIEict -
tgtgoctpgagtct CG Aapcacagaprict -
Igigectgga. ... COOCTC seoee AEARRICT +
tgigectggagtct Al caancacagaagtct -
Core RAG1 (1c/1c)

tgtgcctggagt.. arT SOPACE ... ATAGACG -AAcAcagaagict -
Igtgeclggag. .. A AcugEe. C CUABCACAEANELCL +
igigectggag. .. L5} BEgAcapRgg. TGTTGG - ACACagasgict +
igtgectggagtct GA EEEaCAgEED.. - cuaBcacagangtet
1glgccigga.. .. - P L[ ACG AR AcaganElel +
tgtgectggagtct ad 0 2888- AGG L agaagtet
1gigectggagtct TC LEEACHL..... CATG cuascacagangiet
1gigectggagic, c o CAEERE.. ACGG SARCACAZARLICT -
totgcctgga. .. - ....cagggE. AGG ...ACACAgEAgiCE +
1gIECCl g, . ATC EEE.iuiniasn TAG caapcacagangtel -
igigectgga. ., ACCC gegacagg.... AAG . acacagaagict +
iglgoclgga.. .. TAGC .EgacaggE.... [a¢] ....Acagaagict +
1ggectgga. .. CcT L ACAEER. .. el CaAsCAcaganglel -
igigectggag. .. cce ....CAZREEE. AT ...cACagaagict +
glgectgpagt.. ACT . BEEEEE. AGG cee s BRI

Core RAG2 (2c/2c)

totgoctggagtct TCC CHARCACAZAAELCL

gig.... C - Lo CCRERAZICL +
tgtgect, c. - G casacacagaagtct

1ZIECCtEE. ... GCC G cuascacagangiet +
1gigectggagic, GCG = oo ACRCAgRAEICT N
tglgoctggagte. - ACT caagcacagaagict
1gtgectggagtct AG AGG eenen o BEBIEIEL
igigectggagt.. AMG G OaaG +oo CACARAAGICT

tgtgectgga. ... E AA <vee...BgABElCt +
lgigeciggagtct TC TA sedCREBAZICT -
igigectggagtc, AAGA g " - ...acacagaagict
tgigectggagtct AGAG EEEEE. GT clancacagangtct
Tggectggagict ATACC Bega . CHARCACAgARRICT =
tgtgectgga. ... AAA 5 .aaacacagaagict +
[} - RN CTTCTACCT C - .ancacaganglet -

influenced the overall quality of CJ, the characteristics of
these modifications tended to be associated with specific
V-D and D-J junctions.

DISCUSSION

It has been proposed that the post-cleavage complex facil-
itates DNA repair by serving as a scaffold for the four broken
ends generated by RAG-mediated cleavage (28-31). RAG
proteins have also been shown to affect the formation of
precise SJ in a yeast system (35). Although studies using
artificial substrates are useful for understanding the molecular
mechanism of V(D)J recombination, they may not comple-
tely recapitulate all aspects of antigen receptor rearrangement
in vivo. Here, we provide the first evidence that the non-core
regions of RAGs have critical functions in the proper assem-
bly and resolution of recombination intermediates in endo-
genous loci. RAG2 truncation affects SJ associated with VD
joining more severely than that of DJ joining, whereas core
RAGI1 affects DJ joining, as shown by previous studies
focused on the efficiency of VD and DJ rearrangement asso-
ciated with lymphocyte development (23,24). Moreover, we
demonstrate a variety of CJ features that are influenced by the
truncation of RAGs.

