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The complete sequence of the CD72 gene from the C57L mouse, including the 5’ and 3’  flanking sequences, is 
reported. The gene spans 6830 base pairs and includes nine exons surrounding  eight introns. It does not have an 
obvious TATAA box, so it belongs to a  group of genes with TATA-less promoters that are regulated during mam- 
malian immunodifferentiation. cDNA sequence comparisons among  CD72a, CD72b, and CD72‘ alleles have 
demonstrated two  distinct seven amino  acid insertion/deletions among these allelic variants. Based on our 
genomic sequence studies as well as  PCR analyses, we  found that different strains of  mice can alternatively  or 
exclusively use either of  two  AG sites surrounding the 21-bp insertion/deletions as 3’ splice sites in an allele- 
specific manner. Other alternative splicing events, such as exon skipping, also contribute  to  CD72 polymorphism. 
In mouse splenic B cells there are allele-specific  distributions of  CD72 mRNAs that contain sequences from  both 
exon 3 and  exon 4, from either  exon  3  or  exon 4, or from neither exon  3 nor 4. It is unclear what the in  vivo 
function  might be of the proteins encoded by the  mRNA forms lacking these exon sequences. The journal of 
Immunology, 1995, 154: 2743-2752. 

C D72 (Lyb-2)  is  a 45-kDa type I1 transmembrane 
protein expressed predominantly on B-lineage 
cells in both  mouse and human (1-5). Expression 

of this protein is lost at the terminally differentiated plasma 
cell stage (2,4-6). Although the precise function of CD72 
is  unknown,  studies have shown that anti-mouse-CD72 
mAb  induces an increase in the metabolism of phosphati- 
dylinositol in purified small  splenic  B  cells  (7). It also 
induces an increase in MHC class I1 expression on B  cells 
(8-9) and mobilization of small  amounts of cytoplasmic 
free Ca2+ in those  cells (9). Anti-mouse-CD72” mAb can 
induce proliferation of B  cells and can synergize  with  IL-4 
in the induction of Ag-specific  B  cells (9-14). Anti-CD72 
mAb  10.1.D2 and its  monovalent  Fab’  fragment could di- 
rectly transform a fraction of small  resting  B  cells  into 
blasts  (10, 11, 13). Two mAbs specific for  the  mouse 
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CD72” allele have been shown to inhibit the Ab response 
by splenic B cells to T cell-dependent Ags but not to T 
cell-independent Ags (10, 15, 16). It was recently discov- 
ered that CD5,  a 67-kDa transmembrane protein expressed 
on all T cells as well as on a  subgroup of B  cells  (CD5 or 
B1” cells), is  a natural ligand of CD72 (17-19). This find- 
ing  suggests that CD72 and CD5 may play an important 
role in B and T cell cross-talk, and their interaction may 
have significant influence upon T and B  cell activation and 
proliferation. 

Conventional antisera and mAbs have identified five se- 
rologic specificities defining four  allelic  forms of mouse 
CD72:  CD72”,  CD72b, CD72‘, and CD72d (3).  We have 
cloned the cDNAs encoding  mouse CD72”, CD72b, and 
CD72“ (4, 20), as well as the human homologue ( 9 ,  and 
demonstrated that CD72 alleles are highly conserved in 
their cytoplasmic domain but exhibit a high degree of 
polymorphism in their extracellular  domains  (20). cDNA 
sequence  comparisons  showed  two distinct seven-amino 
acid insertion/deletions  among these allelic variants. One 
short  form of CD72  cDNA lacking  sequence  from exon 3 
and exon 4 was isolated both from  C57BL/6  mouse spleen 
RNA and from the CH12.LX  B cell lymphoma line. An- 
other  short-form  lacking  sequence  from  exon  3  was  also 
isolated from  C57BL/6  mouse  spleen  RNA (20). In this 
paper, we show the complete  genomic  sequence of the 
mouse  CD72 gene  as well as its introdexon structure. We 
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also  demonstrate that the two seven-amino acid insertion/ 
deletions  each result from  alternative usage of two distinct 
3’ RNA  splice  sites  lying 21  bp apart. In addition, we 
show that there are  a variety of different-size forms of 
CD72 mRNA resulting from alternative splicing  patterns 
that either  include or exclude  sequences  from  exons 3 and 
4, which encode part of the cytoplasmic tail and the trans- 
membrane region, respectively. Finally, we show that the 
distribution pattern of these various  mRNA  species  is also 
allele-specific. 

Materials and Methods 
Mice  and  cell  lines 

DBN2, C57L, BALB/c, C57BL/6, AKR, and SJL mice were purchased 
from The Jackson Laboratory (Bar Harbor, ME). The pre-B cell line  L1.2 
was provided by Dr. I. Weissman (Stanford University). 

Genomic screening  and  subcloning 

A genomic library from Mbol partially digested DNA from the C57L 
mouse pre-B cell line L1.2  was prepared in the vector Lambda Fix ac- 
cording to the manufacturer’s instructions (Stratagene, La Jolla, CA). 
Clones were screened as described (21) using a mouse CD72” cDNA 
(C57L) probe labeled with [~x-~’P] dCTP (Amersham, Arlington Heights, 
IL) by nick translation. A positive clone was isolated and the 15.2-kb 
insert containing the whole CD72 gene was subcloned into Bluescript 
KS+ (Stratagene, La Jolla, CA) at  Hind111 and Sal1 restriction enzyme 
sites. The integrity of the CD72 gene was demonstrated by its ability to 
yield allele-specific surface expression of CD72“ protein after transfec- 
tion into B cell lines (data not shown) as well as by its sequence. It was 
further characterized by restriction enzyme mapping, digested into 
smaller fragments and subcloned into M13 mp18, M13 mp19, and Blue- 
script vectors for sequence analysis. 

