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ABSTRACT The human heavy chain disease protein BW
is an immunoglobulin u-chain variant whose amino terminus
is initiated at the fifth amino acid of the first constant region
domain. We cloned and analyzed both rearranged heavy chain
alleles from BW leukemic cells to determine the molecular basis
for this deleted protein. The phenotypically excluded heavy-
chain allele possessed two intermediate recombinations of
separate variable-diversity (V-D) and diversity-joining (D-J)
junctions, neither of which were expressed. The productive
allele, responsible for the u chain, had a complete V-D-J,
recombination but as a result of a single-base deletion possessed
stop codons within the variable region. More important, a
small DNA insertion/deletion eliminated the J, donor splice
site. This necessitated an aberrant RNA splice between the
leader region and the first constant region domain creating a
shortened 2.35-kilobase uRNA. A recognition sequence for
signal peptidase predicted a cleavage at the fifth amino acid of
the first constant region domain. These molecular events are
responsible for the truncated u chain that lacks a variable
region and fails to assemble light chains.

The human heavy chain diseases (HCDs) are proliferative
disorders of B-lymphoid cells that produce truncated mono-
clonal immunoglobulin heavy (H) chain molecules (1, 2).
HCD proteins of the 3 major immunoglobulin classes: vy, u,
and a have been described. The abnormal H chains in uHCD
have had deletions involving one, two, or three of the
amino-terminal protein domains (3). The analysis of variant
molecules has often yielded insights into the processes
responsible for the synthesis and regulation of normal pro-
teins. In the case of variant immunoglobulin heavy chains
prior work has discounted extensive postsynthetic degrada-
tion (1, 2). To express a complete H chain the separate gene
subsegments of the variable (Vy), diversity (Dy), and joining
(Ju) regions must be correctly recombined at the DNA level,
and the remaining introns need to be removed by RNA
splicing (4). Thus the abnormal H chains could be the result
of either aberrant gene rearrangements or of mutational
events leading to altered RN A splicing or incorrect transcrip-
tion initiation. To investigate these alternatives we undertook
a molecular analysis of the HCD protein from patient BW
with uHCD.

Structural analysis of the uHCD protein present in the
serum of the patient BW had revealed that the monomeric H
chain, with a molecular weight of 58,000, lacked associated
(light) L chains. The entire variable region was deleted, with
the amino-terminal sequence being initiated at the fifth amino
acid of the first constant region domain (Cy;) of the constant
region of the u chain (C,). Furthermore, significant post-
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synthetic degradation was not occurring because the primary
translation product, the cytoplasmic and the secreted forms
of the u chain were similarly truncated (5). To determine the
molecular basis for this uHCD, we cloned and analyzed both
rearranged H chain alleles from BW leukemic cells. We
demonstrate that an unexpected DNA insertion/deletion
event forced an abnormal RNA splice resulting in a truncated
p chain.

MATERIALS AND METHODS

Isolation and Analysis of Nucleic Acids. High molecular
weight DNA was isolated from nuclei of BW leukemic cells,
digested with the appropriate restriction endonuclease, size-
fractionated by agarose gel electrophoresis, and transferred
to nitrocellulose sheets (6). Blots were hybridized with
nick-translated or random-primed 3?P-labeled DNA frag-
ments and washed as described (7, 8).

Total cellular RNA was prepared from the leukemic cells
by resuspending the cells in 4 M guanidine thiocyanate,
disrupting them with a Polytron homogenizer (Brinkmann),
and centrifuging the RNA through a 5.7 M CsCl, gradient (9).
RNA was electrophoresed in 7% (vol/vol) formaldehyde/1%
agarose gels, blotted to nitrocellulose filters, and hybridized
to 32P-labeled DNA probes as described (10).

