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Abstract
VH replacement is a form of IgH chain receptor editing that is believed to be mediated by recombinase
cleavage at cryptic recombination signals (cRSS) embedded in IGHV genes. Whereas there are
several reports of IGHV replacement in primary and transformed human B cells and murine models,
it remains unclear whether IGHV replacement contributes to the normal human B cell repertoire. We
identified VH → VHDJH compound rearrangements from fetal liver, fetal bone marrow and naive
peripheral blood, all of which involved invading and recipient IGHV4 genes that contain a cryptic
heptamer, 13 base pair (bp) spacer and nonamer in the 5' portion of framework region (FR) 3.
Surprisingly, all pseudohybrid joins lacked molecular processing associated with typical VHDJH
recombination or nonhomologous end joining. Although inefficient compared to a canonical RSS,
the IGHV4 cRSS was a significantly better substrate for in vitro RAG-mediated cleavage than the
IGHV3 cRSS. It has been suggested that activation induced cytidine deamination (AICDA) may
contribute to VH replacement. However, we found similar secondary rearrangements utilizing
IGHV4 genes in AICDA-deficient human B cells. The data suggest that IGHV4 replacement in
preimmune human B cells is mediated by an AICDA-independent mechanism resulting from
inefficient but selective RAG activity.
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Introduction
Antigen receptor genes are assembled during lymphoid development by VH(D)JH
recombination to generate a diversified immunoglobulin (Ig) repertoire capable of recognizing
any foreign antigen(1). During VH(D)JH recombination, BCRs specific for foreign and self
antigens are generated and a number of mechanisms have evolved to cull the repertoire of
autoreactivity. One mechanism involves secondary gene rearrangement. This mechanism for
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changing the specificity of self-reactive receptors involves the products of recombinase
activating genes (RAG-1 and RAG-2; RAG1/2) that lead to the replacement of the autoreactive
BCR by a secondary Ig gene rearrangement(2,3). Receptor editing was initially thought to be
a characteristic property of the L chain(3,4) since the organization of the H chain locus would
prohibit secondary rearrangements. In this regard, as a result of the initial H chain
rearrangement, extra diversity (D) segments are removed, thereby deleting elements with
appropriately spaced heptamer/nonamer recombination signals (RSS) and making it unlikely
that secondary rearrangements would occur. However, evidence now indicates that VH
replacement can occur at the H chain loci because of the presence of cRSS embedded within
IGHV gene segments that can be recognized by RAGs to initiate secondary gene
rearrangements(5). Secondary rearrangements of IGHV genes have been reported in
transformed murine(6–9) and human(10–13) B cells, murine pro-B cells(14), transgenic
models with insertion of an autoreactive V(D)J rearrangement(5), murine strains(15–18),
human antibodies(19), human tonsilar germinal center B cells(20), and B cells in rheumatoid
arthritis synovium(21).

Although detection of VH replacement in experimental models and in vivo during inflammation
suggested that H-chain receptor editing occurred frequently, analysis of large VH databases
from normal peripheral blood B cells has provided less evidence that this phenomenon occurs
frequently in normal human B cells(22,23).

In humans, nearly all VH germline genes contain a 3’ cRSS in which a heptamer but no nonamer
with an appropriate spacer distance can be identified(24). Despite this, the apparent use of the
IGHV1-69 gene and other VH genes with isolated heptamers for secondary rearrangements
has been reported in rheumatoid arthritis synovial fluid(21). Other examples of secondary
rearrangements using VH genes with minimal cRSS were identified in VH4 family transcripts
of IgD+ GC cells from tonsil(20). Moreover, a human B cell line has been shown to undergo
secondary VH replacement between similar or different VH gene families, each containing an
isolated 3’ heptamer, and this process appears to be RAG-mediated(11). More recently, in
vitro assays using a complete cRSS consisting of a heptamer, a 13 bp spacer and a nonamer
identified from a germline IGHV4-34 gene appeared to permit RAG-mediated cleavage(25).
Although this cRSS contained more of the essential elements (heptamer/spacer/nonamer
sequence) necessary for recombination than those previously reported to be involved in VH
secondary rearrangements, there is no 23 bp cRSS and as a result RAG mediated recombination
would be expected to be inefficient. Moreover, the coding region of the RAG-mediated
recombination that is maintained in the compound rearrangement would be a pseudohybrid
join since the cRSS of each VH gene is in the same heptamer/nonamer orientation and the
recombined product retains one of the cRSS sequences.

Because of the irregular features of the compound rearrangements, their putative abundance
in somatically mutated B cells and the possibility of PCR errors contributing to their apparent
identification in some cases, it has been have suggested that another mechanism for initiating
double strand breaks, such as activation induced cytidine deaminase (AICDA), might be
responsible for secondary VH gene rearrangements(26). AICDA, which is required for gene
conversion and class switching(27) may, therefore, also contribute to VH replacement. The
recent demonstration that AICDA is expressed during murine B cell ontogeny(28) supports a
possible role for this enzyme in mediating VH replacement in developing B cells.

Since most receptor editing in the mouse occurs early during B cell development and the
similarity of human VH genes can lead to ambiguity in identification of genes when mutations
are present, we generated a database of human fetal and unmutated mature human B cells to
explore the occurrence, frequency and possible mechanism of VH replacement in normal B
cells. The data provide clear evidence of VH replacement between VH4 genes in developing

Longo et al. Page 2

J Immunol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fetal B cells as well as in naive peripheral B cells in the adult. Even though examination of
sequences suggested that secondary rearrangements might also be possible among members
of other VH families since some contained a complete RSS containing a 13 bp spacer, only
VH4 hybrids were identified. In vitro assays utilizing the IGHV4 and IGHV3 cRSS revealed
less efficient RAG binding and cleavage when compared to a consensus RSS, yet site-specific
cleavage products were evident in the VH4 substrates, suggesting that VH4 compound
rearrangements could be RAG-mediated. Moreover, AICDA did not appear to be required
since compound VH4 rearrangements were recovered from AICDA deficient B cells. In
summary, secondary replacement of VH genes limited to VH4 family members was detected
in fetal and naïve human B cells. The evidence suggests that these secondary rearrangements
are likely to arise by AICDA-independent RAG-dependent pseudohybrid joining and may be
an additional mechanism for generating repertoire diversity in normal B cells.