CD72 gene  sequence  analysis 

Nucleotide sequences were determined by the  method of Sanger and co- 
workers (22). Single-stranded or double-stranded DNA templates were gen- 
erated from subclones of CD72 in M13 mp18, M13 mp19, and  Bluescript 
vectors. Sequencing primers included T7, T3, M13 -20, and M13 -40 prim- 
ers and a series of synthetic oligonucleotides that correspond to  known 
mouse CD72 sequences. Sequences were compiled  by  first  using Microgenie 
and  then  the GCG sequence analysis program (Genetic Computing Group, 
Madison, WI). The majority of the genomic fragments were sequenced on 
both strands, but a portion  of the 5’ and 3’ ends were sequenced on one 
strand on at  least two independent subclones. 

Sequence  analysis of PCR products 

A genomic fragment containing sequences from the 3’ end of exon 6, the 
whole of intron 6, and the 5 ‘  end of exon 7 was obtained from DBN2 
(CD72”) mouse tail genomic DNA by PCR using oligo 5 (representing 
sequence near the 3’ end of exon 6 )  and oligo 6 (representing sequence 
near the 5’ end of exon 7) as PCR primers. Each 100-p1 reaction included 
100 ng of genomic DNA, 50 ng of each oligo, 10 p1 of 1OX Taq poly- 
merase reaction buffer (Stratagene, La Jolla, CA), 5 pl dNTPs (5  mM 
each), and 2.5 units of Taq polymerase (Stratagene, La Jolla, CA) (Table 
I). The reactions were stopped after 30 cycles. PCR products were gel 
purified and sequenced directly using oligo 6 as a primer. A genomic 
fragment containing sequences from the 3’ end of exon 7, the whole of 
intron 7, and the 5’ end of exon 8 was obtained from AKR mouse 
(CD72‘) tail DNA by PCR using oligo 7 (representing sequence from the 
3’ end of exon 7) and oligo 8 (representing sequence from the 5’ end of 
exon 8) as primers. The PCR products were subcloned into the Bluescript 
SK- vector at the EcoRV site. Double-stranded DNA was prepared and 
sequenced using oligo 8 as a primer. The complete sequences of oligo- 
nucleotides used in these PCR experiments are listed below (5‘ to 3’). 
Numbers in parentheses indicate positions of those oligonucleotides in 
the CD72  cDNA (according to the numbering in Robinson et al. (20)). In 

Table I. PCR thermal  cycle  conditions 

Cycle  Denaturation  Annealing  Polymerization 

First cycle 5’ at 94°C 2‘ at 50°C 2‘ at 72°C 
Subsequent* 1’30” at 94°C 2’ at 50°C 2‘ at 72°C 
Last cycle 1 ’ at 94°C 2‘ at 50°C 10‘ at 72°C 

* Cycles 2-29. 

each case, the 5’  GGATCC  does not derive from the cDNA sequence but 
was added for subcloning. 

oligo 5 (806-828) GGATCCTACTGCACATCTCTGTCCTCC 

oligo 6 (911-895) GGATCCTAAGCCGCTGGGCAGAG 

oligo 7 (909-930) GGATCC’lTAGAGGAG’lTGCTAGATCGT 

oligo 8 (1063-1045) GGATCCGGTGAAGCTCTGCACACT 

Analysis of alternative  splicing by gel  electrophoresis 
of PCR products 

Total spleen RNA from different strains of mice was prepared by the 
RNAzol method according to the manufacturer’s instructions (CINNN 
BIOTECX Laboratories International Inc., Friendswood, TX), reverse 
transcribed into cDNA, and used as PCR templates. PCR was performed 
using synthesized oligonucleotides as primers; the 5’ primer in each PCR 
reaction was end-labeled with [y3’P] ATP (Amersham). In each PCR 
reaction, 50,000 cpm  of the end-labeled 5’ oligo (supplemented with 50 
ng of the same cold oligo) and 50 ng of the 3’ oligo were added.  cDNA 
reverse-transcribed from 1 p g  of splenic RNA was used as template. 
PCR conditions were the same  as above. PCR products were analyzed by 
electrophoresis on a denaturing polyacrylamide gel (6% acrylamide, 6 M 
urea). Control reverse transcription and PCR reactions using total RNA 
from the thymoma line 1010, which does not express CD72, did not yield 
detectable PCR products (data not shown). The sequences of the oligo- 
nucleotides used in the PCR analyses are the same  as above plus addi- 
tional oligonucleotides listed below (5‘ to 3’). Numbers in parentheses 
indicate positions of those oligonucleotides in the CD72  cDNA (accord- 
ing to the numbering in Robinson et al. (20)): 

oligo 9 (201-218) CCTGCACTAGCGGACAA 

oligo 10 (543-524) ATGTGTCCTGGCTCGAGATC 

oligo S1 (433-417) GGTGGCITCCCAAATCCTGG 

It should be noted that calculation of predicted sizes of PCR products 
takes into account the added sequence at the 5‘  ends of oligos 5-8. 

