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The

genes encoding IgH and L chains are assembled in B cells by somatic recom-

bination

of component gene segments (1)

.

Insight into the mechanisms regulating

this

process has been gained from studies of Abelson murine leukemia virus

(AMuLV)t-transformed

murine pre-B cells that undergo Ig gene assembly in cul-

ture

(reviewed in references 2 and 3)

.

From this system we know that H chain vari-

able

(VH), diversity (D), and joining (JH) elements are brought together in an or-

derly

sequence, with D to JH joining occurring before VH to DJHjoining

.

This process

is

mediated by conserved heptamer and nonamer recognition sequences that are

separated

by either 12- (D) or 23-bp spacers (VH and jH)

.

Recombination is restricted

to

segments flanked, respectively, by recognition sequences with 12- and 23-bp spacers

(12/23

rule

;

4, 5)

.

According to these restrictions, pre-existing DJH joins serve as

substrates

for VH to DJH joining but their replacement by rearrangements of up-

stream

D segments to downstream JH segments is also permitted (6)

.

One recog-

nized

exception to the 12/23 rule at the H chain locus may occur in recently de-

scribed

V14 replacement events in which one VH gene replaces another in the context

of

an existing VHDJH rearrangement (7, 8)

.

In this case, internal VH heptamers that

are

found at the Tend ofmost VH genes can apparently mediate site-specific recom-

bination

in the absense of nonamer or spacer elements

.
There

seems to be random representation of the possible VH, D, and JH elements

in

combination with one another in the adult murine Ig repertoire, but in both

AMuLV

transformed pre-B cells (9) and in murine fetal liver hybridomas (10), there

is

biased rearrangement and expression of the most 3' (JH-proximal) VH genes

.

It

is

not known whether or not this 3' bias holds true for early D segment utilization,

because

AMuLVtransformed cells rapidly undergo secondary DJH and VH-DJH

rearrangements

(6)

.
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HUMAN IgH GENE ASSEMBLY

To establish a system in which to study early events in human IgH gene assembly,
we have immortalized human fetal B lineage cells using EBV transformation . Some
of these cells are at the initial stages of IgH gene assembly with some alleles appar-
ently still in the unrearranged, germline configuration . While similar cell lines have
previously been described, we have for the first time characterized in detail their
IgH rearrangements . Of the rearranged alleles the majority represent joining ofthe
most 3' D segment (DQ52) to various JH segments, suggesting that this most JH-
proximal D segment is a preferential target for the initiation of IgH gene rearrange-
ments . In addition, we have identified and characterized three rearrangements in-
volving VH segments . One is a normal in-frame VHDJH, but the other two have
unanticipated structures . One has a VHDJHJH-DJH-like structure, while the other
consists of the heptamer, nonamer, and 3' flanking sequences of a VH4 gene joined
in inverted orientation to JH4.

Materials and Methods
Establishment of Cell Lines.

	

Liver or bone marrow was obtained from 9-16-wk-old fetuses
with maternal informed consent at the time ofelective abortion . Single cell suspensions were
prepared and centrifuged over a Ficoll-diatrazoate gradient to obtain mononuclear cells . Cells
were plated in 24-well tissue culture plates, and EBV was obtained from the supernatant
of B95-8 marmoset leukocytes (American Type Culture Collection, Rockville, MD) was added .
The cell lines were fed twice weekly with Iscove's modified Dulbecco's medium (Life Technol-
ogies, Inc ., Grand Island, NY) supplemented with 10% FCS (HyClone Laboratories, Logan,
UT) and 1% penicillin-streptomycin as described (11) . After the cell lines were well estab-
lished (5-8 wk), cells were simultaneously harvested for phenotypic analysis and DNA ex-
traction .

Phenotypic Analysis.