Materials and Methods
Cell preparation and sorting

Single cell preparations were made from peripheral blood of 4 normal donors and 7 X-linked
hyper-IgM (X-HIgM) patients and three AICDA deficient patients as described previously
(22,29,30) and were sorted into CD19+, CD19−, CD19+IgM+, CD19+IgD+CD27+ or
CD19+IgD−CD27+ populations. Fetal liver and fetal bone marrow were obtained at 18 wk of
gestation. All tissue collections and processing were done in accordance with policies
established by the institutional review board for human experimentation at University of Texas
Southwestern Medical Center and the National Institutes of Health. Fetal liver cells were
mechanically disrupted into tissue fragments followed by filtration through nylon mesh. Fetal
bone marrow cells were flushed from long bone specimens. Mononuclear cells were enriched
by ficollhypaque density-gradient centrifugation as described(22). The cells were then stained
with a phycoerythin-labeled anti-CD19 mAB (Becton Dickinson, San Jose, CA) and FITC
labeled anti-IgM (Caltag, Burlingame, CA,), anti-CD27-PE and isotype controls (Becton
Dickinson Pharmingen, San Diego, CA) using a FACStarPlus flow cytometer (Becton
Dickinson, San Jose, CA) outfitted with an automated single cell deposition unit. One cell was
deposited into each well of a 96-well PCR plate assembled on a microAmp base as described
previously(22). In some experiments, the CD19+ and CD19− B cells were diluted into aliquots
of approximately 1 cell into 96 well microtiter plates. Normal donor cells were sorted into
CD19+IgM+, CD19+IgD+CD27+ pre-switch or CD19+IgD−CD27+ post-switch populations.
X-HIgM B cells were sorted into CD19+ or CD19− populations and AICDA-deficient B cells
were CD19+ populations. The fetal B cells were sorted into CD19+IgM+ and CD19+IgM−

populations.

Lysate preparation and PCR amplification
A single cell in 10μl of PCR buffer (10mM NaCl, 5mM Tris-HCl pH 8 at 25°C, 0.1% Triton
X-100) containing 0.4mg/ml proteinase K (Sigma Chemical Co., St. Louis) was incubated for
1 hour at 55°C, and the enzyme was inactivated by heating at 95°C for 10 minutes. Primer
extension linear preamplification employing random 15-mers and 60 rounds of amplification
with Taq polymerase, Promega, Madison, WI) was performed to produce sufficient DNA for
multiple subsequent DNA amplifications. Rearranged VHDJH genes were then amplified as
described previously(22). Preferential amplification of IGHV4-59 was performed in CD19−
cells with external forward 5’-ACATCTGTGGTTCTTCCTTCTC-3’ and reverse 5’-
ACGGAGGTTTTTGTCTGGGC-3’ primers and nested forward 5’-
TCACTGTGGGTCTCTCTGTTCA-3’ and reverse 5’-TCCCCTCACTGTGTCTCTC-3’
primers. The maximum PCR error rate for this method using linear genomic amplification
followed by nested PCR is < 0.008%. This rate is based upon finding 2 mutations/25,986 bp
in VH4 genes analyzed from non-B cells (30) and 6 mutations/75,000 bp in a non-Ig gene
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analyzed from B cells(31). Thus, few, if any, of the nucleotide changes encountered in this
analysis can be ascribed to PCR amplification errors.

Sequence analysis and database
PCR products were separated by electrophoresis on a 1.5% Seakem Agarose gel (FMC
Bioproducts, Rockland, ME) and purified using GenElute agarose spin columns (Supelco,
Bellefonte, PA) or Edge Biosystems (Gaithersburg, MD). Purified products were directly
sequenced using the ABI Prism Dye Termination Cycle Sequencing kit (Perkin-Elmer, Foster
City, CA) and analyzed with an automated Sequencer (ABI Prism 377; Applied Biosystems,
Inc., Foster City, CA). For identification of the germline IGHV gene segments, JoinSolver
(32) or the V BASE Sequence Directory was used in conjunction with the software programs
Sequencher (Gene Codes Corp., Ann Arbor, MI) and DNASTAR (DNASTAR Inc., Madison,
WI). Genbank accession numbers for the normal donor sequences are X87006-X87089,
Z80363-Z80770 (excluding Z80606 and Z80679), EF542547-EF542687 and EF542688-
EF542796; for X-HIgM are AF077410-AF077525, EF542103-EF542275, EF541488-
EF542102 and EF542315-EF542546; and for AICDA-deficiency are EU237493-EU238970).
A total of 53 sequences were obtained from fetal liver (AY582384-435) and 72 sequences were
obtained from fetal bone marrow.

Identification of VH compound rearrangements
Initially, sequences were considered candidates for H chain secondary rearrangement if there
was a 5’ region with extensive nucleotide matching to a germline gene and a 3’ region with
mismatches. When the alignment analysis was repeated using only the 3’ region of the VH,
the finding of an alignment to another gene in the database without mismatches suggested the
presence of a compound rearrangement in which one IGHV gene had invaded another. The
accession numbers for all of the VH compound rearrangements are listed in Table I.