Purification of splenic B cells 

Fresh  spleen cells from different strains of mice were suspended  in HBSS 
plus 2%  FCS  and  incubated  in 100-mm X 20  mm-tissue culture dishes 
(Coming, Inc., Coming, NY) coated  with  goat anti-mouse IgM  antiserum 
(Cappel, West Chester, PA)  for 30 min.  Unbound cells were removed by one 
wash  with  PBS  and  hound cells were then collected using  Pasteur  pipettes. 
The punty of I3 cells prepared in this manner is greater than  95%. 

Results 
Organization of the  mouse CD72 gene 

To clone the mouse CD72 gene we constructed and screened 
a genomic library from the C57L mouse (CD72a) pre-B cell 
line L1.2 using a CD72” cDNA as a probe! One positive 
clone with  an  insert of 15.2 kb  contained  the full-length 

4The accession number  of  our  CD72 gene sequence is L35772 at the se- 
quence data base at the  National Center for  Genome Resources. 
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FIGURE 1 .  Sequencing strategy and  organization of  the mouse CD72" gene. A )  Restriction enzyme  map of the CD72" gene 
from the  C57L mouse pre-B cell  line L1.2. The restriction  enzyme  recognition sites are: B: BarnHI; E: EcoRV;  St: Stul; S: Sad; 
SI: Sall; X: Xbol. The bars above represent subclones made by inserting  the  indicated  genomic fragments into MI 3 mpl8,  MI 3 
mpl9, or Bluescript vectors. DNA sequences were  obtained by using single-stranded or double-stranded DNA as templates and 
MI 3 -20 primer, M13 -40 primer, T7 and T3 primers or  CD72 sequence-specific oligonucleotides as primers. B )  The intron/ 
exon structure of  the  CD72" gene is shown. Exons  are indicated by boxes and numbered with roman numerals. Exons I to Ill 
encode the cytoplasmic domain (CY); exon IV encodes the transmembrane domain (TM); exons V  through IX encode  the 
extracellular  domains (EX). The open  box at the  beginning of exon I represents the 5' untranslated region  and  that at the  end 
of exon IX represents the 3' untranslated region. C )  The structure of  the mature mRNA  and  the contribution of the various exons 
to the  encoded protein structure are illustrated. 

CD72 gene as shown by its ability to yield allele-specific 
surface expression of CD72"  protein after transfection into B 
cell lines (data not shown) and  by its sequence analysis. Sub- 
clones were sequenced as shown in Figure 1. Exon sequences 
and exon/intron borders were identified by comparison to 
CD72  cDNA sequences (4, 20). 

The  mouse  CD72"  gene  spans 6830 bp  from  the  begin- 
ning of the first exon  (for the current  analysis the 5' end of 
the cDNA isolated  from  the C57L mouse  is considered as 
the 5' end of the first exon [4]) to the 3' end of the last 
exon ( i t . ,  the poly[A] addition  site [4]) (Fig. 2). It is  com- 
posed of 9  exons  surrounding 8 introns. The  exon  se- 
quences  are  identical to the published cDNA sequence 
from the C57L mouse. Exons 1-3 encode  the  cytoplasmic 
domain.  Exon 4 encodes  the  transmembrane  domain. Ex- 
ons 5-9 encode the extracellular  domain.  All  introns arc 
bounded by the  canonical  GT-AG  splicing  sequences. No- 
tably, intron  6 alternatively uses two different AG sites at 
the  beginning of exon 7 as 3' splice sites, and intron 7 uses 
two different AG sites at the  beginning of exon 8 as 3' 
splice sites. These alternative splicing  patterns will be dis- 
cussed later. 

The  DNA sequence of approximately 1 kb of the 5' 
flanking sequence was determined  (Fig. 2). There  is no 

obvious  consensus TATAA box in the 5' flanking region, 
nor is there any obvious  consensus initiator sequence.  We 
sequenced about 600 bp of the 5' flanking sequences of 
CD72b (derived from  C57BL/6  mice) and CD72" alleles 
(derived from SJL mice)  (data not shown). We also  se- 
quenced the 5' flanking sequence of the human CD72 gene 
up to 1 kb upstream of the translation start site (data not 
shown). We did not find any TATAA  consensus or initi- 
ator consensus in those sequences. Preliminary S1 map- 
ping and primer extension analyses suggest multiple 
transcription start  sites of the  gene  (data not shown). Com- 
paring  the human and mouse 5' flanking sequences, we 
found  several  identical fragments. These  include the se- 
quence 5' TTCCTC 3' beginning at nucleotide 96.5 of the 
mouse  gene; its reverse complement precisely matches the 
consensus  sequence recognized by the B cell- and mac- 
rophage-specific transcription factor PU. 1 (5 ' GAGGAA 
3') (23).  The study of the role in CD72 transcription reg- 
ulation of the putative PU.l recognition sequence and 
other fragments homologous between mouse and human 
CD72 5' flanking sequences  is in progress. 

3' untranslated sequences arc thought to influence poly- 
adenylation and mRNA processing (24, 25). The CD72 
cDNA poly(A) tail is not preceded by the canonical 
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poly(A) addition signal AATAAA.  However, there are 
several related sequences located at the appropriate loca- 
tion (e.g., AATA'M or T7TAAA ending, respectively 12 
or 6 bp upstream of the poly[A] tail) (4).  The  sequence 
TGTGTGTC  is  found 15 bp downstream of the polyade- 
nylation site.  This  sequence  corresponds fairly well to a 
consensus sequence, YGTGTTYY  (Y = pyrimidine), 
which has been shown to be required for efficient forma- 
tion of the 3' terminus of mRNA and is found in most 
mammalian genes within 50 bp downstream of the con- 
served AATAAA sequence (25). 