Since DSBs are the most lethal form of cellular DNA
damage, there are at least three different pathways to repair
a DSB, including classical NHEJ, microhomology-directed
end-joining (MHEJ, or alternative NHEJ) and homologous
recombination repair (HRR) (36-39). Although DSBs
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C VB10-DB-Jp2.1r bination (DP thymocyte) Figure 3. Sequences of CJs formed by V-D-J recombination. (A) CJs formed by
vB10 S s Dp2 g g 921 Frame V[314—D;3—J[31.1 re/combination in splenocytc/as were C(/)mpared among WT
gecageagetangaCACAGTT) (CATTG TG EEEACIEREREEgciCACAATG) (TGETG TG tanctatgetigage (RAGIJr + RAGZ+ +), core RAGI (RAGIC ¢ RAG2Jr +) and core RAG2
Wild Type (12644%) P PN (RAGI™™ RAG2%®) expressing mice. In VB14-DB-JB1.1 recombination,
g AA A o1a R + D1 within the DB1-JB1 gene cluster is expected to be utilized. Original
gecugeagetua.. ccT S - auactatgetgnge - coding sequences of VP14, DRI and JB1.1 (boldface lowercase letters) and
izu“g"gm it 'g:EEM AT “’:::E:ﬁ : their flanking heptamer sequences (uppercase letters in parentheses) are
S AGTCC ECtEEEEE oo dBtgctgage ; indicated on the top. Nucleotide insertions are indicated by capital letters.
gecngeagetaa.. = BEERC. i A Aactalgelgue Presumptive P nucleotides are underlined. All the clones contained different
ECCageagelia.., ATT e EEEEEEE. GTGA dmctalgeigage - . . .
phipbaiy el ey g e il % junctional s‘eguen‘ce,s to eacl_l other. In-frame or out-of-frame rearrangement is
ccageagetaa.. % pEEACigERERpe. < ...clatgetgage . denoted as ‘+” or ‘= at the right end of each sequence. (B) CJ formed by V14~
LECIPEARE. 1.0 c ZEEACL e T oo CLgEIEARE + DB-JB1.1 recombination in DP thymocytes. (C) CJ formed by VB10-D-JB2.1
LECARCAZE, .. TTC ERRACIEE. ... AC 2oneeolgEIgARE - . P .. .
el o o o i 5 recombination in DP thymocytes. Original co@mg sequences of V10, DB2 and
LECAEEAgE, 1. ceree ey GG . aactatgetgage + JB2.1 (boldface lowercase letters) and their flanking heptamer sequences
£ECIGEAFE. .o cr o T GITA taactatgetgage + (uppercase letters in parentheses) are indicated on the top. Although D1
::E:ﬁz::g oy mg:zi*ag 5 s can be used instead of DB2 in at least one-fourth of all VB10-DB-JB2.1 CJ
gecageaget. .. cc EZEAC. e AGA .aactatgctgage (69), but they could not be assigned due to similarity. See (A) and (B) for D1
mecageageta. .. L—_‘v_ BERC. . .uiens AIA.;\T tasctatgotgage + coding sequence.
ECCAECAZ. ... AATCC ..ACIgERE.... T ...ctatgctgage
DCCHECARC. ... GGACC EEEBCIgE...... ™ -..Ctatgctgage
gecageaget. ... TCGTC Lo CIEEEEE. .. - . BUCtatgCtgage
ECCHECAZC. .. GGC EBERCIZEEEE. .. T .. BCIALECIEEC -
Go EEERCIZEEEE... T tasctatgotgage +
= !’g::gmgg gc ,ﬁ::tm : Table 2. Comparison of D-J SJs
CTC T PP 1w T4 T -
. c::ca o ARCIALECIEAEC % WT Core RAG1 Core RAG2
EEEE. .- v e ClAlECIERET -
gecageagel. ... GT BIggEEEg, e dEctalgcigage +
i . : 5 DB1-JBL.1
LECAPTAZ. ... AGCC LEEACIARERRLE ARCTALECTgags
Precise joints 43/50 (86%)  34/48 (71%) 35/47 (74%
J
Core ':M'“ (1ef1c) i 2y u . Imprecise joints 7150 (14%)  14/48 (29%) 12/47 (26%)
i o] st e % N nucleotides 717 (100%)  13/14 (93%) 11/12 (92%)
gecageag. ... - AGA Aactatgeigage + Deletion 0/7 (0%) 3/14 (21 %) 2/12 (17%)
geeageaget.... (,‘{:r.'t(:.'\ A ...tatgetgage + DBZ_JBZ 1
S e i Rt ! Precise joints 40/49 (82%)  9/46 (20%) 14/45 (31%)
gecageaget..... CTAGCCA AGUG . .tatgetgage + Imprecise joints 9/49 (18%)  37/46xx (80%)°  31/45xx (69%)°