	

Expression of cell surface markers was examined by indirect im-
munofluorescence as previously described (11) using a cytofluorograph (model 30-H ; Ortho
Diagnostic Systems, Inc ., Westwood, MA) . The following panel of mouse mAbs : anti-HLA-
DR, OKB4(12), OKB7(CD21), OKT1(CD5), OKT3(CD3), OKTII(CD2), OKM2 (Ortho
Pharmaceutical, Raritan, NJ), BI(CD20), anti-IgM, anti-IgG, anti - K, and anti-X (Coulter
Electronics Inc., Hialeah, FL) were used . Cells were counterstained using FITC-conjugated
affinity-purified F(ab')2 goat anti-mouse IgG + IgM (The Jackson Laboratory, Bar Harbor,
ME). For intracytoplasmic staining cells were fixed on microscope slides and examined by
indirect immunofluorescence as above with mouse anti-human IgM, IgG, K, or X . Secreted
Ig was detected in an ELISA using standard techniques (13) . Briefly, supernatants were added
to 96-well round-bottomed plates (Costar, Cambridge, MA) previously coated with goat
anti-human IgA-G-M (Kirkegaard & Perry Laboratories, Inc ., Gaithersburg, MD) and
blocked with I 01o BSA in PBS . Dilutions of purified human monoclonal myeloma proteins
ofknown concentration (a gift of E . F. Osserman, Columbia University, College ofPhysicians
and Surgeons NY, NY) were plated as controls. Plates were developed with alkaline phospha-
tase-labeled goat anti-human IgM or IgG (Kirkegaard & Perry Laboratories, Inc .) and
ci-nitrophenyl phosphate . The optical densities were read at 405 nm on an ELISA reader
(model EL307; BioTek Instruments, Inc., Burlington, VT) . This assay was sensitive to -10 ng
of Ig .

Southern Blotting.

	

High molecular weight DNA was extracted, digested with restriction
endonucleases, subjected to electrophoresis through 0.8% agarose gels, transferred to nitrocel-
lulose membranes, and hybridized with .12P nick-translated probes as described (14), Blots
were washed in 2 x or 0.2 x SSC with 0.1% SDS at 68°C for 1 h . The probes used are shown
in Fig . 1 . Probe A is a 6.5-kb Bam HI-Hind III fragment spanning the entire human germ-
line JH region (15) . This fragment has six functionalJH segments, three pseudoJH segments,
and one D segment, DQ52, which is located between J~1 and J1 . Probe B is a 0.65-kb Pvu II
fragment upstream from DQ52, and probe C is a 0.32-kb Sma I-Pst I fragment including
only the germline J1 and J2 segments .
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Genomic Cloning ofRearrangedIgH Genes.

	

Hind III fragments of selected cell lines were cloned
into Charon 35 or Charon 21A (a gift of Fred Blattner, University of Wisconsin, Madison,
WI) bacteriophage as described (14) . Plaques were screened with probe A . JH hybridizing
human insert DNA was subcloned into pUC 13 and extensively mapped by restriction en-
zyme digestion and agarose gel electrophoresis . Both strands of relevant restriction fragments
were sequenced according to the methods of Maxam and Gilbert (16) . Sequences were com-
pared with Genbank human Ig sequences as well as additional recently available human D
and VH sequences (14, 17-24) using Microgenie IBM software .

Results
Phenotypic Characteristics ofCell Lines.

	

Cell lines were established from four human
fetal livers (FL-1, FL-2, FL-3, and FL-4) and two fetal bone marrows (FBM-1 and
FBM-2) . All of the lines were similar in growth characteristics and morphology to
other EBVtransformed B cells from adult peripheral blood, and they expressed com-
parable levels of the B cell markers DR, CD20, OKB4, as well as the EBV receptor
CD21 (not shown) . Although fetal tissues are enriched in the subset ofB cells bearing
low levels of the T cell antigen CD5 (25), our transformed populations did not ex-
press detectable levels of CD5 or other T cell or monocyte markers .
To define the B cell differentiation stage of the cell lines, we first characterized