Several repeat sequences  are present in the CD72 gene. 
In the 5' flanking region the sequence  CAGGAGGAGG 
GGGCTCTGGCTGGA  is present as three consecutive  di- 
rect repeats from nucleotide 778-849 (in the sequence 
from C57L mice). In the 5' flanking sequence from 
C57BL/6  (CD72b) and from SJL (CD72") mice, this  24-bp 
sequence  is present as two  consecutive direct repeats. In 
intron 5, from nucleotide 4749-4765 (Fig. 2), there is  a 
stretch of G repeated 16 times in the CD72" gene. Two 
series of AG repeats (nucleotides  4770-4782 and 4816- 
4841)  are  also found in intron 5, just downstream of the G 
repeat. The role of these repeats, if any, in CD72 regula- 
tion is unknown. 

Alternative usage of two 3' splice sites  at the 
intron 6/exon 7 junction 

We  have previously isolated a cDNA clone  from the 
DBN2 mouse (CD72") which differs from that of the orig- 
inal  CD72" cDNA clone from the C57L mouse only by a 
21-bp insertion of nucleotides 870-890 in the cDNA (20). 
This insertion is also absent in our previously described 
CD72b and CD72" cDNA clones (Fig. 3A and Ref. (20)). 
In the C57L mouse genomic  sequence, the 21-bp insertion 
is located at the junction of intron 6 and exon 7  (Figs.  2 
and 3B).  It is flanked by an AG at its 5' end and ends with 
an AG at its 3' end. Each of these AGs could potentially 
represent a 3' splice site, because each is preceded by a 
stretch of pyrimidines and each sequence context matches 

FIGURE 2. Nucleotide sequence of the mouse CD72 gene 
from C57L mice. The 9 exons and 8 introns together with 5 '  
and 3'  flanking sequences  are shown. Exons  are line-shifted. 
Protein coding sequences  are indicated by  bold letters. The 
underlined or overscored sequences in exons indicate  the 
locations of the  oligonucleotides used for PCR analyses, and 
the 5'  to 3 '  orientations of those oligonucleotides are indi- 
cated by arrows. In the 5'  flanking sequence, a 24-bp se- 
quence repeated three times consecutively from  nucleotide 
778 to 849 is underlined, as is  a TTCCTC  sequence, repre- 
senting a PU.1 box  on the  complementary strand, beginning 
at nucleotide 965. The indicated 5'  boundary  of  the first exon 
is  based on the start of  the cDNA sequence from C57L (4). 
The 3'  end of exon  9 corresponds to the location  of the 
poly(A)  tail at the  end of the cDNA sequence from C57L. 
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FIGURE 3. Comparison of the nucleotide sequences of mouse CD72 cDNA and gene  at the 5' end of exon 7. A )  The cDNA 
sequences corresponding to the junction  of sequences derived from exons 6 and 7 are compared among DBN2 (CD72"),  C57L 
(CD72"), BALB/c  (CD72'), and AKR (CD72') mice. Numbers above the sequence  are locations of the  first and the last nucle- 
otide on each line based on the numbering of the previously published cDNA sequence from DBN2 (20). Identical nucleotides 
are indicated by hyphens, and gaps in the alignment are indicated by dots.  Sequence derived from exon 7 is underlined. The 
cDNA from DBA/2  has a 21 -bp insertion from nucleotide 870-890 (indicated by bold letters) which is located at the immediate 
5' end of the sequence from exon 7. B)  Genomic sequences (part of  intron 6 and exon 7) from DBA/2  and  C57L mice are 
compared.  The  sequence from DBA/2  was obtained as described in Materials andMethods. The two potential 3' splice site AGs 
are indicated by bold letters.  The underlined sequence is the 21-bp insertion in the cDNA sequence from DBA/2. Identical 
nucleotides are indicated by hyphens. 

very  well  with a typical 3' splice site (-[Py],NCAG-) (26, 
27).  From  the genomic sequence we  predict  that C57L 
mice  could  potentially  use either AG as  a 3' splice site. To 
determine whether DBN2 mice  have a similar genomic 
organization  at  the  intron 61exon 7 junction, an 800-bp 
DNA  fragment spanning intron 6 and containing a portion 
of  the 3' end  of  exon 6 and  the 5' end  of  exon 7 was 
isolated by  PCR using genomic DNA  from  the DBN2 
mouse as  a template and oligo 5 from  within  exon 6 and 
oligo 6 from  within  exon 7  as primers (Fig. 2 and Mare- 
rials and Merhods). The PCR product was directly se- 
quenced  using oligo 6 as a primer.  We  compared  the se- 
quences at  the  intron 61exon 7 junction between  the 
DBN2 and  the C57L mouse  (Fig. 38) ,  and  they are iden- 
tical  within  the  region examined. This suggests that 
DBN2 mice  may also be capable of  using  both  AGs as 3' 
splice sites. If this is true,  two  different forms of  mRNA 
should be produced in both DBN2 and C57L mice. To test 
whether  both forms of  mRNA  can  be  produced in any one 
strain or whether this alternative splicing is allele-specific, 
total  spleen RNA from six strains representing three dif- 
ferent alleles was prepared,  reverse transcribed, and ana- 
lyzed  by  PCR using oligo 5 and oligo 6  as primers. PCR 
products  were  analyzed on a polyacrylamide  gel (Fig. 4). 
According  to  the positions of the  primers in CD72 cDNA, 
a 117-bp fragment  will  be  generated if the 5' AG is  used, 
and a 96-bp fragment  will  be  generated if the 3' AG  is 
used (taking into  account  the  linker sequences at  the ends 
of the  two oligonucleotides). Figure 4 shows that  all 

