






in individual bands representing each PCR product was measured, 
expressed as a ratio to the signal derived from the coamplified c~- 
actin normalizing band and then the ratio was expressed as a per- 
centage of the level seen in mature B cells. For V,-D-J. rearrange- 
ment we have multiplied this value times the expected frequency 
of cells bearing rearrangements for the particular family to derive 
an estimate of the frequency of cells possessing a rearrangement. 
Each sample was separately amplified two-to-four times and sev- 
eral independently sorted samples of each cell phenotype were 
analyzed. 

Results and Discussion 

Gene Expression in B Lineage Fractions in BM 
TdT, A5, and Vprelg TdT mediates addition of nongerm- 

line encoded nucleotides at the V-D and D-J junctions of 
Ig H chain genes (6, 7). The presence of such N regions at 
junctions of H chains and absence (or rarity) from g L chain 
V-J junctions has been presumed to reflect the expression of 
TdT early in B cell differentiation and its absence in later stages 
where most L chain rearrangement is thought to occur. In 
agreement with this model, as shown in Fig. 2 and summa- 
rized in Fig. 3, we detect high expression of TdT in Fr. B 
and C, then absence of message (a 50-fold decrease) from small 
Pre-B cells (Ft. D). Two other genes, X5 and VpreB, also show 
a very similar expression pattern. The molecules encoded by 
these genes together form the "surrogate light chain" which 
is thought to play an important role in B cell differentiation 
before L chain gene rearrangement (11, 13). Indeed, the ex- 
pression of both genes is largely (by at least 10-fold) restricted 
to fractions before L chain rearrangement, the Pro-B cell stages. 
It is interesting to note that all three genes share a common 
promoter structure lacking the TATA element and bearing 
a motif recognized by the transcriptional activating protein 
LyF-1 (23), suggesting that these genes might be coregu- 
lated during early B cell differentiation. 

Rag-I and Rag-2. In contrast with the pattern seen for 
TdT, ~,5, and VpreB, the expression of two other genes, Rag-1 
and Rag-2, critical for both H and L chain rearrangement 
(8, 9), occurs at high levels in Pre B (Fr. D) as well as in 
Pro-B (Fr. B and C). This is expected since the bulk of L 
chain gene rearrangements are taking place in this latter frac- 
tion. Throughout these early B lineage fractions, we detect 
similar regulation of both Rag-1 and Rag-2, without either 
being expressed alone (Figs. 2 and 3). This is in contrast to 

B cell development in the chicken where Rag-2 alone is ex- 
pressed in a cell fraction thought to be undergoing gene con- 
version (24). We also continue to detect low levels of Rag-1 
and Rag-2 (5-10% of maximum) in immature (IgM + IgD-) 
B cells, but not in IgD + cells. We have not yet determined 
whether this lower level represents uniformly decreased ex- 
pression in all cells or continued high level in a small subset 
of the fraction. Nevertheless, this downregulation of recom- 
binase activating genes in immature B cells mirrors a similar 
finding in newly generated intrathymic T cells (25). Further- 
more, there is a report that crosslinking of surface Ig on cer- 
tain B cell lines that express Rag-1 and Rag-2 results in down- 
regulation of their expression (26). As with T cells, it will 
be interesting to test whether IgM crosslinking modulates 
the expression of Rag-1 and Rag-2 in normal cells in vitro. 