DNA Probes. The C, probes utilized included 1.3-kilobase
(kb) EcoRI and 0.9-kb EcoRI genomic fragments encompass-
ing Cy1-Cyo-Chs and Cys-Cuy coding regions, respectively
(11). The x membrane probe was a 0.8-kb Sac I-BamHI
genomic fragment that contained both exons for the mem-
brane anchoring piece (11). The Jy probe consisted of a
2.3-kb germ-line Sau3A genomic fragment, and the constant
region of the « chain gene probe was a 2.5-kb EcoRI genomic
fragment (8). The Dy segment probe was a 1.8-kb germ-line
BamHI fragment (12).

Isolation of the Rearranged Immunoglobulin Alleles. DNA
from the leukemic B cells of patient BW was partially
digested with Mbo 1 and size-fractionated by centrifugation
through a 10-40% (wt/vol) sucrose gradient. The gradient
fractions containing DNA fragments of 10-15 kb were ligated
to the BamHI arms of the phage vector Charon 28. The
packaging of phage DNA and the subsequent plating and
screening of plaques by hybridization were all according to
standard procedures (13). Both rearranged alleles were iso-
lated and further characterized by restriction mapping and
DNA sequencing.

Abbreviations: HCD, heavy chain disease; Cy, constant region domain

of the heavy chain; C,, constant u region; H chain, heavy chain; L

chain, light chain; CLL, chronic lymphocytic leukemia; Vy, Dy, and

Ju, the variable, diversity, and joining segments of the H chain genes;

kb, kilobase(s); bp, base pair(s).
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DNA Sequencing. DNA fragments were ligated into M13
phage and transformed into competent cells, and relevant
clones were identified by Benton-Davis hybridization, using
aJy probe (14). Sequencing was performed using the dideoxy
chain termination method (15). In addition, some regions
were sequenced using the chemical degradation method of
Maxam and Gilbert (16).

RESULTS

The RNA Coding for the HCD Protein BW Is Truncated.
RNA extracted from BW leukemic cells and incubated with
a C,, probe revealed a predominant 2.35-kb message (Fig. 1).
#HCD is a variant of chronic lymphocytic leukemia (CLL),
and CLL cells normally produce predominantly the 2.7-kb
membrane form of uRNA (u,RNA) as seen in patient DC
with CLL (DC-CLL) (17, 18). This suggested that the final
processed RNA in BW had a deletion of approximately 350
base pairs (bp). However, cells that secrete immunoglobulin
also have a 2.4-kb secreted form of uRNA (u;sRNA), as seen
in the lymphoblastoid cell line RPMI 8392 (18). To demon-
strate that the 2.35-kb message seen in BW represented a
truncated uRNA and not simply a secreted form of message,
we utilized a Sac I-BamHI fragment that contained both
exons coding for the membrane anchoring piece as a probe.
This probe recognized a 2.7-kb u,RNA in DC-CLL and
RPMI 8392 cells and a 2.35-kb u,,RNA in BW cells. Thus the
#RNA in the BW cells was truncated. Furthermore, the
precursor forms of uRNA were apparently normal in size as
visualized on longer exposures (data not shown). This sug-
gested that the deletion occurred at the level of RNA
processing and not earlier, during transcription. In contrast,
the kRNA and its precursor forms were normal in size (Fig.
1). This kRNA directed the synthesis of a normal-sized «
protein that was detected in the urine of BW as Bence-Jones
protein (5).
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FiG. 1. Blot-hybridization analysis of uHCD RNA from BW
cells. Total RNA (10 ug) from DC-CLL, a B-cell line (RPMI 8392),
and BW leukemic cells was examined using the 1.3-kb C,, genomic
fragment (Left) and the 0.8-kb u-membrane (u-MEM) fragment
(Center) shown in the schematic. A 2.5-kb genomic C, fragment was
used in the analysis of BHM-23 (a ux producing cell line) and BW
(Right). S, Sac I; R, EcoRl; B, BamHI; H, HindIIl. A 2.7-kb
ummRNA species is seen in RPMI 8392 with the C,, probe on longer
exposures.
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Constant u Domains Were Intact. All four C, region
domains were intact and were expressed in BW uRNA when
analyzed by a combination of Southern blotting, S1 nuclease
analysis, and DNA sequencing. When DNA from BW leu-
kemic cells was digested with the restriction endonuclease
Sac I and probed with a C,, probe both BW and the control
revealed a single 4.5-kb band (Fig. 2a). This 4.5-kb fragment
encompasses all four C,, domains. Further dissection with
EcoRI revealed that a 1.3-kb fragment containing Cy;, Cha,
most of Cys, and a 0.9-kb fragment containing the remainder
of Cys and all of Cy4, were also retained in their germ-line
form in BW DNA (Fig. 2a). Any exon deletion or internal
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F1G.2. Southern blot analysis of uHCD DNA from BW cells. (a)
Leukemic B-cell DNA was digested with the restriction enzymes
indicated and the filters were hybridized with radiolabeled 1.3-kb or
0.9-kb C,, fragments shown in the schematic. C, germ-line control. (b)
Rearrangements of both H-chain alleles were detected with J;and C
probes (arrows) as compared to the germ-line genes (indicated by ﬁcﬁ
marks). With the C, probe single « chain gene rearrangement was
present (arrow). C, germ-line control.
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rearrangement would have generated a new band. However,
since BW retained these fragments in their germ line form no
significant constant region DNA deletion had occurred.
Furthermore, S1 nuclease analysis and DNA sequence anal-
ysis of the expressed genomic C, allele (data not shown)
confirmed that all four C,, domains were intact, had proper
donor and acceptor splice signals, and were expressed in BW
mRNA.