CD72a CD72b CD72c 
nn n 

P =- 
FIGURE 4. PCR analysis of the alternative usage of two 3' 
splice sites  at the intron 6/exon 7 border. Total spleen  RNA 
was prepared from six mouse  strains  representing  three CD72 
alleles,  reverse  transcribed, and analyzed by PCR using oligo 
6 and end-labeled oligo 5 as primers. PCR products were 
analyzed by polyacrylamide gel  electrophoresis (see Materi- 
als and Methods). Sequencing  reactions using a CD72b 
cDNA clone from C57BL/6 as a template and oligo 5 as a 
primer were used as size  markers  and  are shown on the left 
(G and A reactions)  and right (T  and C reactions). PCR prod- 
ucts from spleen  RNA from DBA/2 (CD72"), C57L (CD72"), 
BALB/C  (CD72'),  C57BL/6  (CD72'),  AKR  (CD72'), and SJL 
(CD72') mice are indicated. The  numbers in the left margin 
indicate the sizes of the bands  at  those positions. 
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FIGURE 5 .  Comparison of the nucleotide sequences of mouse CD72 cDNA and gene at the  5' end of exon 8. A )  The cDNA 
sequences corresponding to the junction  of exons 7  and  8 are compared  among DBA/2 (CD72"), C57L (CD72a), BALB/c 
(CD72b), and AKR (CD72') mice. Numbers on  the  top  of the sequences represent locations of the first and last nucleotide shown 
relative to the  previously  published cDNA sequence from DBA/2 (20).  Identical  nucleotides are indicated by hyphens, and gaps 
in the  alignment are indicated  by dots. Exon 8 sequences  are underlined. The cDNA  from AKR  has a 21-bp  deletion  of 
nucleotides 966-986 (the sequence indicated by  bold letters in DBA/2), at the  immediate 5' end of exon 8, and  a 3-bp insertion 
between  nucleotides 947 and 948 (relative to the cDNA from  DBN2). 6) The genomic sequences (part of  intron 7 and  exon 
8) from C57L  and AKR are compared. The sequence from AKR was obtained as described in Materials and Methods. The 
potential 3' splice site AGs are indicated by  bold letters. The underlined sequence is the 21 -bp  deletion  in the cDNA  from AKR. 
Identical  nucleotides are indicated by hyphens. 

strains examined have both alternatively spliced products. 
CD72" strains appear to use both sites equally well, con- 
sistent with the genomic sequence analysis (Fig. 3B). The 
pattern of usage of the two splice sites seems to be the 
same for CD72b strains as for CD72" strains, so it is likely 
that the CD72b gene sequence also contains these two con- 
sensus 3' splice sites. In contrast, the CD72" strains use the 
3' AG  far more than the 5' AG as a 3' splice site. It is 
therefore likely that a polymorphism between the CD72" 
allele and other alleles results in the 5' AG being less 
favorable as a 3' splice site. These results were further 
confirmed by an additional set of PCR reactions using 
oligo 5 from within exon 6 and oligo 8 from within exon 
8 as primers (see below and Fig. 7). 

To confirm  that  the  PCR  bands  in  Figure 4 are  CD72- 
specific, we did control PCR  using cDNA reverse  transcribed 
from  total  RNA from the  mouse  thymoma  line 1010 (which 
does not express  CD72) as the  template  and oligo 5 and oligo 
6 as primers. This PCR  reaction  did  not  yield  any  detectable 
PCR  product  (data  not shown), demonstrating  the  specificity 
of  the  observed  bands from spleen  RNA for CD72. Similar 
control reverse  transcription  and  PCR  reactions were also 
performed for experiments  described  below,  using  total  RNA 
from  the cell line 1010 (see  Figs.  6, 7, and 8). Again,  these 
PCR  reactions  did  not  yield  any  detectable  PCR  products 
(data  not shown). 

Alternative usage of two 3' splice sites at the 
intron 7/exon 8 junction 

CD72" and CD72b strains, has a 3-bp insertion of a GAG 
between cDNA positions 950 and 951 and a 21-bp dele- 
tion from cDNA positions 966 to 986 (Fig. 5A) .  As shown 
in Figure 5B, this 21-bp deletion is flanked by  an AG at its 
5' end and ends with another AG at its 3' end in the 
genomic sequence from C57L mice. The 5' AG is pre- 
ceded by CTCTGTTCACC. This sequence compares well 
with the 3' splice-site consensus -[Py],NCAG-, in that the 
AG is preceded by a polypyrimidine tract and there is a 
cytidine immmediately 5' of the AG.  The 5'AG should 
therefore be an efficient 3' splice site, However, the 3' AG 
is preceded by ATGACTCTCAA which does not have as 
many pyrimidines as the sequence preceding the 5' AG 
and has an adenine rather than a cytidine immediately 5' 
of AG.  The 3' AG should therefore be a less favorable 3' 
splice site than the 5' AG. To examine the sequence from 
CD72" mice at this junction, a genomic fragment spanning 
intron 7 was isolated by  PCR from AKR genomic DNA 
using oligo 7 from within exon 7 and oligo 8 from within 
exon 8 as primers, and the intron 7lexon 8-junction frag- 
ment was sequenced using oligo 8 as a primer (see Mate- 
rials  and  Methods). In contrast to C57L mice (CD72"), 
AKR mice do not have the 5' AG, which is instead re- 
placed by CT (Fig. 5B)  and hence, cannot be used as a 3' 
splice site. In addition to other sequence differences, two 
purines within the 21-bp sequence from the C57L mouse 
located, respectively, 11 and 9 bases 5' of the 3' AG, are 
replaced by two pyrimidines in the sequence derived from 
the AKR mouse (A to C, G to T). These changes make the 