DNA and protein
DNA substrates were made by annealing PAGE purified DNA oligonucleotides. Top or bottom
strand was labeled at the 3’ using cordycepin 5’ triphosphate (Perkin Elmer) and TdT (NEB)
before annealing. Unincorporated label was removed using BioMicrospin 6 columns (Biorad).
The sequences of cRSS within the human IGHV3-23 gene
(CCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACTCGCTGT) and
IGHV4-59 gene
(CCCTCAAGAGTCGAGTCACCATATCAGTAGACACGTCCAAGAACCAGTTCT) and
complementary strands were synthesized (predicted heptamer and nonamer sequences are
underlined). The sequences of the concensus 12RSS substrate (DAR39 and DAR40), 23RSS
substrate (DG61 and DG62) and a non-specific (NS) 50bp substrate with scrambled heptamer
and nonamer sequences (DAR81 and DAR82) have been previously described(33).

Truncated HMGB1(34) and recombinant core RAG1 and core RAG2 proteins (co-expressed
as fusions with maltose binding protein) were expressed and purified as described elsewhere
(33).

DNA binding and cleavage assays
10 μl binding reactions containing 10 ng/μl RAG1/2, 2 nM labeled DNA, 100 nM nonspecific
(NS) DNA and 2 ng/ml of high mobility group (HMGB1) were incubated for 10 minutes in a
buffer comprising 25 mM MOPS-KOH pH7, 30 mM KCl, 1% glycerol, 0.1 mg/ml BSA, 2
mM CaCl2, 4 mM DTT. Paired complexes were formed by adding 6.25 nM 23RSS to the
reaction after 5 minutes. Complexes were loaded on a native 6% polyacrylamide gel in 20%
glycerol(35).
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Cleavage assays were catalyzed by the addition of 1 mM MnCl2 or 4 mM MgCl2 for 2 h at 37
°C using 40 ng/μl RAG with the same buffer, DNA and HMGB1 concentrations as above, and
also included 100 nM NS DNA (DAR81/82). In these reactions the RAG1/2 concentration was
40 ng/μl. Products were separated on 12.5% TBE-urea polyacrylamide gel that was visualized
and analyzed using a Molecular Dynamics Typhoon Storm 860 Phosphorimager with
ImageQuant 5.1 software (GE Healthcare). An oligonucleotide matching the expected
IGHV4-59 (or IGHV4-b) product when it is cleaved 5’ of the putative heptamer was
synthesized and used as a size marker. The percentage of binding and cleavage was calculated
from the signal in the band of expected size divided by the total signal in each lane.

Statistics
The two-tailed Student t-TEST was used to determine differences between the binding and
cleavage of NS DNA, IGVH3-23 and IGHV4-59 cRSS substrates and p values ≤0.05 were
considered significant.

Results
Insertions, deletions, polymorphisms and DNA exchange in normal, mutated peripheral B
cells

Because of the reports of VH replacement in tonsillar(20) and synovial B cells(21), we
generated a database of 105 nonproductive and 643 productive naive, pre-switch and post-
switch B cells from normal donor peripheral blood to identify the frequency of VH replacement.
Several normal donor sequences appeared to be candidates for intrachromosomal VH
replacement but the presence of mutation made it difficult to identify the VH genes that
recombined accurately. Of the 748 sequences from adult naïve and memory B cells examined,
we were unable to identify VH replacements such as those described in mutated tonsillar B
cell clones(20) or synovial fluid B cells(21). However, irregularities in the variable segments
similar to those reported by others(36) were found. Insertions and deletions consisting of one
or several nucleotides that have been associated with somatic hypermutation occurred in 16/741
(2%) of the normal donor rearrangements (data not shown). The current data extends the
previous reports by noting one unmutated sequence (Z80532) with a single nucleotide deletion.
In addition, insertions and deletions, which were found in FRs as well as CDRs, were not
predominantly triplets or multiples of triplets, as described in previous reports (36) and thus,
were more frequent in nonproductive (8/105, 7.6%) than in productive (8/643, 1.2%)
rearrangements.

Several IGHV4-59 sequences with unique CDR3s in the normal donors had 2 identical
mismatches in FR3 which were initially presumed to represent a new allelic variant of
IGHV4-59. As discussed below, these appeared to be compound rearrangements in which a 5’
IGHV4-59 gene invaded a downstream IGHV4-b-DJH rearrangement.

Compound VH rearrangements are found in fetal and X-HIgM sequences
It was apparent that sequences with evidence of VH gene replacement were uncommon in the
normal adult B cell repertoire consisting of both naïve and memory B cells. Since most of the
murine examples of VH replacement occurred in early progenitor B cells(14) and the similarity
between human VH genes made gene identification ambiguous when the sequence was
mutated, we created a database from isolated CD19+IgM+ and CD19+IgM− B cells from fetal
liver and fetal bone marrow and CD19+ B cells from X-HIgM donors in which the B cells are
intrinsically normal but unable to undergo SHM.

During the analysis of VHDJH arrangements from fetal B cells, we encountered several
potential examples of VH replacement. One sequence from a total of 53 CD19+IgM− pro/pre
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B cells from fetal liver and two different sequences from a total of 72 CD19+IgM+ immature
B cells from fetal bone marrow consisted of a 5’ region from one VH gene and the 3’ region
from a second VH gene (Fig. 1). Using these criteria, the frequency of VH gene replacement
was approximately 3/26 (12%) of the VH4 repertoire. It is notable that all of these sequences
consisted of secondary rearrangements of IGHV4 gene segments into VH4 rearrangements.
One sequence from fetal liver CD19+/IgM− pre/pro B cells consisted of a compound
rearrangement containing IGHV4-04 and an upstream IGHV4-39 (Fig. 1A). Two compound
rearrangements from fetal bone marrow CD19+/IgM+ immature B cells contained potential
pseudohybrid joins between IGHV4-b and IGHV4-59, and consisted of an initial IGHV4-b-
DJH rearrangement in which the portion of the sequence upstream of the cRSS was replaced
by IGHV4-59 (Fig. 1B). Each of these rearrangements was unique as the CDR3s were distinct.