Mb-1 and Bcl-2. Finally, two additional genes show very 
different patterns of expression. Mb-1 is the gene encoding 
Ig-ot, one of the molecules associated with the Ig complex 
and critical for surface expression (10). We find that Mb-1 
expression is present from a very early stage of B cell differen- 
tiation, consistent with an earlier report (11). Curiously, Mb-1 
is expressed at high levels even before most cells have com- 
pleted a productive H chain rearrangement. In contrast, 
Bcl-2, thought to encode an antiapoptotic activity (14, 16, 
27), is present at high levels in the earliest fraction (Ft. A), 
but then at very low levels throughout the pathway, even 
through the immature B cell stage, and finally higher at the 
mature (IgD +) B cell stage reminiscent of the change in ex- 
pression of Bcl-2 during T cell development in the thymus 
(17). Although the reason for the low level of Bcl-2 expres- 
sion in immature B lineage cells and its increase in mature 
B cells is not established, there are several possible interpreta- 
tions based on the antiapoptotic activity of Bcl-2: (a) the large 
numbers of B lineage cells that fail to complete productive 
H and L chain rearrangements or that generate H/L chain 
combinations that do not pair well are fated to die apoptoti- 
cally in the BM; (b) autoreactive B cells are eliminated at this 
immature stage (28) and only afterwards is Bcl-2 upregulated; 
(c) mature B cells detected in the BM may represent a further 
selected population that has recirculated back after matura- 
tion (and concomitant Bcl-2 upregulation) in the peripheral 
lymphoid organs [29]); or (d) feedback regulation of export 
from the BM results in the apoptotic death of most emerging 
B cells once the spleen is stably populated in the adult. Fur- 
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Figure 1. Flow cytometry of BM showing sepa- 
ration of subsets. Four color combinations of re- 
agents specific for B220, IgM, IgD, CD43, HSA, 
and BP-1 are used to discriminate six fractions, la- 
beled Ft. A (the most immature) through Ft. F 
(the most mature). 
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Figure 3. Plot of RT-PCR results for gene expression in BM fractions. 
Error bars show standard deviation for four analyses from two different 
sets of sorted samples. Amplitude of message is reported relative to the 
maximum value obtained in the analyses. See Materials and Methods for 
details. 

Figure 2. Representative autoradiographs of RT-PCIL analysis of gene 
expression in the six BM B lineage fractions. 2-h exposure of 22 cycle 
amplifications. (Ft. A and B) Prepared by incubating BM cells with a com- 
bination of fluorescein (FL)-S7, PE-BP-1, PE-anti-IgM, biotin (BI)-30F1, 
and allophycocyanin (APC)-6B2, then sorted as S7*B220+30F1-BP - 
1 - IgM- and $7 + B220 + 30F1 + BP-1 - IgM-. (Ft. C) Prepared by staining 
BM cells first with FbS7, PE-anti-IgM, BI-30F1, and APC-6B2, sorting 
S7+B220+30F1+IgM - cells, then restaining with PE-BP-1 and sorting 
S7+B220+30F1*BP-1 + cells. (Ft. D-F) Prepared by staining with FL-S7, 
PE-anti-IgM, APC-anti-IgD, and BI-6B2 followed by TR-avidin, then 
sorting B220*S7-IgM-IgD -, B220+S7-IgM*IgD -, and B220+$7 - 
IgM+IgD § cells. 

ther investigation of the expression of Bcl-2 should help to 
decide between these alternatives. 

Ig Gene Rearrangement in B Lineage Fractions in BM 
Previously we described a "deletional" approach to deter- 

mine the status of Ig gene rearrangement in these B lineage 
fractions in BM (2). This technique used PCR to amplify 
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segments of DNA that are always deleted upon rearrange- 
ment regardless of which V., D, or J. is involved. A com- 
plementary technique used previously by others for inves- 
tigating Ig gene rearrangement takes a "generational" 
approach: amplify newly generated D-J., V.-DJ., or V~-JK 
segments that can be detected because rearrangement brings 
them close enough together to permit amplification (30, 31). 
The deletional PCR analysis has the advantage that it should 
detect any rearrangement comparably with no bias due to 
the particular V., D or J. involved in the rearrangement. 
However, any retention of excised DNA within the cell would 
serve to mask the onset of rearrangement, and inversional 
rearrangement, a feature of approximately half of K rearrange- 
ments (32), could be missed. The generational PCP. does 
not suffer from these disadvantages, but is subject to poten- 
tial biases in amplifying genes most homologous to the primers 
employed in the assay. 