We have previously shown (20) that the cDNA from a pyrimidine tract better in the sequence from AKR mice 
CD72' strain (AKR) ,  as compared with those from both than in the sequence from C57L mice, and thus should 
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FIGURE 6. PCR analysis of the alternative usage of two 3' 
splice sites  at the intron 7lexon 8 border. Total spleen  RNA 
was prepared from six mouse  strains  representing  three CD72 
alleles,  reverse  transcribed,  and  analyzed by PCR using oligo 
8 and end-labeled oligo 7 as primers. PCR products were 
analyzed by polyacrylamide gel  electrophoresis (see Materi- 
als and Methods). Lanes G, A, T, and C are  sequencing  re- 
actions performed using a C57BV6 CD72b cDNA clone as a 
template and oligo 5 as a primer to serve as size  markers. 
PCR products from cDNAs from DBN2 (CD72"),  C57L 
(CD72% BALB/c  (CD72'), C57BV6 (CD72b), AKR (CD72'), 
and SJL  (CD72')  are  as indicated. Control PCR  was per- 
formed identically to all the others  except that no template 
was  added.  The  numbers in the left margin indicate the sizes 
of the  bands at those  positions. 

make  the 3' AG in the sequence from  AKR  mice a poten- 
tially  more  efficient 3' splice site. We thus predict  that 
CD72" strains should  mostly  use  the 5' AG as a 3' splice 
site while CD72' strains can use  only  the 3' AG as the 3' 
splice site (because it is  the  only one present, at least in 
AKR  mice). To confirm  this hypothesis, PCR analysis was 
performed  using  reverse-transcribed cDNA from  total 
spleen  RNA as a template  and oligo 7 and oligo 8 as prim- 
ers. The PCR products were electrophoresed on a poly- 
acrylamide gel. In CD72" strains oligo 7 and oligo 8 will 
generate a 166-bp fragment if the 5' AG is used as a splice 
site or a 145-bp fragment if the 3' AG is used. In CD72' 
strains, the primers will generate a 148-bp fragment and no 
larger fragment if only  the 3' AG is used.  Figure 6 clearly 
shows that  both  CD72"  and  CD72'  use  only  the 5' AG as 
a 3' splice site. On the other hand, CD72' strains use  only 
the 3' AG as the 3' splice site. 

To further confirm  the  results  from the above two sets of 
experiments regarding alternative splicing at  the  intron 61 
exon 7 and  intron 71exon 8 junctions, we  performed  an- 
other PCR using oligo 5 and oligo 8 as primers (Figs. 2,7, 

2 6 8  - 
2 5 0  - 
247 - 
2 2 9  - 

FIGURE 7. 
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Additional analysis of 3' splice site usage in 
mRNA corresponding to exons  7 and 8. Total spleen RNA 
was obtained from DBA/2,  C57L,  BALB/c, C57BV6, AKR, 
and SJL mice,  reversed transcribed and analyzed by PCR  us- 
ing oligo 8 and end-labeled oligo 5 as primers.  The PCR 
products were analyzed by polyacrylamide gel electrophore- 
sis. Lanes are labeled according to the origin  of the template. 
Control PCR was performed identically to all the other sam- 
ples  except that no template was added.  Sequencing  reac- 
tions from a CD72b cDNA clone using oligo 5 as a primer 
were used as size  markers (lanes G, A, T, and 0. The num- 
bers in the left margin indicate the sizes of the bands at the 
indicated positions. 

and Materials and Methods). If the  interpretation  from 
both sets of experiments is correct, we  should  expect to see 
two bands in the PCR products from  CD72"  and CD72b 
mice. For example, in DBN2 mice  the size of the  upper 
band  should  be 268 bp, representing sequences including 
a portion of exon 6, the  21-bp  insertion  at  the junction of 
intron 61exon 7, exon 7, the 21-bp  insertion at the junction 
of  intron  7lexon 8 and a portion of exon 8. The size of the 
lower  band  should  be 247 bp, representing the same se- 
quence as the  upper  band  except  that  the 21-bp insertion  at 
the junction of intron  6/exon 7 is not  included. Similarly, 
we should be able to see two bands in the PCR products 
from CD72'  mice. The upper (minor) band,  which  in- 
cludes the 21-bp insertion  at  the  intron 61exon 7 junction 
but not the  21-bp  insertion  at  the  intron  7lexon 8 junction, 
should  be 250 bp. Because the cDNA from CD72' has a 
3-bp insertion  between nucleotide 950 and 951 in the 
cDNA sequence, the  upper  band  from CD72' is 3 bp  larger 
than  the  lower  band  from  CD72"  and  CD72b. The lower 