expression of surface and cytoplasmic Ig . Three lines were entirely surface Ig-
(Table I) . Two ofthese, FL-1 and FL-3, also completely lacked cytoplasmic p chains,
while FL-2 had only rare (<1%) cytoplasmic h-staining cells, indicating that the
majority of cells in these cultures were at a very early stage of B cell differentiation .
When reexamined after 6 mo in culture, 25% of the cells in FL-2 were surface 19'
(FL-2A) and 32% had cytoplasmic IA . Both K and X L chains were present, indi-
cating that these cell populations were not clonal, at least at the level of their Ig gene
expression . As the original fetal liver population was polyclonal, we could not deter-
mine whether IgH rearrangement had occurred in vitro or whether small numbers
of mature B cells present in the initial cultures had exhibited a growth advantage
over Ig- cells .
The other three cell lines, FL-4, FBM-1, and FBM-2, were heterogeneous with

respect to Ig expression . They contained 25-60% surface Ig+ cells and had levels
of IgM in the supernatants roughly comparable with those of normal adult EBV
cell lines . Thus, the fetal B cell lines described here include cells at a spectrum of
stages of B cell differentiation ranging from those lacking any expression of Ig to
mature B cells expressing surface and secreted H and L chains .

Analysis ofDQ52-related Rearrangements .

	

To define the configuration of IgH genes
in these cell lines, we analyzedJH-associated fragments from genomic DNA samples .
Hind III digests were assayed on Southern blots for hybridization to probes specific
for various regions of the JH locus (Fig . 1) . Probe A, which spans the entire JH locus
and so detects all JH-associated rearrangements, hybridized to two Hind III frag-
ments from FL-3 and FBM-1, consistent with a clonal population of cells that was
not actively undergoing Ig assembly in culture . The other cell lines had three or
more JH-hybridizing fragments, reflecting either oligoclonal populations or rear-
rangements occurring in culture. Five of the six cell lines (all except FL-3) had a
fragment corresponding in size to the germline, unrearranged configuration at 10.5
kb. Consistent results were also found with Eco RI and Bam HI digests (not shown) .
DNA from both HeLa cells and the neuroblastoma cell line LAN5 were used as
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TABLE I

Phenotypic Characteristics and IgH Gene Rearrangements of Fetal B Lineage Cell Lines

The expression of surface and cytoplasmic Ig is shown as percentage of positively staining cells . Secreted
Ig is shown as either + or - . Those cell lines that were + all had concentrations of Ig in their superna-
tants between 500 ng and 1 mg/ml . The cell line FL-2 was initially Ig-, however, when reexamined 6 mo
later, surface, cytoplasmic, and secreted Ig were present and the cell line was designated FL2A . The last
column shows the probable identity of IgH rearrangements on Southern blots based on their size and hybridi-
zation to specific JH probes (see also Fig . 1) . Parentheses indicate minor bands .
These rearrangements were isolated and their nucleotide sequences are shown in Figs . 2-4 .

nonlymphoid germline cpntrols . It is possible that some of these actually represented
rearrangements of the most JH-proximal D segment, DQ52, to JH1, as such rear-
rangements would be only 90 by smaller than the germline . In either case, the results
were indicative that many of the cells in these cultures were at a very early stage
of Ig assembly with some alleles still in the germline configuration or at most having
undergone a DQ52 JH 1 rearrangement.

To assess the possibility that DQ52 rearrangements to otherJH segments might
be present, we probed Hind III-digested DNAwith probe B (Fig . 1) . This fragment
would be deleted in all rearrangements except those involving joining of DQ52 to
various JH segments . All cell lines except for FBM-1 had one or more novel Hind
III fragments that hybridized with this probe. All of these fragments were in the
range of0.1-1 kb smaller than the germline fragment, consistent withjoining ofDQ52
to JH1JH4 (Fig . 1) . To confirm this point, we probed blots with probe C (Fig . 1),
which under high stringency washing conditions hybridizes specifically to fragments

Surface Ig
p 7 K

cytoplasmic Ig
tA -/ K X

Secreted

IA

Ig

ti
Identity of IgH rearrangements

on Southern blots
FL-1 - - - - - - - - - - G

DQ52-J 1
(DQ52j2)