When the gene locus relationship was analyzed between the VH genes forming the compound
rearrangements, the VH gene introduced into the initial VHDJH rearrangement was found to
be 5’ of the VH gene involved in initial VHDJH recombination in each. IGHV4-39 is located
about 400kb upstream of IGHV4-b. In each of these VH4 compound rearrangements, we were
able to identify cRSS sequences in the region where the pseudohybrid junction may have
potentially occurred. The cRSS sequences consisted of a heptamer (5’-CACCATA-3’), 13 bp
spacer, and a nonamer (5’-CCAAGAACC-3’) which was embedded in the conserved FR3
region of the VH4 gene family between ImMunoGeneTics (IMGT) codon 76 and IMGT codon
86. We were unable to identify RSS sequences containing a spacer of between 20–25 bps.

Having found compound rearrangements in fetal VH4 sequences, we expanded the search for
these rearrangements to B cells from other sources. B cells from X-HIgM patients provide
another source of unmutated B cells. When all X-HIgM VH4 rearrangements were examined,
28/327 sequences consisted of IGHV4-59/IGHV4-b and one X-HIgM sequence was an
IGHV4-59/IGHV4-34 compound rearrangement (Table II). These compound rearrangements
represented 29/327 (8.9%) of the X-HIgM VH4 repertoire.

The IGHV4-59/IGHV4-b compound rearrangement is not an allelic variant of IGHV4-59
The IGHV4-59/IGHV4-b compound rearrangements differ from the IGHV4-59*01 germline
sequence by only two nucleotide mismatches in FR3. To exclude the possibility that this was
not an allelic variant of IGHV4-59, the VH4 locus was amplified from CD19− non-B cells
isolated from the same X-HIgM donor in which the IGHV4-59/IGHV4-b compound
rearrangements had been identified in CD19+ B cells. A nested PCR approach was chosen to
amplify genomic IGHV4-59 from individual cells preferentially. Out of 96 PCR products, 71
matched the IGHV4-59 germline sequence and none of these sequences contained a T > C and
G > A substitution in ImMunoGentTics (IMGT) codons 96 and 97, respectively (Table III).
The remaining amplifications yielded PCR products of other germline VH4 genes. The
IGHV4-59 PCR products from CD19− cells demonstrate that the IGHV4-59 sequence with the
2 single bp substitutions is not an allelic form of IGHV4-59 and indicated that the source of
these two FR3 substitutions in IGHV4-59 sequences is from a secondary rearrangement in
which IGHV4-59 invaded a primary VHDJH rearrangement utilizing the IGHV4-b gene.

Because we were able to confirm that IGHV4-59 sequences with a T > C and G > A substitution
in IMGT codons 96 and 97, respectively, were compound rearrangements, we searched for this
specific compound rearrangement in the normal donor database. In total, 16/199 (8.0%) VH4
rearrangements with unique CDR3s had 5’ VH alignments to IGHV4-59*01 and 3’ VH
segment alignments to the IGHV4-b germline sequence. Of these 16 sequences, six had no
mismatches other than the two substitutions that are characteristic of the IGHV4-59/4-b
compound rearrangement from the unmutated repertoire (X-HIgM), 6 sequences had ≤ 5
mutations and four had 8 or 17 mutations. Therefore, these VH4 replacements can be found in
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the normal naive repertoire and B cells expressing these compound rearrangements can
undergo SHM.

Because of the absence of any molecular processing at the pseudohybrid join most compound
rearrangements were productive. However, 7/56 compound rearrangements (12.5%) were
nonproductive (Table IV). Two ND compound rearrangements and one from the X-HIgM
database had a productive rearrangement but were nonfunctional because they utilized a D
segment reading frame that contained a stop codon. Three other X-HIgM compound
rearrangements were nonproductive as a consequence of exonuclease and terminal
deoxynucleotidyl transferase (TdT) activities that generated an out of frame JH segment and/
or a stop codon in the DJH junction. The nonproductive compound rearrangements were
unmutated. Moreover, since the pseudohybrid join in the compound rearrangement lacked any
molecular processing, they appeared to be nonproductive as a result of VHDJH recombination.

Recognition and cleavage of cryptic sequences
The cRSS from IGHV4-59 has 4/7 of the canonical heptamer bases, 6/9 of the canonical
nonamer bases and a 13bp spacer instead of one of 12bp. The IGHV3-23 cRSS that was
employed as a control has a heptamer and nonamer that is identical to IGHV4-59 except for
the last nucleotide in each but only 60% homology in the spacer and flanking sequences. To
determine whether these RSSs could be cleaved by RAG1/2s, in vitro binding and cleavage
assays were carried out. An electrophoretic mobility assay was used to determine the binding
of recombinant RAG1/2 proteins to IGHV4-59 and IGHV3-23 cRSS DNA substrates, which
also contained 16 bp of the IGHV4-59 or IGHV3-23 sequence 5’ of the putative heptamer. The
amount of RAG-cRSS complex observed in the native gel was compared to that obtained with
an optimal 12bp RSS substrate and a nonspecific (NS) substrate of similar length (50bp) with
no heptamer or nonamer sequences. Figure 2 demonstrates that the RAG1/2 protein recognized
the IGHV4-59 sequence, albeit with a reduced affinity as compared to the control 12bp RSS
substrate. Quantification of the complexes indicated that the IGHV4-59 cRSS bound RAG
significantly (p=0.05) more effectively than the IGHV3-23 cRSS.