2750 MOUSE CD72 GENE  SEQUENCE AND ALTERNATIVE mRNA SPLICING 

CD72a CD72b CD72c Table II. The  relative  level of expression of exon  3/exon 4 

n nn,  alternatively  spliced CD72 gene product3 

' w  , m < 3  2 Full 309-bp exon 3- 

f $ ; i g $ ; g  Mouse  Strain  Length  band  exon 3- exon 4- exon 4- 

DBN2  (CD72a)  70% <1yo 20% 5% 
c57L  (CD72a)  75% < I %  20% 5% 
BALB/c (CD72b) 20% 5% 25% <1% 40% 
C57BLf6 (CD72b)  20% 5% 25% <1% 40% 

343 - AKR (CD72') 75% <1% 10% 10% 
SIL (CD72') 75% <1% 10% 10% 

309 - 
271 - 
253 - 
228 - 

181 - 
FIGURE 8. Alternative  splicing  patterns of  mRNAs en- 
coded in exons 3 and 4. To analyze the alternative  usage of 
sequence encoded in exon 3 and  exon 4 of the CD72  gene, 
oligo 10 from  within  exon 5 and end-labeled oligo 9, which 
is located  at the immediate 3' end of exon  2,  were  used  for 
PCR analysis. Total RNA from  purified spleen B cells of the 
indicated  strain  was  reverse  transcribed  and  used  as a PCR 
template. PCR products  were  analyzed by electrophoresis  on 
a polyacrylamide  gel.  The marker lane is a sequencing reac- 
tion to  serve  as a size marker  and  only the G reaction is 
loaded. Lanes are labeled  according  to the template of origin. 
The control  lane is a PCR reaction  performed  identically  to 
all the others except that  no  template  was added. The num- 
bers in the left margin indicate the sizes of the bands  at the 
indicated  positions. 

(major) band from CD72', which represents sequences in- 
cluding neither of the two 21-bp insertions, should be 229 
bp. Our results in Figure 7 correspond to these predictions 
and are consistent with the results in Figures 4 and  6. 

Exon skipping in CD72 mRNA 

In addition to full-length cDNA clones, we isolated cDNA 
clones missing either 162 bp (nucleotides 223 to 384) or 
72 bp (nucleotides 223 to 294) from C57BW6 mice 
(CD72b) (20). Based on the genomic sequence, we  know 
that the first of these cDNAs lacks precisely the sequences 
from  both exon 3 (which encodes part of the cytoplasmic 
tail) and  exon 4 (which encodes the transmembrane do- 
main), whereas the second cDNA lacks the sequence from 
exon 3. We therefore questioned whether such exon-skip- 
ping events are unique to one CD72 allele or are general- 
izable.  We also questioned whether there might  be a form 
of mRNA lacking only the sequence from exon 4. We 

dThe autoradiograph  shown in Figrue 8A was scanned  using a CS300 
Transmittance/Reflectance Scanning  Densitometer (Hoefer Scientific  Instru- 
ment,  San  Francisco, CA). The  relative  integration  value is the  integration  value 
of  each  band  divided by the  total  integration  values of all bands  in  each  PCR 
reaction.  The  total relativevalue is less  than 100% because  the  total  integration 
value  includes  the  integration  value of nonspecific  bands. 

designed a PCR analysis using cDNA reverse transcribed 
from purified splenic B cells from six different strains as 
templates. Oligo 10, from within exon 5,  and end-labeled 
oligo 9, from within exon 2, were used as primers (Fig. 2 
and Materials and Methods). The PCR products were an- 
alyzed on a polyacrylamide gel. Theoretically, the full- 
length mRNA will generate a 343-bp PCR fragment; the 
exon 3- mRNA will yield a 271-bp band; the exon 4- 
mRNA will yield a 253-bp band  and the exon 3-4- 
mRNA will give rise to a 181-bp band. Figure 8 shows that 
all these bands are present. Because we have not previ- 
ously isolated an exon 4- cDNA clone, we proved  that the 
253-bp band indeed represents such a transcript by cutting 
it out, then eluting, subcloning, and sequencing the  DNA. 
As shown in Figure 8 and Table 11, the distribution of these 
alternatively spliced forms of CD72 mRNA varies accord- 
ing to the allele. In CD72a and CD72' strains of mice, the 
full-length mRNA (i.e., including sequence from  all  ex- 
ons) predominates. In these strains, there is very little of 
the exon 3- form (<1%), approximately 10 to 20%  of the 
mRNA is exon 4- and 5 to 10% of the mRNA is exon 
3-4-. In contrast, in CD72b strains only about 20% of the 
mRNA is full length, about 25% is exon 3-, less than 1% 
is exon 4- and 40% is exon 3-4-. We performed a similar 
PCR analysis using the same primers but  with cDNA re- 
verse transcribed from total spleen RNA, as opposed to 
purified B cells as templates. The results were identical to 
those in Figure 8 (data not  shown). 