FL-2 - - - - 1 % - 1 % I C/0 - - (G)

DQ52-J 1
DQ52-J3

FL-2A 25 - 11 9 32 - 8 8 + - G
DQ52-J 1
DQ52-J2
DQ52-J3" (FL2-1)

DQ52-J4 & VH3DJ4' (FL2-2)

FL-3 - - - - - - - - - - DQ52JI
VH3DJJ-DJ4" (FL3-1)

FL-4 52 - 43 24 ND ND ND ND + - G
VH4 3'Flank-J4 " (FL4-1)

DQ52j3
(multiple R)

FBM-1 59 - - 32 ND ND ND ND + - G or DQ52-J1
VHDJ1 or J2

FBM-2 27 - 13 19 ND ND ND ND + - G
DQ52-J 1

(multiple R)
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FIGURE 1 .

	

Southern blot analysis ofjH-associated rearrangements . DNA from six cell lines and
a nonlymphoid, germline (GL) control are shown hybridized to three probes (A, B, and G) as
indicated above each lane . FL-2, when re-examined after 6mo in culture, had novel rearrange-
ments and is designated FL-2A. The mapof the germlineJH region (15) shows the relative posi-
tion of the JH and DQ52 segments and indicates the relevant restriction enzyme sites used to
generate the probes . Also shown are the predicted number of basepairs deleted for given DQ52
to JH related rearrangements . Abbreviations of restriction enzymes are as follows : B, Bam HI ;
H, Hind III; P, Pvu II ; S, Sma I; Ps, Pst I.
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bearingJH1 and/orJH2. As predicted, of the probe B-hybridizing fragments, only
germline-sized fragments and those ti100 or 300 by smaller were identified with
probe C. Thus, five JH+ fragments were present in FL-2A (Fig. 1) . All of these hy-
bridized to probe B, but only the upperthree hybridized with probe C (Fig . 1) . This
result is consistent with the five fragments from top to bottom, corresponding to
germline, DQ52JH1, DQ52JH2, DQ52JH3, and DQ52JH4 configurations . The
other cell lines, except possibly FBM-1, have comparable DQ52JH rearrangements .
FBM-1 has one allele in a DQ52JH 1 or possibly germline configuration, while the
other 6.5-kb allele hybridizes to probe C but not probe B (Fig. 1) . This rearrange-
ment is most likely a productive VHDJH using JH1 or JH2, accounting for the Ig+
phenotype of the cell line .
To confirm that the genomic blotting analysis hadcorrectly identified DQ52-related

rearrangements, we isolated one of these fragments from a Hind III library pre-
pared from genomic DNA of FL-2A . The nucleotide sequence of the relevant por-
tion of this clone confirms that this rearrangement represents a normal DQ52JH3
join (Fig . 2) . Six bases between the DQ52 and JH3 coding regions correspond to
a probable N region addition that occurred during the process of rearrangement.

VH-associated Rearrangements.

	

Although most rearrangements in these cell lines were
identifiable as DQ52JH joins, several were candidates to be rearrangements using
other D or VH segments . By molecular cloning we identified three VH-associated
rearrangements from these cell lines (Figs. 3 and 4) . Two of them used members
of the largest human VH family, VH3 (14) . One of these, FL2-2, was isolated from
agenomic Hind III library of FL2A . The cloned fragment was not evident on Southern
blots because it comigrated with the rearrangement identified as a DQ52 JH4. It
was clearly distinct, however, because on Southern blots of cloned DNA, it did not
hybridize with probe B (not shown) . The VH3 gene used by FL2-2 differs by only
1 by from that of a germline VH3 gene previously isolated (VH 1 .9111,14). The D