D-J.. We utilized an oligonucleotide primer that can 
amplify 10/12 of the D segments to assess D-J. rearrange- 
ment (33). This primer together with a primer complemen- 
tary to a segment of DNA 3' of J.4 can amplify a ladder 
of rearranged bands. We reveal this amplified DNA ladder 
by hybridization with the pJ11 probe which preferentially 
detects rearrangements to J.1, J.2, and J.3 (there is little ho- 
mologous sequence for D-J.4 rearrangements). Furthermore, 
because of their size, it is likely that D-J.1 rearrangements 
are underrepresented. However, these caveats apply for all 
samples and so comparisons between fractions should yield 
relative rearrangement levels among the subsets. We also 
coamplified a fragment from the ~x-actin gene to permit con- 
trolling for variation in input DNA or amplification efficiency. 
A representative set of autoradiographs is shown in Fig. 4 
and the data are summarized in Fig. 5. 
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Figure 5. Plot of results of rearrangement assays for BM fractions. Error 
bars show standard deviation for three to five PCR analyses from two to 
three sorted samples of each subset. Values are reported relative to the level 
obtained with IgM+IgD - B cells in BM for D-J, and V,-J, rearrange- 
ment. For V.-DJ, rearrangement, we report the estimated frequency of 
cells in the fraction bearing 7183/Q52 or J558 rearrangements by mul- 
tiplying the relative intensity times the expected frequency of cells bearing 
such rearrangements in B cells. See Materials and Methods for details. 

Figure 4. Representative autoradiographs of PCR generational rear- 
rangement assays for five BM fractions and for nonlymphoid and splenic 
T cells as controls. B lineage cells were sorted as described in Fig. 2. Non- 
lymphoid cells were sorted as a B220- CD43 + fraction. T cells were sorted 
as CDS+B220-IgM - �9 

Using this approach we find that the maximal level of 
D-J. rearrangement is seen in Ft. B and C, the subsets that 
we reported previously as consisting largely of D-J. rear- 
ranged cells. It is reasonable that, as shown above, these frac- 
tions possess high levels of TdT, Rag-l, and Rag-2, impor- 
tant for rearrangement. Furthermore, we were able to detect 
some D-J. rearrangement in Fr. A, the earliest fraction ana- 
lyzed. The failure to previously detect this D-J. rearrange- 
ment by deletional analysis may be due to the persistence of 
deleted DNA fragments after initial rearrangement, masking 

some early rearrangement (34). Alternatively, all of this early 
D-JH rearrangement might be inversional, although H chain 
rearrangement is thought to occur exclusively by a deletional 
mechanism (35-37). Nevertheless, since the level of rearrange- 
ment we observed in Fr. A is also seen in splenic T cells (con- 
sistent with previous reports of some D-J, rearrangement in 
T cell lines; 38), whereas nonlymphoid cells are truly nega- 
tive, we favor the idea that this level of rearrangement occurs 
before the branch point between B and T lineage cells in a 
lymphoid progenitor. The levels of TdT, Rag-l, and Rag-2 
are all very low in Ft. A as compared with Ft. B. Thus, it 
will be interesting to compare the nature of D-J, rearrange- 
ments in Ft. A with those from Ft. B to determine whether 
such differences in gene expression affect the nature (such 
as D or J. usage, reading frame, levels of N addition) of the 
rearrangements. Curiously, the level of D-J, rearrangement 
as assessed by the generational assay appears to diminish as 
cells progress to the pre-B and latter stages. This decreased 
signal could be explained by lessened homology with the D 
primer as Vs-DJ. rearrangement becomes predominant in 
these latter fractions. 