Organization of the Rearranged H-Chain Alleles. Since the
C, region was intact and the BW protein lacked variable
region information, we turned our attention to the gene
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subsegments coding for the variable portion of the H chain.
When DNA from the leukemic cells was digested with
BamHI and hybridized to a Jy probe, both alleles were
rearranged (Fig. 2b). Such rearrangements represent at-
tempts at assembling the gene subsegments of the variable
portion of the immunoglobulin molecule. In addition, both
rearranged Jy alleles also possessed C,, information (Fig. 2b).
Thus, at this level of analysis the rearranged allele respon-
sible for the abnormal RNA and protein could not be
distinguished. In contrast, only one « gene allele was rear-
ranged and was thus responsible for the normal-sized kRNA

. . o . . .
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F1G. 3. (Upper) Nucleotide sequence of the V-D-J, recombination region. The deduced amino acid sequence in two reading frames, reading
frames 1 and 3, is shown. The site of the single-base deletion (AG) is indicated. The three stop codons in reading frame 1 are boxed, and the
putative RNA donor and acceptor splice sites are indicated by the vertical arrows. The DNA insertion/deletion within the J, coding region is
demarcated by brackets. (Lower) The restriction map and sequencing strategy of the V-D-J, recombination. Open circles, sequencing using M13
dideoxy chain termination; closed circles, restriction sites that were 3’ or 5’ end-labeled and sequenced according to Maxam and Gilbert. S,
Sau3A; T, Taq 1; Hp, Hpa I; H, Hae I1I. The invariant amino acids for a subgroup III Vy region are underlined in reading frame 1 and 3,

respectively.
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Fi1G. 4. Expression of the V-D-J, recombination. Total RNA (10
ug) per lane was used, and the blots were hybridized with radiola-
beled Sau3A genomic fragments containing either the V-D-J, recom-
bination (Lef?) or the leader region (Right). Under the blots is a map
showing the probes used.

S

produced (Fig. 2b). To directly analyze the rearranged
H-chain alleles a genomic library of the leukemic cell DNA
was constructed and both alleles were isolated by replica
screening 600,000 recombinant clones with radiolabeled Jy
and C, probes. The organization and restriction map of the
H-chain allele responsible for the u chain production is
shown in Fig. 3. This allele had a complete V-D-J recombi-
nation. The other allele had intermediate recombinations
with separate V-D and D-J joinings (U.S., unpublished
results). Neither of these incomplete recombinations hybrid-
ized to the short BW uRNA and thus were not responsible for
the uHCD protein.