FL2-1 TCCAGAGTGACTGGCAGGGTTGAGGGCTGGGGTCTCCCAC
GL TCCAGAGTGACTGGCAGGGTTGAGGGCTGGGGTCTCCCAC

GCTAACAGCGGAAGGGAGAG
GCTAACAGCGGAAGGGAGAG

CCCCCTACCAGCCGCAG
CCCCCTACCAGCCGCAG

CACTGGC
CACTGGC

GGTTTTGGA
GGTTTTTGG

GTGTTTTGGG
GTGTTTTGGG

AAAGGTGCTGGGGGTCCCCTG
AAAGGTGCTGGGGGTCCCCTG

J°t 1

AACCCGACCCGCCCTGAGACCGCAGCCACATC GCCCCCAGCCCCACAGG
AACCCGACCCGCCCTGAGACCGCAGCCACATCAGCCCCCAGCCCCACAGG

CTGAGCTGAGAAC
CTGAGCTGAGAAC

CACTGTG
CACTGTG

CTAACTGGG CGATCA TGATGCTTTTGATATCTGGGGCCAAGGGACAATGGTCAC
CTAACTGGG TGATGCTTTTGATATCTGGGGCCAAGGGACAATGGTCAC

DQ52

	

JH3

FIGURE 2.

	

Nucleotide sequence of FL2-1 compared with germline sequences of JH3, DQ52,
and 5' flanking regions includingJ0l; differences between the two sequences are starred ; recogni-
tion heptamer and nonamer sequences are enclosed in boxes. These sequence data have been
submitted to the EMBL/GenBank Data Libraries under the accession number Y00798 .



FL2-2 a
Leader
G TTT GGG CTG AGC TGG GTT TTC CTC GTT GCT CTT TTA AGA G
Intron --"
GTGATTCATGGAGAAATAGAGAGACTGAGTGTGAGTGAACATGAGTGA

GAAAAACTGGATTTGTGTGGCATTTTCTGATAACGGTGTCCTTCTGTTT
Coding Region

GCAG GT GTC CAG TGT CAG GTG CAG CTG GTG GAG TCT GGG GGA
Gln Val Gln Leu Val Glu Ser Gly Gly

GGC GTG GTC CAG CCT GGG AGG TCC CTG AGA CTC TCC TGT GCA
Gly Val Val Gln Pro Gly Arg Ser Leu Arg Leu Ser Cys Ala

GCC TCT GGA TTC ACC TTC AGT AGC TAT GGC ATG CAC TGG GTC
Ala Ser Gly Phe Thr Phe Ser Ser Tyr Gly Met His Trp Val

C
CGC CAG GCT CTA GGC AAG GGG CTG GAG TGG GTG GCA GTT ATA
Arg Gln Ala Leu Gly Lys Gly Leu Glu Trp Val Ala Val Ile

TCA TAT GAT GGA AGT AAT AAA TAC TAT GCA GAC TCC GTG AAG
Ser Tyr Asp Gly Ser Asn Lys Tyr Tyr Ala Asp Ser Val Lys

GGC CGA TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG
Gly Arg Phe Thr Ile Ser Arg Asp Asn Ser Lys Asn Thr Leu

TAT CTG CAA ATG AAC AGC CTG AGA GCT GAG GAC ACG GCT GTG
Tyr Leu Gln Met Asn Ser Leu Arg Ala Glu Asp Thr Ala Val

Leader -10-
G TTT TGG CTG AGC TGG GTT TTC CTT GTT GCT ATT TCA AAA G
Intron -
GTGATTCATGGAGAACCAGAGATACCGAGTGTGAGTGAATACGAGTGA

GAGAAACAGTGGATTATGTGTGACAGTTCCAACCAATGTCTCTGTGTTT
Coding Region -1101

GCAG GT GTC CAG TGT GAG GTG TAG CTG GTG GAG ACT GGA GGA
Glu Val END Leu Val Glu Thr Gly Gly

GGC TTG ATG CAG CCT GGG GGG TCC CTG AGA CTC TCC TGT GCA
Gly Leu Met Gln Pro Gly Gly Ser Leu Arg Leu Ser Cys Ala