g:“g““'“" cf_l' : “cf”‘ "'f:c‘::sz‘f:g“ : N nucleotides 9/9 (100%)  26/37 (70%) 28/31 (90%)
i P o i - i - Coding sequences  0/9 (0%) 34/37 (92%) 13/31 (42%)
gecugeageta. .. cac -..clgepegs.. cc +...atgctgage - Deletion 0/9 (0%) 20/37 (54%) 7/31 (23%)
gecageaget.... TC pmactpggge. .. - taactatgeigage o4 D&2-181
sk .. ooy o] o i : Precise joints 41748 (85%)  26/46 (57%) 36/46 (78%)
ECCAgeAgCt. ... CCCGGA . .culgetgage - Imprecise joints 7148 (15%)  20/46:x (43%) 10/46 (22%)
BRCORCARCtML-. A:.E\i‘.d\ M::“:g::g"g“ N nucleotides 6/7 (86%) 20/20 (100%) 10/10 (100%)
GARA e e i : Coding Sequences  1/7 (14%)  0/20 (0%) 0/10 (0%)
ACGC Ad Tt gZage + Deletion 0/7 (0%) 0/20 (0%) 0/10 (0%)
Cooc AGOGAG [ e g +
mi o hfw .‘.a;::;:f:f: : Number of each joint out of total number of analyzed was shown. The frequency
cee ATT - -talgetgage + of each joint is shown in parentheses. Significant differences versus WT mice,
(_:(f:(-‘i‘;c - i c:*::: t when compared using chi-squared test, are indicated by = (P <0.01). Junctions
o e ey ek _':_"cwcéagc : were sequences from two independent animals, and the results were combined to
gecageag....... ATCA AA aactatgeigage calculate the number of each case.
::E:i:::g"" o Add ‘Ziﬁi'i‘f.iﬁ : “Differences from WT mice are statistically significant even when the data
Eocageage EOE ot e i containing coding sequences are excluded, to exclude possible non-12/23 HJ
Gore RAG2 (2¢12¢) from SJ (see Discussion).
gecagongedsi 5 — = R —— . Difference from WT mice is not significant when the data containing coding
gecageaget. ... c BEACIERREERE- - ..clatgetgage + sequences are excluded.
fCcageage. ... cCcA erenarBEER e er T .. ctatgeigage +
HOCAFE ..o aran AGGT -BgACtE....... TGG - .. --atgctgage +
geeageaget..... - TGO -.+ss dgetgage +
gooageageta. .. CA . A taactatgetgage + . . . . .
secageage. ... coe gactg. ... cre asctatgeigage + associated with V(D)J recombination are normally repaired
cCageaget. ... TAGCA - c + . . .
il - i e + by NHEJ, alternative pathways must take part in completing
s e il 5 . 4 the repair when conventional pathways are not available or
Eccageage. .. - R cer -..ctatgetguge + not effective (40). When either RAG1 or RAG2 were trunc-
S s o e it ated, we observed SJ that exhibit features consistent with
BocogCaget, .. ) 1o e ApeEALe 4 repair via a pathway other than NHEJ.
p p y
BCCHECAEC. . 1o COoC AATA R 1 1T + . .. " . .
ECCECAEC. . cegee ATA ——— . Imprecise joints isolated from mice producing truncated
gecageagct. ... CACA GCT  aeeee tgelgage + . . . .
i oo i i g RAG proteins frequently coqtalned‘ nuc'le.otlde. deletions. A
BCCORCAREL..... GCTCTR AAG - actatgetgage 4 total of 90% of V35-DJ2 imprecise joints isolated from
RCCARCARC. . ... i oCT ... Clalgeigage + . . . .
gecageaget. ... coe 2 +ere o ASCIEARE ; core RAG2 mice contained deletions, with an average loss
il ol & T e i of 17 nt, and the largest being a 74 bp deletion (Figure 1C).
secageage. ... c BEBUCIBREEE. .. can R + Thus, truncation of RAGs might directly influence the stability
gecageaget..... TG COC ggactgegEgeg.. - -+--Blgcigage - . . . A
el i cerer R coea actatgtgage 5 of the SEC in certain RSS pairs, allowing exonuclease attack
gy o e e St : of unprotected SE. The occurrence of deletions also suggests
Eecugeage. ... - R Tee -..ctatgelguge + an end-joining defect, as end-joining deficiencies are known to
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Table 3. Frequencies and average length in nucleotides modification in CJ