The ability of RAG proteins to catalyze a double-strand break at the cRSS was also assessed.
Physiologically, Mg2+ is likely to be the relevant cation, as this ion restricts RAG cleavage to
obeying the 12/23 rule by permitting double strand breaks to occur only in the presence of 12bp
RSS and 23bp RSS in the RAG-DNA complex(37–39). When one RSS is present, the RAG
proteins are only able to catalyze a nick 5’ of the heptamer in the presence of Mg2+. When
Mn2+is used instead of Mg2+, double strand breaks can be detected in the absence of 23bp
RSS. In the current study to monitor nicking in the presence of Mg2+, the top strand of the
substrate was labeled at the 3’ end and the assay was carried out in the presence of an unlabeled
23bp RSS. No significant levels of nicking of the cryptic sequences was detected (p=.06) for
both IGHV3-23 and IGHV4-59 cRSS when compared to the control 12bp RSS (Fig. 3B). When
the more permissive Mn2+ ion was used, more appreciable amounts of nick product of the
IGHV4-59 substrate were detected (Fig. 3A). Nicking of the IGHV4-59 substrate was found
to be significantly greater than that of NS DNA (p=0.02), whereas nicking of the IGHV3-23
substrate was not (p=0.20). The efficiency of RAG cleavage of the IGHV4-59 substrate varied
among replicate assays (17–50% of the control 12RSS). Importantly, however, nicking of the
IGHV4-59 cRSS was consistently and significantly (p=.03) greater than that of the IGHV3-23
cRSS. We also found that the nicked cRSS was smaller than the expected size for cleavage at
the heptamer border, agreeing with previous reports that nicking on certain cRSSs occurred 1–
2 nucleotides (nt) into the cryptic heptamer(25).

Mn2+ also allows the formation of hairpins to occur in the absence of the 23bp RSS(37–39).
Therefore, we examined the formation of breaks in the bottom strand as well. The control 12bp
RSS substrate formed the hairpin product efficiently, whereas the IGHV3-23 and IGHV4-49
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substrates yielded several minor products. Of note, the IGHV4-59 substrate resulted in a
product of the expected size of a longer hairpin made at the abnormal nick position. No major
product resembling a nicked bottom strand (16–18nt) was formed under these conditions, as
reported in a previous in vitro study of cRSS cleavage(25). Poor hairpinning activity of these
cRSSs in Mn2+ may have been influenced by inappropriate flanking nucleotides, as it is known
that certain bases bordering the heptamer hinder the subsequent hairpin formation catalyzed
by Mn2+(40). Indeed, when the coding flank of the optimal 12RSS was replaced with the coding
flank of cRSS IGHV3-23 or IGHV4-59 (ending TT or GT, both known to be non-optimal
flanks), a reduction of hairpinning was observed, particularly with IGHV4-59 (Fig. 4). Thus,
the influence of flanking dinucleotides decreased the capacity of RAG to form the IGHV4-59
hairpin product.

To investigate the action of RAG on cRSS where non-optimal flank effects were operative, we
included a 23RSS partner in the presence of Mg+2. However, only small amounts of nick
product on the top strand were detected and no hairpin product was detected (Fig. 3B).
Similarly, no alternative cleavage site on the bottom strand was detected.

Compound rearrangements are found in AICDA deficient B cell rearrangements
Studies identifying AICDA-targeted motifs (RGYW/WRCY; R=A/G, Y=C/T, W=A/T) near
hybrid junctions(26) have led to the suggestion that secondary VH rearrangements may be
dependent on AICDA activity. To examine this possibility, we initially determined the
frequency of AICDA targeted motifs in the putative region of pseudohybrid joins that
corresponds to the region between FR3 IMGT codons 69 and 96. After normalizing the data
for the total number of nucleotides in the region in all VH3 versus VH4 genes, we found 23
and 61 RGYW and WRCY motifs, respectively, in the VH3 family compared to 51 and 83
RGYW and WRCY motifs in the VH4 family (data not shown). Thus, the likelihood of AICDA-
mediated VH replacement overall may be as much as 1.6-fold greater in VH4 genes than VH3
genes. To determine the role of AICDA in the formation of compound rearrangements in human
B cells, we analyzed 284 VH4 rearrangements that were directly amplified from genomic DNA
isolated from individual CD19+ AICDA deficient B cells. Twenty-four of these sequences
with unique CDR3s had a compound IGHV4-59/IGIGHV4-b rearrangement, providing
evidence that these VH replacements were not dependent on AICDA.

Discussion
We identified VH replacement involving VH4 genes from human fetal liver, fetal bone marrow
and peripheral blood of normal donors, X-HIgM and AICDA-deficient B cells. Using
CD19− non-B cells, we confirmed that the IGHV4-59/4-b pseudohybrid join, which was found
in all populations analyzed except fetal liver and differs from germline IGHV4-59*01 by only
two single nucleotide mismatches in FR3, was not an allelic variant of IGHV4-59. When these
IGHV4-59 rearrangements were originally sequenced, X87091 was in fact submitted to
GenBank as a new polymorphism of VH4-59/DP71which was later designated as
IGHV4-59*08 by IMGT, the international ImMunoGeneTics information system(41).
However, the current study clearly indicates that these rearrangements represent VH
replacement. Therefore, the frequency of the VH replacements in the normal repertoire was
originally underestimated.

IGHV4-59 and other VH4 genes contain a complete cRSS, which provides the potential for a
RAG-mediated pseudohybrid join. In this regard, we found the VH4 cRSS was a substrate for
in vitro RAG cleavage albeit a less effective one than the canonical RSS. At least part of this
inefficiency could be accounted for by the VH4 flanking sequence. It is notable that even
though the VH4 cRSS was an inefficient substrate it was cleaved significantly more effectively
than a control VH3 cRSS. Sequence specific breaks were detected at the cRSS heptamer
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suggesting that RAG could catalyze double strand breaks via the normal nick-hairpin
mechanism. Since similar VH replacements were present in AICDA-deficient B cells, we
concluded that VH4 replacement was independent of AICDA activity and was likely to result
from RAG-dependent pseudohybrid joining or possibly an atypical cleavage and joining
mechanism that did not depend on AICDA.