GCC TCT GGG TTC ACC GTC AGT AGC AAT CAC ATG AGC TGG GTC
Ala Ser Gly Phe Thr Val Ser Ser Asn His Met Ser Trp Val

CGC CAG GCT CCA GGG AAG GGG CTG GAG TGG GTC TCA GTT ATT
Arg Gln Ala Pro Gly Lys Gly Leu Glu Trp Val Ser Val Ile

TAT AGC GGT GGT GAC ACA TAC TAC GCA GAC TCC GTG AAG AAC
Tyr Ser Gly Gly Asp Thr Tyr Tyr Ala Asp Ser Val Lys Asn

CGA TTC ACC ATC TCC AGA GAC AAT TCC AAG AAC ACG CTG TTT
Arg Phe Thr Ile Ser Arg Asp Asn Ser Lys Asn Thr Leu Phe

CTT CAA ATG AAC AGC CTG AGA GCC GAG GAC ACG GCC GTG TAT
Leu Gln Met Asn Ser Leu Arg Ala Glu Asp Thr Ala Val Tyr

Dsegment
TAC TGT GC3 GGG GGA TCG GAT ATG GCG GCG TCA ACT GGT TTG
Tyr Cys Ala Gly Gly Ser'Asp -Met Ala Ala Ser Thr Gly Leu

ACT ATT GGG GCC AGG CAA CTG GTT TGA CTA TTG GGG CCA AGG
Thr Ile Gly Ala Arg Gln Leu Val END Leu Leu Gly Pro Arg

D segment

	

JH4 or JH5
AAC CGG . GTA. TAG .CAG,~kA CTG GTT TGA CTA CTG GGG CCA AGG
Asn Arg Val End Gin Gln Leu Val END Leu Leu Gly Pro Arg

AAC CCT GGT CA
Asn Pro Gly
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FIGURE 3 . (a) Nucleotide se-
quence of FL2-2 along with its
derived amino acid sequence .
Leader, intron, and coding re-
gions are indicated according to
Kabat et al . (37) . Sequences ho-
mologous to DQ52 are under-
lined. Nucleotide differences
from the corresponding germ-
line VH (14) and JH sequences
are indicated in the two places
where they occur. (b) Nucleotide
sequence ofFL3-1 along with its
derived amino acid sequence .
Stop codons occur as indicated
by END. Nucleotides in com-
mon with germline D segments
(21) are underlined as are the
duplicated JH-related sequences.
These sequence data have been
submitted to the EMBL/Gen-
Bank Data Libraries under the
accession number Y00798 .

D052 JH4
TAT TAC TGT GCG AAA G1 I' CGA AAC TGG GGT TTT ( C TAC TGG
Tyr Tyr Cys Ala Lys Asp Arg Asn Trp Gly Phe Asp Tyr Trp

C
GGC CAA GGA ACG CTG GTC AC
Gly Gln Gly Thr Leu Val
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FIGURE 4 .

	

(a)Mapof the Hind
III phage insert FL4-1 showing
some ofthe restriction sites used
for mapping and sequencing
analysis . Arrows indicate the
sense orientation of given frag-
ments. Restriction enzymes are
designated as follows ; H, Hind
III; B, Bam Hl ; P, Pvu II ; BS,
Bst Ell. (b) Nucleotide sequence
of the aberrant rearrangement
FL4-1 . JH4 and the 3' flanking
region ofaVH4 gene are shown
and their orientation indicated
by arrows . The heptamer and
nonamer are enclosed in boxes.
The origin of the eight nucleo-
tides between the VH4 heptamer
andJH4 is unknown. These se-
quence data have been sub-
mitted to the EMBL/GenBank
Data Librariesunder the acces-
sion number Y00798 .

segment could be DQ52 as its shares 7 by with the germline DQ52, and the JH
differs by just 1 by from JH4 . The base changes from published sequences could
be polymorphisms, or may represent limited somatic mutation. This rearrangement
appears to be productive, and so, may account for the Ig expression among a sub-
population of cells in FL-2A.
A VHDJH rearrangement isolated from FL-3 also uses a VH3 gene (Fig . 3 b) . This