WT

Core RAGI1 Core RAG2

VB14-DB-JB1.1
Deletion within V3
P/N addition at VD junction
DB <4 nt
P/N addition at DJ junction
Deletion within JB
VB10-DB-JB2.1
Deletion within V3
P/N addition at VD junction
DB <4 nt
P/N addition at DJ junction
Deletion within JB

24/40 (60%, —1.79)
36/40 (90%, +2.72)
17/40 (43%, —6.61)
20/40 (50%, +2.25)
23/40 (58%, —4.82)

30/30 (100%, —4.77)
26/30 (87%, +3.19)
3/30 (10%, —6.03)
20/30 (67%, +2.50)
25/30 (83%, —2.60)

21/40 (53%, —2.86%*)
33/40 (83%, +2.72)
18/40 (45%, —7.20)
34/40%* (85%, +3.03)
27/40 (68%, —3.74)

26/40 (65%, —3.34%+%)
35/40 (88%, +3.87%)
17/40 (43%, —7.18)
18/40 (45%, +2.55)
30040 (75%, —4.23)

30/30 (100%, —4.83)
27/30 (90%, +3.74)
15/30%* (50%, —8.83%**)
25/30 (83%, +2.60)
26/30 (87%, —3.81)

30/30 (100%, —4.73)
25/30 (83%, +3.20)
6/30 (20%, —7.56)
24/30 (80%, +2.96)
28/30 (93%, —3.93%)

Sequence data obtained from two independent genomic DNA samples were combined. Data obtained from spleen and DP thymocytes were combined in VB14-Df3-
JB1.1. Number of each event out of total number of analyzed were shown. The frequency and the average length of addition (+) and deletion (—) of each joining are
shown in parentheses. Significant differences versus WT mice, when compared by chi-squared test (frequencies) or #-test (average length of addition and deletion), are

indicated by * (P < 0.05) and ** (P < 0.01).

lead to large deletions. In fact, these joints are somewhat
similar to SJ from artificial substrates introduced into
XRCC4-deficient cells, as they tend to have large deletions
with short stretches of homology at the junction (41). Either
joining partner could have contributed these nucleotides, the
presence of which is consistent with joining mediated by a
homologous stretch of nucleotides between the two joining
partners. Such MHEJ is thought to occur as a back-up to
conventional NHEJ repair, since defects in NHEJ result in
elevated MHEJ (38,39). In addition, CJ isolated from core
RAG knock-in mice also appeared to have an increased fre-
quency of nucleotide deletions, although the effect was less
obvious than in SJ due to the imprecise nature of CJ.