Single-Base Deletion in V-D-J Generates Stop Codons. The
nucleotide sequence of the V-D-J recombination is presented
in Fig. 3. The deduced amino acid sequence reveals a protein

LVDJ, CH, CH,

Transcription CH; CHa
RNA Splicing
G
(M mRNA
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UUAUCUGCCCUBCCCUCUG[GY
LeuSerAlaleuProSer

RNA SPLICING

CH, OF C, —=

I.ICF_E,GGAGUGCAUCCGCCCCAACCCUUUUC
GlySerAlaSerAlaProThrLeuPhe
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consistent with a subgroup III variable region (19). The
invariant residues, glycine-15 and cysteine-22, of the frame-
work region 1 of a subgroup III Vy were present in reading
frame 1. The framework region 2 started appropriately with
the invariant tryptophan-36 and the glycine-42, but the
predicted invariant tryptophan-47 was replaced by a glycine.
Furthermore, the invariant residues in framework region 3
were altered, and three translation stop codons were present
in this reading frame as a result of a single-base deletion (Fig.
3). If the third reading frame is examined from the site of this
deletion the invariant residues as per the numbering conven-
tion of Kabat (glycine-42, tryptophan-47, arginine-66, phen-
ylalanine-67, isoleucine-69, serine-70, arginine-71, tyrosine-
90, and cysteine-92) would all be present (Fig. 3) (19). The
invariant tyrosine-79 is replaced by phenylalanine, perhaps
as a result of a single adenosine to thymidine mutation. Stop
codons do exist in any of the three potential reading frames.
Thus a single-base deletion appears to shift the usual reading
frame within this rearranged Vy gene and generate stop
codons.

An Insertion/Deletion Alters the J, Donor Splice Site. The
Vu region had recombined site specifically with a Dy region
and the J, gene subsegment. The Js and J¢ regions were
unaltered in their germ-line position. The 5' portion of the
joining region within the recombined V-D-J revealed 16 of 19
bp that were homologous to the sequence of the germ-line J4
region (Fig. 3). However, abruptly after the sequence GG-
GCC, there was no homology between the joining segment in
the recombined V-D-J4 and the normal J,. Moreover, there
was no homology between a 51-bp region of the rearranged
gene and the expected 138-bp sequence that included a
portion of J4 and its 3’ flank (11, 20). Further downstream a
region 3’ of the V-D-J4 recombination and the germ-line J,~Js
intron were once again homologous although differences
were present that might indicate somatic mutation or
polymorphic variation between individuals in a noncoding
region (Fig. 3). Thus, a recombinational event had deleted
138 nucleotides and inserted 51 bp, of unknown origin, in
their place. This insertion/deletion altered the translation in
all reading frames, such that the invariant serine-112 was not
present (19). More importantly, the J, donor splice sequences
had been altered from CAGGTGAGT to GGGTCTCCT,
which would be nonfunctional (21). Thus this V-D-J, would not
be properly spliced to the Cy; exon to give a final processed
C, message. Correspondingly, when this V-D-J segment was
used as a probe against RNA from BW cells, it failed to
hybridize (Fig. 4). Conversely, a 5’ probe encompassing the

Rearranged
HCD Allele

UUAUCUGCCCUGCCCUCUGGGAGUGCAUCCGCCCCAACCCUUUUC
LeuSerAlaleuProSerGlySerAlaSerAlaProThrLeuPhe

SIGNAL PEPTIDASE

BW-uHCD START GCCCCAACCCUUVUUC
(AAPOS.50FCH;C,) AlaProThrLeuPhe

FI1G. 5. (Upper) Schematic represen-
tation of the aberrant RNA splice be-
tween the leader region and (Cy;) of C,..
(Lower) Nucleotide and amino acid se-
quence resulting from the alternate RNA
splice. The predicted signal peptidase
cleavage site is indicated, generating the
pHCD protein from patient BW.
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leader region did hybridize to the same small message bearing
the C, region (Fig. 4). The donor splice site of the leader
region appears to be alternatively spliced to the acceptor
splice site of Cy, thus eliminating the variable region coding
information.