VH is 94% homologous to a previously isolated functional germline gene, VH 8-1B
(14), but has a translation termination codon at the third amino acid . The DJH por-
tion ofthe rearrangement is curious, consisting of what appears to be a D segment
with a 6-bp sequence in common with three previously described D segments (21),
followed by two nearly identical, tandemly repeated portions of a JH, in turn, fol-
lowed by another 11-bp D segment corresponding exactly to part of a recently identified
germline D segment (21) appended toJH4 orJH5 . Our restriction map ofthe 3' flanking
sequences of this rearrangement is consistent with the JH being JH4 . Whether the
unusual structure of this rearrangement reflects a polymorphism in the germline
JH locus, or whether it arose during the Ig assembly process is not clear.
We isolated another very unusual rearrangement from FL-4, FL4-1, consisting

ofthe heptamer and nonamer recognition elements and 3' flanking regions of a VH4
gene joined in inverted orientation to JH4 (Fig . 4) . The sequence of the heptamer,
nonamer, and 23-bp spacer is identical to comparable regions of two previously
identified VH4 genes (VH58 and VH71.4 ; reference 23) . 3' flanking regions are not
available from these two genes for comparison, but flanking region sequences from
two other germline VH4 genes (14) extending 220 and 110 by show 88 and 90% ho-
mology, respectively. 8 by between the JH4 coding region and the VH4 heptamer
are of unknown origin .
Approximately 4 kb upstream of the JH4-associated part of the phage insert there

is a VH 1 gene, which by mapping and partial sequencing, we determined to be in
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the same orientation as the 3' flanking region of the VH4 gene (Fig. 4) . This is an-
other example of human VH genes of different families being found in close prox-
imity (14, 22), and it also shows that the mechanism giving rise to this rearrange-
ment resulted in a relatively large piece of the germline VH region being brought
into contact with the JH region in an inverted orientation.

Discussion
We have used EBV to transform early B lineage cells from human fetal liver and

bone marrow. As others have shown, EBVcan transform B cells at all stages ofdifferen-
tiation, including before any IgH rearrangements (26-29). Our cell lines are
oligoclonal, but have predominant populations at the earliest stages of IgH gene
assembly, with some alleles still apparently in the germline configuration . We have,
for the first time, characterized in detail the rearranged alleles from such early EBV
transformed cell lines .

Comparable murine B lineage cells have not been available because AMuLVinfected
pre-B cells usually have DJH rearrangements on both alleles, and often rapidly un-
dergo secondary rearrangement events consisting of VHDJHjoining or rearrange-
ment of an upstream D to adownstreamJH (6). By far the most common rearrange-
ments we detected are those involving DQ52 joined to variousJH segments . In both
the mouse and human genomes, DQ52 is uniquely situated immediately 5' of the
JH segments, while the next nearest identified D segment in the mouse is 17 kb up-
stream (30), and in the human, 22 kb upstream (31) . Our data suggest that initial
rearrangement events at the IgH locus in Blineage cells may preferentially use DQ52
and the adjacent JH segments . Recent analyses of IgH rearrangements occurring
in normal murine T cells (32), as well as in human leukemic T and B cells (33)
also indicate that DQ52JH rearrangements are common crosslineage or tumor-
associated rearrangements, further implicating DQ52 as a preferred initiation site
for rearrangement activity upstream of the JH cluster.
The significance of DQ52 in specifying antigen binding is not known. Although