Sequences homologous to the germline coding sequence
were frequently observed in SJ isolated from core RAG-
expressing mice. The presence of these coding sequences
can be explained by a number of mechanisms. Oligonucleotide
capture is a mechanism by which short DNA segments
cleaved at both 5’ and 3’ ends can be incorporated into the
junction (42,43). CJ with short oligonucleotides that could
have been derived in this manner have been reported pre-
viously (44-46). The D82 coding sequence trapped within a
V85-D32 SJ of a core RAG2 sample (Figure 1C) could have
resulted from this.

The frequent detection of long D} coding flank sequence
attached directly to RSS cannot be explained by oligonucleotide
capture, but is more likely the result of aberrant cleavage.
For instance, RSS-like sequences found within coding gene
segments may be mistakenly used as RAG substrates. In this
regard, heptamer-like sequences containing CAC trinucleo-
tide or nonamer-like sequences can serve as substrates for
RAG proteins in vitro (47,48), and evidences indicating aber-
rant recombination using such sites have been reported not
only at the breakpoint of chromosomal translocations
associated with lymphoid neoplasia (33,49) but also in the
TCRO locus of normal mice (46).

Although RSS-like sequences can occur anywhere in the
genome, we failed to find such a sequence in the coding
sequences near the cleavage site, except for the bonafide
RSS present on the opposite end of D} gene segments. The
majority of DB2-JB2.1 SJ contained unmodified DB2 coding
flank directly attached to the 3'DB2 RSS, while there were

frequent modifications observed between the end of D2 cod-
ing sequence and the JB2.1 RSS (Figure 2B). The structure of
these aberrant joints suggests that the cleavage has occurred at
the 5’'DP2 RSS instead of the 3’'DP2 RSS. The frequent dele-
tion of DP coding sequence within VB10-DB-JB2.1 CJ isolated
from core RAGI samples (Figure 3C and Table 3) also sup-
ports the involvement of aberrant cleavage, since correspond-
ing DP2 coding sequences appeared in reciprocal SJ. Although
the formation of a 12/12 deletional hybrid joints (HJs) between
the CE of one element and the SE of another may sound
unlikely, we speculate that short DB coding sequence flanked
by 3’ and 5’ RSSs in the presence of core RAGs may result in
such HJ. Indeed, HJ in apparent violation of the 12/23 rule has
similarly been described in the TCRS locus of WT mice,
where DJ elements were involved (46). During V(D)J recomb-
ination, a RAG complex is first thought to form on a single
RSS, followed by subsequent capture of a second RSS (50,51).
Though the correct 12/23 pair may be favored by full-length
RAGs, a complex formed with core RAGs may allow
improper alignment with an RSS only 1-1.5 turns of the
helix away. Or, the synaptic complex may initially form cor-
rectly with a 12/23 pair, but core RAGs could form an unstable
complex that might lead to improper cleavage of a nearby
heptamer. These possibilities may also be related to the finding
that the RAG complex cleaves a non-B-DNA structure at the
Bcl-2 major breakpoint region (52). If RAG binding to the 3’
end of a D gene segment can induce the formation of non-B-
form DNA that extends to the 5" end of the D gene segment,
this might provide a target for RAG nicking. Indeed, recent
results showed that at least 12 bp of coding region, proximal to
the heptamer, are protected in the synaptic complex formed by
core RAG proteins (53). Thus the RSS flanking the other side
of a D segment may be directly adjacent or partially contained
within the synaptic complex, likely affecting the structure of
the corresponding DNA.

Unlike recombination involving the DB2-JB2.1 cluster,
imprecise SJ associated with the DB1-JB1.1 cluster contained
no nucleotides with coding sequence homology (Figure 2A).
We speculate that subtle differences in RSS pairs and/or
length of DP segments (12 and 14 bp for DB1 and D2,
respectively) might significantly affect the DNA structure
and/or stability of the synaptic complex, resulting in dramatic