V~-DJ,. V.-DJ. rearrangement was assessed by a gener- 
ational approach employing primers that amplify members 
of the 7183/Q52 (J-proximal) and J558 (J-distal) V gene fam- 
ilies. As described above, amplification together with a primer 
3' of J.4 will generate a ladder similar to that seen with the 
D-J amplification (Fig. 4). Interestingly, our results revealed 
differences in the accumulation of cells with J-proximal versus 
J-distal rearrangements. That is, the signal seen with a mix- 
ture of 7183 and Q52 primers appears in Ft. B and rapidly 
reaches (at Ft. C) the level seen in B cells. In contrast, the 
signal from the J558 primer appears in Ft. B at a low level 
and accumulates more slowly. These relative intensities can 
be converted into estimated frequencies by assuming that the 
levels of 7183/Q52 and J558 rearrangements are 20 and 60% 
in mature B cells, estimates based on analyses of Ig repertoire 
in cDNA libraries (39). Then, as shown in Fig. 5, 7183/Q52 
rearrangements account for 10% of Ft. B (50% level x 20% 
frequency) whereas J558 rearrangements account for 12% of 
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Ft. B (20% level x 60% frequency). Thus, in Ft. B, the ratio 
of J-distal 0558) to J-proximal (7183/Q52) rearrangements 
is about 1:1, whereas in mature B cells, it is about 3:1 (see 
Fig. 5). These data support earlier work (40-43) that sug- 
gested a preference for members of the J-proximal V gene 
families early in B cell development. Our results also imply 
that the "normalization" (i.e., increased representation ofJ558 
genes) occurs before the mature B cell stage and so does not 
simply reflect antigenic selection between the immature and 
mature B cell repertoires as was previously hypothesized (44). 

V,-J,. The onset of ~c L chain rearrangement was mea- 
sured by using a V, primer reported previously to amplify 
80% of s variable genes (31) together with a primer to.l,3, 
the nonfunctional joining segment. This allows detection of 
both J,1 and J,2 rearrangements with no penalty for am- 
plifying sequences that are too long (45). This analysis (Figs. 
4 and 5) showed that the bulk of ~ rearrangements occur 
in the CD43- fractions, in agreement with our earlier data. 
Unexpectedly, we could detect some K rearrangements very 
early (Ft. B). Levels seen in CD43 + fractions are low (10% 
of mature cells), but there is a clear onset of L chain rear- 
rangement simultaneous with V.-DJ. H chain rearrange- 
ment in some cells. Since we have demonstrated high level 
TdT expression in Ft. B and C, it will be interesting to deter- 
mine whether these early ~ rearrangements (in Fr. B and C) 
have greater N addition as compared with the more typical 

rearrangements (in Ft. D). 

Similarities and Differences in Cene Expression between Fetal 
and Adult B LyrnI~hopoiesis 

We have extended our analysis of gene expression to ask 
whether there are discernible differences in B lymphopoiesis 
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Figure 6. TdT is highly expressed in Pro-B fractions from BM, but 
absent from Pro-B cells of fetal liver (FetL). In contrast, X5, VpreB, Rag-l, 
and Rag-2 are expressed at comparable levels in both fractions. For fetal 
liver, Ft. B and C were not resolved. Error bars show standard deviation 
for two to three PCR analyses from two to three sorted samples of each 
subset. 

at distinct ontogenic timings, comparing phenotypically 
similar Pro-B cells isolated from fetal liver with those in adult 
BM (Fig. 6). As predicted from previous reports of dimin- 
ished N addition at the H chain junctions in fetally gener- 
ated B cells (18, 46), there is a complete absence of TdT ex- 
pression in Ft. B/C in day 16 gestation fetal liver. In contrast, 
the other genes examined, XS, VpreB, Rag-l, and Rag-2, are 
all expressed comparably, confirming our previous assignment 
of functional status with surface phenotype. 