D segments cannot always be identified with certainty, both because ofN region
additions and because some human germline D segments probably remain to be
characterized, DQ52 does appear to be involved in productive VHDJH rearrange-
ments. One example may be FL2-2, in which 7 of 17 nucleotides of the D segment
are shared with DQ52 . Similarly, a possible increased frequency of DQ52 usage
among expressed VHDJH genes from a fetal liver sample was noted, with 8 of 14
D segments sharing between 5 and 9 by with DQ52 (24) . An .early bias in DQ52
utilization, however, could also be masked either by rearrangements of upstream
D segments to downstream JH segments (6), or by selection for other expressed D
segments at the cellular level . Such is the case for murine VH expression in which
the newborn liver repertoire is dramatically biased in favor ofJH-proximal VH ele-
ments, while in the adult spleen, VH expression is normalized across the entire locus
(34) .
Our sample ofVH-related rearrangements was too small to draw conclusions about

the primary human VH repertoire . Both VHDJH rearrangements isolated use members
of VH3, the largest human VH family, which includes members widely dispersed
across the VH locus (14) . The chromosomal location of the VH most closely related
to the Vii rearranged in FL-3 is not known, but the VH gene used by FL2-2 is not
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among the most J14-proximal VH genes, as its germline counterpart does not hy-
bridize to the restriction fragment linking VH and JH loci (14) . As this gene is in-
volved in a productive rearrangement, the Vii gene could have been selected for L
chain association or other characteristics . An apparently restricted VH repertoire
was observed in a sampling of 14 expressed Vii genes from a single fetal liver sample
(24) . The chromosomal location of those genes has not been determined, nor are
they represented in our small sampling of cultured cells .
One of the isolated J11-associated rearrangements, FL4-1, consisted of 3' flanking

sequences of a VH4 gene inverted and joined to JH4 coding sequences . The conse-
quence of thisjoin was to replace JH4 heptamer and nonamer recognition sequences
with the recognition sequences of the VH4 segment; in addition, 8 by of unknown
origin were inserted between JH and the VH heptamer, which could reflect either
the contribution of a D segment or could correspond to an N region addition . In
this regard, the rearrangement could have arisen in several ways . It could have in-
volved joining of V signal sequences to a preexisting DJH substrate, as has recently
been found to occur in VHDJH recombination substrates (35) . Alternatively, thejoin
could have involved direct joining of V and J elements . In the latter case, such a
joining, if mediated by the normal flanking recognition sequences, would necessarily
be in violation of the 12/23 joining rule ; on the other hand, the join conceivably
could have been mediated by the internal VH heptamer (analogous to a Vii to VHDJH
join ; 7, 8) . At this time we have no indication as to whether this unusual joining
event involved segments oriented for direct (deletional) or inverted joining. Most,
if not all, murine H chain VH gene segments are oriented for deletional joining (1),
whereas human and murine V, segments occur in both direct and inverted orienta-
tions (36) . As at least one human VH gene is known to be in the same orientation
as JH (14) and others are in the same orientation as their nearest neighbors (14, 22),
it seems likely that the VH and JH or DJH elements involved in this rearrangement
were originally in the same transcriptional orientation in the germline (e.g., oriented
for direct normal joining) . If so, sequences between VH and JH or DJH substrates
would have been inverted by this unusual join . Whatever the orientation of the par-
ticipating segments, it is notable that the product we isolated retains recombination
signal sequences adjacent to JH or DJH sequences, possibly permitting its use as
a substrate in further rearrangement events . Thus, even if infrequent, such joining
events could be selected by the immune system and represent yet another mecha-
nism for the generation of diversity.

Summary
We have analyzed the phenotypic characteristics and IgH gene rearrangements

in a panel of EBVtransformed B lineage cell lines from human fetal liver and bone
marrow. Some lines contained only populations of immature, Ig- B cells, while
others contained mixed populations of mature and immature B cells. The majority
of identifiable IgH rearrangements involved joining of the mostJH-proximal D seg-
ment, DQ52, to various JH segments, implying that DQ52 is a preferred target for
initial DJH rearrangements . Three other rearrangements involving VH-related se-
quences were also characterized . Two involved VHDJH joining using VH3 genes, al-
though one of these had a very unusual DJH structure . The third consisted of in-
verted 3' signal sequences and flanking regions of a VH4 gene appended to a JH .



The mechanisms by which the later rearrangement could have occurred and its poten-
tial physiological significance are discussed .
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