differences in how the synaptic complex can be formed and/
or resolved by core RAGs. Similarly, DRI coding sequences
detected within V8.3 to DB1 rearrangements in core RAG2
samples could have arisen through deletional rearrangements
between VP and 3'DB1 RSS. Previous studies have shown
that D-J rearrangement was significantly reduced when core
RAGI1 or core RAG2 was expressed, with nearly half of
mature B cells containing germ line alleles (23,24). Since
DpB-to-JP rearrangement is not required for VB-D joining
(54), VB-to-DP rearrangement can occur in core RAG-
expressing mice even before the completion of DB-JB
rearrangement. Thus in the presence of core RAG2, a
3'DB1 RSS might be mistakenly cleaved within a VD synap-
tic complex. Increased accumulation of HJ has been reported
in cells expressing core RAGI and/or RAG2 (15). The
increased rate of HJ formation in core RAGs in combination
with the structure of short D segments might account for
HJ violating thel2/23 rule. To confirm that the SJ results
were not all due to the presence of HJ, we excluded data
potentially arising from HJ by removing all data containing
coding sequences from the calculation of frequencies (see
legends for Tables 1 and 2). Consistent with most of the
original analyses, we still found significant increases in
imprecise SJ, except for data involving DB2-JB2.1 SJ of
core RAGI1 samples. This is likely due to an increase in
the rate of DP2-JB2.1 associated HJ in the presence of
core RAGI. Thus, we conclude that the expression of core
RAG increases the frequency of imprecise SJ, in a manner
highly influenced by specific RSS partners.

The coding sequences observed in VB14-DB1 SJ of core
RAG?2 samples could still involve a different mechanism,
since they contained not only DB coding flank, but also V[
coding flank sequences (Figure 1A). Similar aberrant joints
have been reported previously in VB14-DB1 SJ isolated from
transgenic mice expressing a T490A mutant of RAG2. T490
phosphorylation is known to promote cell-cycle-dependent
RAG?2 degradation (19). Since core RAG2 lacks this phos-
phorylation site due to C-terminal truncation, the protein is
expected to behave like the T490A mutant, remaining active
into S phase where HRR is the prevalent DSB repair pathway.
Although homologous sequences observed within these SJ are
shorter than those usually used in HRR, we cannot completely
rule out the possibility that factors involved in HRR might
participate in the repair of these. Importantly, T490A mutant
expressed on a RAG2 ™'~ background does not affect the fre-
quency of precise VB14-DB1 SJ, thus, it is unlikely this point
mutation affects complex stability or increases aberrant cleav-
age (19). On the other hand, core RAG2 expression reduced
the frequency of precise joints associated with VB14-DB1
recombination from 90% in WT to 62% in core RAG2
(Table 1). Increased N additions and possible microhomol-
ogy-mediated joining are likely responsible for the low fidelity
of these joints. Microhomology was never observed in impre-
cise SJ isolated from T490A transgenic mice (19). This sug-
gests that deletion of the C-terminal RAG2 region is
responsible for lowering the frequency of precise joints, and
not its aberrant expression in S phase, presumably due to an
inability to provide a proper architectural role during the end-
joining phase.

Importantly, the reduced accuracy of SJ formed via core
RAG is sensitive to nucleotide sequences and/or the structure
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Table 4. Comparison of RSS analyzed in this study