DISCUSSION

The human HCDs might predictably result from a variety of
molecular errors in the complex processes of immunoglob-
ulin gene assembly, transcription, and RNA processing.
Genomic deletions that arise from errant V-D-J joining
attempts or abnormal H-chain class switches could result in
the loss of information for protein domains. Alternatively,
somatic mutations could eliminate crucial donor or acceptor
splice sites and result in these truncated proteins that are
missing exon information. Our analysis of the basis for
pHCD from BW cells revealed multiple molecular defects.
The dominant mechanism creating the variant H chain was a
DNA insertion/deletion that eliminated the J, donor splice
site and necessitated an alternative splice that juxtaposed the
leader segment and C,.. In addition a single-base deletion as
well as point mutations were present and resulted in the
creation of stop codons within the variable region.

Elimination of the proper splice between V-D-J; and Cy;
necessitated an alternate choice. The normal splice between
the leader and its Vy might occur at a low frequency but
would result in a large, incompletely processed RNA con-
taining stop codons. Instead, the alternative choice predom-
inates in which a splice between the donor site of the leader
and the acceptor site of Cy; creates the transcript responsible
for the translated product (Fig. 5). A consensus sequence for
signal peptidase recognition (Gly-Ser-Gly-Ser-Ala-Ser) exists
at this juncture and would result in cleavage after the last
serine residue (Fig. 5) (22, 23). In fact, BW u chain began at
the fifth amino acid of Cy; confirming this predicted cleavage
and further indicating that absolutely no proteolysis had
occurred.

The J4 donor splice site was replaced by a 51-bp inserted
sequence that was not of obvious immunoglobulin origin.
Moreover, while this inserted sequence was G+C rich, it
bore no homology to described transposable elements (24).
Furthermore, no suggestion of direct repeats, inverted re-
peats, or recombination signals was found at its borders (25).
Insertion of repetitive elements related to intracisternal A
particles has been noted in L chain genes (26). Similar
elements have also been observed to activate c-onc genes
27).

Numerous variant H and L chains have been described and
the molecular defects have been detailed in some. The mouse
v, H-chain mutant IF2 resulted from a genomic DNA deletion
that removed the Cy; exon resulting in the splicing of Vy to
the hinge exon (28). Similarly, the mouse a H-chain mutants
A15 and A37 have DNA deletions that are felt to arise by a
recombination/excision mechanism (29). Internal deletions
of Cy exons have even been noted in the shortened u chains
of mutant mouse hybridomas and in the C,2b gene in a mutant
of MPC11 (30, 31). In addition, examination of a cDNA
sequence from a human yYHCD, OMM, is compatible with a
gene deletion model (32). Furthermore, our analysis of the
genomic gene for another yHCD, RIV, revealed a deletion of
most of the Cy; exon (33). Quite similar to uHCD from BW,
the truncated « chain of MPC11 arose from an aberrant splice
of a leader to C,. This splice resulted because the V,
eliminated the J, region by recombining at a heptanucleotide
signal within the J~C, intron (34, 35). As a consequence, the
entire variable region exon is deleted from the final processed
RNA. Our results indicate that a small insertion/deletion

Proc. Natl. Acad. Sci. USA 83 (1986) 2693

event in uHCD, BW eliminates the donor splice site at the 3’
end of a V-D-J rearrangement and necessitates an alternate
RNA splice between the leader and Cy;. This molecular
defect generates a truncated u chain present both as a
transmembrane and as a secreted molecule that lacks the
variable region and fails to associate with L chain.
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