Previous reports suggested that RAG enzymes recognizing cRSS present in VH genes are
capable of mediating secondary rearrangements in human B cells that had undergone SHM
(20,21). In addition, ligation mediated-PCR products of VH cRSS sites have been detected in
human immature bone marrow cells indicating that DNA double strand breaks occur at these
sites(11,14). We extended these studies by confirming that VH secondary rearrangements in
immature and unmutated mature human B cells can be detected by amplifying genomic DNA
from single cells. This approach allowed us to eliminate the possible bias introduced in
analyzing the rearranged Ig repertoire acquired by cloning from cDNA(22,42,43). Amplifying
Ig genes from genomic DNA of single B cells has been shown to minimize unusual PCR-
induced artifacts, such as the creation of chimeric molecules or nucleotide exchanges between
the mutational variants, which are known to occur during amplification of cDNA from bulk
populations of B cells(44). Importantly, the sequence error rate using this technique is very
low (<0.8 x10−4/base pair), largely because the PCR products are directly sequenced(30,31).
This makes it possible to distinguish minor differences in sequences and permits a more
comprehensive interpretation of the data. Fewer than 10% of the sequences analyzed from X-
HIgM and AICDA deficient patients contained mutations, most of which contained a single
nucleotide substitution, thereby making it possible to interpret the sequence differences in
mature B cells accurately. Compared to the analysis of mature mutated B cells, this was a
particular advantage for identifying VH replacement, since VH genes within the same family
share more than 80% homology(45).

An important feature of the VH hybrids identified in the current study was that the replacement
gene always resided in the heavy chain locus upstream of the VH gene used in the initial
rearrangement. This finding supports the conclusion that these compound rearrangements
resulted from secondary VH replacement. During the initial rearrangement, VH genes
downstream of the primary rearrangement are deleted, leaving only upstream VH genes
available for the secondary rearrangement (Fig. 5). Notably, this is different than the VH1
compound rearrangements reported in the rheumatoid arthritis synovium in which only one
half of the rearrangements involved the replacement of a downstream gene by an upstream
counterpart(21), suggesting that these sequences were either an artifact(26) or that the
replacement gene came from the opposite chromosome.

We found VH replacement only among VH4 genes which contrasts with previous reports of
RAG-mediated VH replacement involving VH3, VH4 and VH1 genes(20). This finding was
of interest since VH3 genes contain a cRSS in FR3 that is very similar to the cRSS in VH4
genes. Importantly, the cRSS in both VH3 and VH4 genes is composed not only of a heptamer
5'-(CACCAT(A/C)-3' but also a 13 bp spacer and a nonamer 5'-CCAAGAAC(C/T). In a
canonical RSS, the three nucleotides of the heptamer closest to the recombination site (5'CAC-)
are invariant and sequence positions 5 and 6 of the nonamer (5'-AA) are critical for RAG-
mediated recombination(46,47). The VH FR3 cRSS meets most of the minimal sequence
requirements for a complete RSS, and therefore presents the possibility for RAG binding and
cleavage and formation of a pseudohybrid join involving an upstream VH4 gene and a
downstream VH4DJH in a secondary rearrangement(4). Each gene in the VH4 family conforms
closely to the consensus heptamer and nonamer. The cRSS of VH3 gene family members differ
from the VH4 family primarily in the spacer sequence and the first and last position of the
nonamer. By comparison, the VH1 cRSS nonamer is even more divergent and lacks the
conserved AA dinucleotide. Although the differences in VH4 and VH3 cRSS are apparently
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minor, they result in a major loss of efficiency of RAG cleavage. The differential efficiency
of VH4 and VH3 cRSS to permit RAG mediated cleavage may contribute to the differential
use of these gene families for secondary VH rearrangement. Other considerations such as
chromosomal organization (45) and the frequency of sterile transcription (48,49) could
contribute to the increased prevalence of IGHV4-59 and IGHV4b genes in secondary
rearrangements. Finally, it is known that IGHV4-59 is the only VH4 gene that is rearranged
more frequently than expected from random chance(22) and this may contribute to the
prevalence of compound rearrangements utilizing IGHV4-59. Other features of VH3 and VH4
genes may contribute to inefficient RAG-mediated cleavage. In this regard, we found that the
flanking sequences affect the outcome of RAG-mediated cleavage, in that the hairpinning step
was decreased and abnormal when the VH3-23 flank was present. It has been observed that
coding sequences ending in TT, such as IGHV3-23, results in lower in vitro recombination
frequencies (50). Thus, the presence of the VH3 coding sequence may contribute to the
decreased appearance of VH3 containing compound rearrangements. More recently it has been
shown that the spacer sequence also contributes to RAG-mediated recombination (51). Such
sequence variation in the flank and spacer regions can account for similar RAG binding and
cleavage at distinct cRSS but different levels of joining (13,51) and thereby contribute to
different levels of VH3 and VH4 containing compound rearrangements. Importantly, neither
VH3 nor VH4 family genes contain a cRSS containing a 23 bp spacer. Since the presence of
a 23 bp RSS increases the specificity of double stranded breaks (52), the absence of a 23 bp
RSS in the FR3 of VH4 and VH3 genes would be anticipated to alter the efficiency of RAG-
mediated cleavage.