Recently, another gene whose expression differs between 
fetal and adult development has been described, PLRLC (20), 
whose function may relate to the structural organization of 
the cell surface. This gene was shown to be expressed in early 
B and T lineage cells, but absent from more mature popula- 
tions. Further, it was undetectable in Abelson lines derived 
from fetal liver or IL-7 cultured fetal liver. Our analysis, shown 
in Fig. 7, confirms and extends the initial characterization 
by showing that PLRLC is largely restricted to the Pro-B 
cell stage (Ft. B in Fig. 7) of early B cell differentiation in 
BM and is completely absent from the corresponding frac- 
tion in fetal liver. These results demonstrate clearly that two 
otherwise very similar stages of B cell differentiation can differ 
strikingly in the expression certain genes, depending on on- 
togenic timing. 

Concluding Remarles 
Quantitative RT-PCR can be used to determine the levels 

of B lineage associated gene products during B cell differen- 
tiation. We feel that this approach is important because de- 
termining expression using transformed cell lines or lym- 
phomas selected as representative of stages in normal cell 
differentiation might easily misrepresent the regulated expres- 
sion of genes. Indeed, this appears to be true for X5/VpreB 
which are downregulated more rapidly in normal differenti- 
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Figure 7. PLRLC expression is maximal in Pro-B cells from BM, but 
absent from the corresponding fractions from fetal liver. Representative 
data from several analyses. 
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ation than has been reported to be the case from work with 
cell lines (47). Our data with normal cells supports our pre- 
viously proposed model of ordered B cell differentiation stages 
and reveals precise regulation of gene expression throughout 
this pathway. Furthermore, analysis of TdT expression permits 
correlation with the work of Park and Osmond (48) who 
have extensively characterized the population dynamics of BM 
B cell differentiation. Finally, our results with Bcl-2 expres- 
sion are particularly intriguing, providing evidence for its role 
in the maturation of B cells similar to that proposed in the 
T lineage. Results with Bcl-2 transgenic mice showing ex- 
panded populations of B lineage cells in these animals also 
support this idea (15, 49, 50). 

Our analysis of the status of Ig gene rearrangement in these 
fractions confirms the broad outlines of our previous assign- 
ments, but with a few notable differences that provide in- 
teresting points for further investigation. For example, al- 
though D-J, rearrangement may appear one stage earlier 
than previously detected, the cells in this fraction may repre- 
sent a largely uncommitted lymphoid progenitor population 
(pre-Pro-B cells), since comparable levels of D-J, rearrange- 
ment are also detected in T cells and since the levels of TdT 
and Rag-1. and Rag-2 are all very low compared with their 
expression in Pro-B cells. In addition, some V.-DJ, rear- 
rangement appears earlier than previously detected, but this 
is enriched for particular (J-proximal) gene families. Finally, 

the detection of some V~-J~ rearrangements very early in the 
pathway, in a fraction expressing high levels of TdT, provides 
impetus for determination of Ig H and L chain sequences 
at the single cell level. 

The detection of differences in expression of TdT and 
PLRLC in corresponding fractions depending on ontogenic 
timing is important in light of our previous finding that B 
cells with distinct phenotypes are generated from fetal and 
adult Pro-B cells in identical environments, suggesting a de- 
velopmental switch in B lymphopoiesis (19). Our data sug- 
gest that the majority of these fetally generated B cells will 
have reduced N addition (at least those generated at day 16 
of gestation) owing to the lack of TdT expression. Further- 
more, it is interesting to identify another difference between 
fetal and adult B cell precursors related to the structural or- 
ganization of the cell, but unrelated to Ig gene rearrange- 
ment, suggesting that numerous unrecognized differences be- 
tween fetal and adult B cell differentiation await further 
investigation. Based on analysis of enrichment for certain types 
of autoreactive Abs in the CD5 B cell subset, we proposed 
previously that fetal-derived B cells are positively selected based 
on germline encoded self-reactivity (51, 52), unlike adult- 
derived B cells. Thus, additional candidates for differential 
expression may include molecules involved in signal trans- 
duction. We believe our approach provides a useful method 
to continue this investigation. 
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