Position Tmer 12/23 spacer 9mer

3'Vp14 CACACTG AGTAGGGTGGGGC GCAAAAACC
AGACATCTGT

3'VB8.3 CACAGTG ATGTGTGGCTTCCT ACAGAAAGT
CCCCTTTGC

3'VB10 CACAGTT GTGCAGAGTCACTG GCACAAACC
TTTCCCTGT

3'Vé5 CACTGTG GTGCAGGTGCCCAG ACCCAAACC
GGAGCCTGT

5'DB1 CACAATG TTACAGCTTTAT ACAAAAAAG

3'DB1 CACGGTG ATTCAATTCTATGG ACAAAAACC
GAAGCCTTT

5'DB2 CACAATG TTACATCGTGAT ACAAAAAAG

3'DB2 CACAATG ATTCAACTGGAAGA ACAAAAAGC
GGTGCTTTT

5'Dé2 CACGGTG CTACAGAGCTTT GCAAAAACC

3'Dd2 CACAGTG TTGCAAACCCCATA ACAAAAACT
GGGACCTGT

5'7B1.1 CACAGTG CCATAGGATGAG GAGAAAAAT

5'1B2.1 CACAGCA GAAAAGGGCTAC CAAGAATTC

5'781 CACAGCT ACTGAGGCCATT CCAAAAACC

Nucleotides different from the consensus sequences (heptamer, CACAGTG and
nonamer, ACAAAAACC) are underlined.

of RSS. The RSS analyzed in this study are listed in Table 4.
As RAGs undergo coupled RSS recognition and cleavage,
both individual RSS sequences as well as their combinations
are likely to contribute to the structure of the synaptic
complex. SJ from different RSS combinations had quite dis-
tinct characteristics for both sides of SE. Although it has been
reported that the quality of RSS affects accessibility to RAGs
(54,55) and recombination frequencies (56,57), it may also
affect the quality of recombination, especially when core
RAGs are involved. The post-cleavage synaptic complex is
known to be stable (3-5), however, certain RSS combinations
such as V35-D&2, may be inherently sensitive to structural
change and become unstable when formed with truncated
RAGs. Indeed, expression of mutant RAG1 proteins that
form unstable post-cleavage complexes allow DNA ends
to participate in both HRR and alternative NHEJ pathway
(58). Thus, non-core regions of RAG might also have impor-
tant roles for stabilizing the post-cleavage synaptic complex
by minimizing the effects from RSS variations, since
truncated RAGs result in higher frequency of imprecise SJ
and modest increase in modification of CJ in vivo.
Increased frequency in aberrant joints associated with the
expression of core RAGs have never been reported in studies
using extrachromosomal substrates (8-12,28,29,31,59-61).
There are several reasons why these effects have never
been found in transfection studies. First, RSS tested for joining
in plasmid substrates tended to be limited to so-called ‘con-
sensus’ RSS. Our results demonstrate that not all combinations
of RSS result in extensive changes to CJ or SJ. Although
endogenous RSS have been tested for ex vivo recombination
and in vitro binding/cleavage assays (56,57,62,63), specific
features of these joints were not addressed in these studies.
Thus, it will be important to compare core and full-length
RAGs for quality of end-joining between different RSS
pairs formed ex vivo. In addition, LM-PCR should be
performed with and without T4 DNA polymerase treatment,
since we cannot completely rule out the possibility that
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truncated RAGs might produce aberrant SE with certain pairs
of RSS. Second, artificial substrates are composed of limited
coding flank sequences. Since an importance of coding flank
sequence to recombination frequency has been shown in the
earlier study (64), it has shown to play a critical role in binding
(53,65,60), cleavage (47,48,67) and accessibility control by
RAGsS (68). Thus, coding flank sequences might also affect the
joining reaction. Third, the structure of short D gene segments
with RSS at both 3" and 5’ ends might account for the aberrant
cleavage or misalignment of core RAGs. From this point of
view, D segments attached to 3’ and 5'RSS should be tested in
artificial substrates to compare the end-processing of full-
length RAGs versus core RAGs. Fourth, chromatin structure
in endogenous loci might make core RAGs more sensitive to
subtle difference in RSS. To further address these issues, the
structure of cleaved ends, junctions and stability of the SEC will
need to be compared in full-length versus core RAGs, and with
different combinations of RSS, including natural D coding
segments, in naked or chromatinized substrates. Our results
indicate that the non-core regions of RAGs are critical for
tolerating variations between RSS and to suppress aberrant
joints in endogenous loci. In combination with our findings,
future analyses focusing on the above aspects in vitro should
reveal the complete role of RAG proteins in V(D)J joining.
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