A discrepancy between our findings and those of others who demonstrated more robust in
vitro RAG cleavage of the IGHV4-34 cRSS(25) may in part be related to the inclusion of excess
non-specific DNA in our reactions, which was added to avoid non-specific cleavage during
long incubations. In addition, we avoided alterations in buffer pH or ionic strength and the
addition of organic solvents, such as dimethylsulfoxide, which can lead to altered or relaxed
specificity of endonucleases in general (53) as well as RAG (54). Others have identified RAG-
mediated breaks at CAC sequences under certain conditions (11). In the current study, a low
level of semi-specific cleavage was also noted in the NS DNA controls. We concluded that
RAG may have contributed to VH replacement but because of the low efficiency, even with
permissive conditions, it is possible that another mechanism may be responsible for VH
replacement.

Since many of the secondary VH replacements previously reported in human B cells were
found in mutated populations, it was suggested that the process was dependent on AICDA or
somatic hypermutation (26). Although there are several reports of AICDA expression during
early murine B cell development (28,55–58), it is not known whether AICDA may have
contributed to the compound rearrangements in human fetal liver and bone marrow.
Importantly, the presence of compound rearrangements in AICDA deficient B cells argues
against a mechanism that is dependent on AICDA, even though AICDA-targeted RGYW/
WRCY motifs are more frequent in VH4 than VH3 sequences in the region in which the
pseudohybrid join could have occurred. The presence of compound VH4 rearrangements in
human fetal liver and bone marrow cells also argues against a requirement for SHM. However,
we cannot exclude the possibility that there may be more than one mechanism for VH
replacement and the compound rearrangements from the mutated populations may have arisen
after SHM was initiated.

The data clearly demonstrate that VH4 replacement can occur during early B cell development
and in the absence of SHM. However, it remains unclear whether the secondary rearrangement
occurs before (IGHV → IGHV) or after a primary rearrangement (IGHV → IGHVDJH) or if
both are possible. The finding that compound rearrangements can be found in the
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nonproductive repertoire implies that IGHV → IGHV fusions may occur between two VH4
genes before or during VHDJH rearrangement and, moreover, is unlikely to relate to B cell
reactivity to self or exogenous antigens. The possibility that IGHV → IGHV fusion may occur
before VHDJH rearrangement suggests that the event may be influenced by gene accessibility
related to differential sterile transcription of VH genes(48,49) or chromatin remodeling(59–
61). This explanation may provide a clue as to why the compound rearrangements preferentially
involve VH4 genes.

Interestingly, all of the VH compound rearrangements in the current study exhibited no
modification of the pseudohybrid join. In contrast, classic hybrid joins derived from artificial
substrates have a considerable degree of end processing(62). The signal end is usually kept
intact, whereas the coding end exhibits modifications, with loss or gain of nucleotides. The
data suggest that modification enzymes do not have access to the VH4 locus when the
compound rearrangement occurs or are less active when the compound rearrangement is
initially generated. In this regard, both TdT and exonuclease activities are known to be
developmentally regulated(63).

The frequency of compound rearrangements ranged from to 8.6% in X-HIgM to 12% of the
VH4 rearrangements in fetal samples. Similarly, 8.3% of the AICDA deficient B cells and
9.4% of the normal donor B VH4 cells contained IGHV4-59/IGHV4-b compound
rearrangements. These results indicate that this is not an uncommon event and may be involved
in providing additional diversity.