In the analysis shown in Figure 8, an additional 309-bp 
band is present only in CD72b strains (Fig.  8).  When we 
performed a similar PCR analysis using as primers oligo 9 
from within exon 2 and oligo S1 from within exon 5,  but 
closer to the 5' end of exon 5 than oligo 10 (Fig. 2 and 
Materials and Methods), the four bands corresponding to 
full-length exon 3-, exon 4- and exon 3-4- forms were 
present. However, we did  not see a band corresponding to 
the 309-bp band mentioned above (our unpublished ob- 
servation). We tried to isolate the 309-bp fragment by run- 
ning the PCR products (using cold oligo 9 and oligo 10  as 
primers) on an 8% polyacrylamide gel but could not detect 
it, despite easy visualization of the bands representing all 
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the  other alternatively spliced transcripts. We  are  therefore 
unsure whether  the  309-bp band is nonspecific or whether 
it might represent another infrequent alternatively spliced 
form  with  the  unique  splicing  occurring within the se- 
quence of exon 5. 

Discussion 

We have isolated and sequenced the mouse CD72 gene from 
the L1.2 pre-B cell line (derived from C57L mice, CD72”). 
The genomic structure was further examined to delineate the 
functional regions of the protein, because introns frequently 
mark the boundaries of structural and functional domains. 
The CD72 gene consists of 9 exons spanning 6830 bp. We 
sequenced approximately 1 kb of 5’ flanking region of the 
CD72” gene (from C57L mice) and about 600 bp of 5’ flank- 
ing regions of the CD72 gene from CD72b (from C57BL/6 
mice) and CD72“ (from AKR mice). There is no obvious 
TATAA box in the 5’ flanking sequence of any of these three 
CD72 alleles. Similarly, we have  not  seen a TATAA box  in 
the 5’ flanking region of the human CD72 gene (H. Ying, 
I. von Hoegen, and J. R.  Parnes,  unpublished  results). We are 
currently performing transcription start site analysis as well 
as transient reporter gene expression assays to locate the  pro- 
moter of the CD72 gene. 

We also  demonstrate in this paper that alternative  splic- 
ing is an important facet of CD72 polymorphism. The al- 
ternative usage of two 3’ splice  sites at the intron 6/exon 
7  junction  site and the allele-specific usage of the distinct 
3’ splice  sites at the junction of intron 7/exon 8 both give 
rise to seven  amino  acids  insertion/deletions within the 
distal extracellular region of  the CD72 protein (residues 
271 to 360), the region that is the most polymorphic 
among  alleles  with respect to amino acid substitutions 
(20).  Alternative  splicing  often  generates  proteins  varying 
in specific domains,  thus  allowing  the fine modulation of 
protein  function (26, 27). Because we have isolated 
cDNAs with or without these insertion/deletions and have 
expressed these as surface  proteins in L cells  (20), we 
believe that these various mRNA forms result in expressed 
protein in B  cells.  Whether these insertion/deletions  mod- 
ify CD72 function in some  way  is still unknown. We have 
identified these alternative  mRNA  forms in mouse  splenic 
B  cells. We  do not yet know  whether the alternative splic- 
ing  events might be specific for distinct stages in B  cell 
development or activation. Notably, the polymorphism 
generated by these alternative  splicing  events  is localized 
to the most highly polymorphic region of the CD72 pro- 
tein. We have previously shown that the membrane  distal 
region (residues 271-361) of the extracellular  domain con- 
tains a large number of amino acid substitutions,  resulting 
in only 75 to 88%  amino acid identity in painvise  com- 
parisons among the CD72”, CD72b, and CD72“ alleles. In 

(residues 117-270) of the  extracellular domain (20). 
Whether  the high degree  polymorphism of the membrane 
distal region of the extracellular domain plays any role in 
the function of CD72 is unknown. 

In addition to alternative  splicing at the 5’ ends of exons 
7 and 8,  we also  show  here that alternative splicing can 
lead to forms of CD72 mRNA  lacking  sequence  from ex- 
ons 3 and/or 4. The full-length CD72  mRNA and the 
mRNA  species  lacking  sequence  from exon 3 (encoding 
part of the  cytoplasmic tail), exon  4  (encoding the trans- 
membrane domain), or both were detected by PCR from 
total spleen RNA (data not shown) and RNA  from purified 
splenic B cells (Fig. 8). Their distribution pattern is allele 
specific. The exon  skipping in each  case retains the protein 
coding  frame  (exon 3 is 72  bp and exon 4  is 90 bp). We 
have isolated cDNA clones  missing  the  sequence from 
exon 3 or from both exon 3 and exon 4. When transfected 
into L cells,  the  exon 3- cDNA generates  a protein prod- 
uct that can be detected on the cell surface using immu- 
nofluorescence staining  (W. H. Robinson and J. R. Parnes, 
unpublished observations).  No  surface expression is de- 
tected in L cells transfected with exon 3-4-  cDNA (W. H. 
Robinson, J.-F. Chang, and J. R. Parnes, unpublished ob- 
servations).  We  were also unable to detect CD72 protein in 
the  supernatant of L  cells transfected with the exon 3-4- 
cDNA (W. H. Robinson and J. R. Parnes, unpublished 
observations). However,  the exon 3-4- mRNA can be 
detected by RT-PCR in L cells transfected with exon 3-4- 
cDNA (H. Ying and J. R. Parnes, unpublished results). 
CD72 lacks an amino-terminal signal peptide and relies on 
its  transmembrane region (which  is encoded by exon  4 and 
represents the only  substantial  hydrophobic stretch of se- 
quence within the CD72 protein) to serve as a noncleaved 
signal peptide. Thus, it is unlikely that the exon 3-4- or 
exon  4-  forms of protein could be secreted or surface 
expressed.  We do not yet know whether the latter two 
forms of mRNA  encode intracellularly localized CD72 
protein and what the function of such forms of CD72 
might be. 
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