In summary, the current data clearly demonstrate evidence of secondary rearrangement at the
heavy chain locus involving VH4 genes in fetal, X-HIgM, AICDA deficient and normal mature
human B cells. Our findings suggest that VH replacement in human B cells is likely to involve
RAG activity, but does not depend on AICDA.
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Figure 1. VH compound rearrangements from immature fetal and mature B cells
Three examples of compound rearrangements with pseudohybrid joins found in fetal VH
rearrangements are shown. The white arrowheads mark the proposed junction between the two
VH genes. At the junction of the two VH genes, cRSS (heptamer-13 bp spacer-nonamer) which
matches the canonical RSS is underlined. The canonical RSS is shown (#) for comparison.
Asterisks mark deletional differences between the two germline genes (IGHV4-04/IGHV4-39
and IGHV4-b/IGHV4-59). (A) A compound rearrangement (VH FL3-3.4.4G) isolated from
18 week fetal liver CD19+IgM− B cells. The hybrid molecule consists of IGHV4-39 upstream
of the cRSS and IGHV4-04 downstream. (B) Two VH compound rearrangements
(FM1-2.4.2G, FM1-2.4.12A) isolated from 18 week fetal bone marrow CD19+IgM+ B cells.
Both consist of IGHV4-59 upstream of the cRSS and IGHV4-b downstream.
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Figure 2. Electrophoretic Mobility Shift Assay of core RAG proteins binding to radiolabeled
standard (12RSS), cRSS (from VH3-23 and VH4-59) and non-specific (NS) DNA substrates
Stable RAG-DNA single complexes (SC) migrated more slowly than DNA-HMGB1 (HMG)
complexes and free DNA (RSS). The results shown are from one of 3 different binding assays
from which the DNA in a single complex was quantified. The mean and standard error (SE)
of the percentage of DNA found in a RAG complex was 5.7 ± 1.4 for NS DNA, 6.6 ± 1.4 for
VH3-23, 10.3 ± 1.1 for VH4-59 and 40.5 ± 7.6 for 12RSS. Significant differences were found
when comparing the SC involving IGHV4-59 (p=.03) versus NS DNA and IGHVH3-23 versus
IGHV4-59 (p=.05). RSS* denotes the mobility of each radiolabeled unbound RSS.
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Figure 3. Cleavage of cRSS by RAG proteins
Standard, cryptic and nonspecific DNA substrates were 3’ labeled (*) on top or bottom strands.
Expected nick (35nt) and nick-nick (16nt) products were run in the MW lane to compare the
actual nick sizes. Hairpin products were of various sizes. Reactions included (A) an excess of
unlabeled NS DNA and Mn2+ and (B) 23RSS and Mg2+. The arrow indicates the nick product.
The results are representative of 7 nicking assays in the presence of Mn2+and 4 experiments
using Mg2+. In the presence of Mg2+, the mean and SE of the cleavage product expressed as
the percentage of total DNA in the lane appearing in the band of expected size (34 bp) was 4.6
± 1.8 for NS DNA, 6.2 ± 2.2 for VH3-23, 9.1 ± 3.2 for VH4-59 and 62.8 ± 15.7 for 12RSS. In
the presence of Mn2+, the mean ± SE of the cleavage product was 7.6 ± 1.9 for NS DNA, 9.4
± 2.1 for VH3-23, 17.3 ± 4.6 for VH4-59 and 57.0 ± 7.3 for 12RSS. Significant differences
were found in RAG-mediated cleavage of IGHV4-59 versus NS DNA (p=0.02) and IGHV3-23
versus IGHV4-59 (p=.03) in the presence of Mn2+.
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Figure 4. The coding flank reduces hairpin formation
A substrate was prepared in which the 12RSS flanking sequence was replaced with either the
IGHV4-59 flank (4F) or the IGHV3-23 flank (3F) to determine the effect of flank residues on
RAG cleavage in the presence of Mn+2. A consensus 12RSS and the IGHV3-23 and IGHV4-59
substrates were 5’ labeled (*) on the top strand with T4 polynucleotide kinase. A supportive
flank sequence ends in YR. The IGHV4-59 flank ending in GT is considered an unsupportive
flank (RY) and results in reduced hairpinning. Hairpinning on the IGHV3-23 flank which ends
in TT (YY) was less severely inhibited but yielded an unusually short hairpin. The hairpin and
nick products are indicated.
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Figure 5. Schematic representation of a primary 12/23 VHDJH recombination and a secondary
12/12 rearrangement between two VH4 genes
A. The heavy chain locus on chromosome 14 is partially represented to demonstrate normal
VHDJH recombination. (1) The 23 RSS (black triangles) flank VH and JH genes and the 12RSS
(white triangle) flank D segments. Each RSS which is targeted and cleaved by RAG1/2 is
oriented with the heptamer adjacent to either the 5’ (D and JH) or 3’ (D and VH) end of the
gene. (2) The D1 gene is joined to JH1 and the intervening D2 segment is deleted. (3) The VH1
gene is joined to the DJH segment and the intervening VH2 gene is deleted. B. A region of the
heavy chain locus containing a primary IGHV4-bDJH rearrangement is represented. (1) RAG
enzymes bind to the cRSS embedded in a non-rearranged VH4-59 donor gene and the cRSS
of the recipient IGHV4-b gene that has undergone prior rearrangement with a D and JH
segment. (2) RAG cleaves at the heptamer of the cRSS in IGHV4-59 and IGHV4-b (noted with
arrows) (3) After RAG-mediated double strand cleavage at the cRSS heptamers, the
intervening gene segment is removed and the 5’ portion of the donor gene (coding end) and
the recipient VH4 gene containing the cRSS (signal end) are joined together forming a VH
pseudohybrid join. Black triangles represent 23 bp RSS; white triangles represent 12bp RSS.
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Table I
Accession numbers for VH compound rearrangements

Fetal X-HIgM AICDA-/- Normal Donors

AY013306 AF077496 EU237512 EF542609

AY013307 AF077502 EU237526 EF542612

AY013308 AF077509 EU237977 EF542614

AF077514 EU237990 EF542628

AF077518 EU238008 EF542636

EF541548 EU238013 EF542650

EF541594 EU238030 EF542652

EF541595 EU238206 EF542752

EF541597 EU238230 EF542753

EF541598 EU238238 EF542758

EF541613 EU238589 Z80390

EF541681 EU238597 Z80398

EF541693 EU238603 Z80558

EF541708 EU238634 Z80563

EF541774 EU238650 Z80735

EF541861 EU238660 Z80741

EF541884 EU238661 X87083

EF541983 EU238665 X87081

EF541985 EU238673 X87077

EF542024 EU238682

EF542038 EU238685

EF542104 EU238694

EF542108 EU238849

EF542122 EU238861

EF542172

EF542181

EF542195

EF542203

EF542325
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Table II
Human B cell VHDJH compound rearrangements with pseudohybrid joins

Number of Rearrangements B cell Source Invading Gene Recipient Gene

1 Fetal liver pre/pro CD19+IgM- VH4-39 VH4-4

2 Fetal marrow immature CD19+IgM+ VH4-59 VH4-b

28 X-HIgM mature CD19+ VH4-59 VH4-b

1 X-HIgM mature CD19+ VH4-59 VH4-34

24 AICDA deficient CD19+ VH4-59 VH4-b

A total of 53 fetal liver, 72 fetal bone marrow and 327 X-HIgM rearrangements were analyzed for pseudohybrid joins. An additional 284 AICDA deficient
VH4 B cell rearrangements were analyzed specifically for VH4-59/4b pseudohybrid joins.
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Table III
Frequency of VH4-59 products from CD19 CD19− cells

Gene CD19− CD19+

IGHV4-b 0 0

IGHV4-04 1/96 (1%) 7/55 (13%)

IGHV4-34 24/96 (25%) 12/55 (22%)

IGHV4-39 0 12/55 (22%)

IGHV4-59 71/96 (74%) 12/55 (33%)

VH4 hybrids 0 7/69 (10%)

CD19− and CD19+ cells were isolated from PBMCs from a single donor. Nested PCR reactions were performed on both populations. The nested primers
used on the CD19+ cells were designed to amplify all rearranged VH4 genes and the nested primers used on the CD19− cells preferentially amplified
unrearranged VH4-59 gene segments in the heavy chain locus.
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