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Loss of an Igk Gene Enhancer in Mature B Cells Results in Rapid
Gene Silencing and Partial Reversible Dedifferentiation
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We address here whether there is cellular memory of a transcriptional enhancer once it has served its purpose to establish an
active chromatin state. We have previously shown that the mouse Igk gene’s downstream enhancers, E3’ and Ed, are essential
but play redundant roles for establishing transcriptional activity in the locus during B cell development. To determine whether
these enhancers are also necessary for the maintenance of transcriptional activity, we conditionally deleted E3’ in mature B cells
that possessed Ed~/~ alleles. Upon E3’ deletion, the locus became rapidly silenced and lost positive histone epigenetic marks,
and the mature B cells partially dedifferentiated, induced RAG-1 and -2 along with certain other pro-B cell makers, and then
redifferentiated after triggering Ig\ gene rearrangements. We conclude that the Igk gene’s downstream enhancers are essential
for both the establishment and maintenance of transcriptional activity and that there is no cellular memory of previous tran-
scriptional activity in this locus. Furthermore, upon enhancer loss, the mature B cells unexpectedly underwent reversible retro-
grade differentiation. This result establishes that receptor editing can occur in mature B cells and raises the possibility that this
may provide a tolerance mechanism for eliminating autoreactive B cells in the periphery.

During B cell development, the mouse IgH and IgL loci become
activated in a stepwise fashion for gene rearrangement (1).
The IgH gene rearranges first, by sequential D-J and then by
V-(D)] joining, leading to the pro- and pre-B cell stages of devel-
opment, respectively. The Igk locus undergoes rearrangement
next in pre-B cells, where a Vk gene is joined to a Jk region. If Igk
V-J joining is productively unsuccessful because of out-of-reading
frame recombination junctions, then the Ig\ locus becomes acti-
vated for rearrangement and expression, which in wild-type (WT)
mice accounts for production of only approximately 5% of the
total IgL chains (2).

In order to characterize chromatin structure-function rela-
tionships in a model system, research in our laboratory has fo-
cused on the mouse Igk locus because it offers the opportunity to
identify changes in chromatin structure that may precede gene
rearrangement and transcriptional activation during B lympho-
cyte differentiation, as well as to visualize chromatin remodeling
events that are linked to gene activation (reference 3 and refer-
ences therein). Rearrangement of the Igk locus deposits a Vk gene
carrying its own promoter into a chromatin domain containing
three powerful enhancers: an intronic enhancer (Ei) within the
transcription unit (4), and two enhancers downstream of the tran-
scription termination region, termed E3’ and Ed (3, 5). The results
of chromosome conformation capture experiments have revealed
that in activated B cells, the three enhancers exhibit all possible
pairwise interactions with themselves and rearranged Vk gene
promoters, with the looping out of the intervening DNA se-
quences (6). However, in unstimulated B cells, rearranged Vk
gene promoters only form complexes with either Ei or E3’, but not
with Ed. This results in a basal transcriptional state in the locus (7).

The functions of the Igk gene’s enhancers in B lymphocytes
have been previously studied by creating single or pairwise en-
hancer-targeted deletions. These experiments revealed that Ei and
E3’ each play quantitative roles in Igk gene rearrangement (8, 9),
while deletion of both Ei and E3’ eliminates rearrangement (10).
In addition, E3" and Ed each play quantitative roles in rearranged
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gene transcription (8, 11), while deletion of both E3” and Ed abol-
ishes Igk gene transcription (12). These results reveal that these
enhancers play partially overlapping compensatory roles in this
locus.

While it seems clear that enhancers are required to initiate an
active chromatin state, whether they are required continuously to
maintain the active state once established is an interesting ques-
tion (13). This question has been addressed in the human B-glo-
bin locus and mouse IgH gene by deleting these genes’ locus con-
trol region, intronic Ep or far downstream enhancers. The results
of these studies revealed that transcription ceased in each case
upon deletion of these enhancers (14-16). However, transformed
cell lines were used in each of these investigations, and many
rounds of DNA replication ensued after enhancer deletion before
the transcriptional consequences of such deletions were assayed.
Hence, the effects of enhancer deletion in the absence of ongoing
DNA replication in a setting that resembles the in vivo condition
more closely remains unresolved by these studies. In contrast,
when the E4p CD4 T cell enhancer was conditionally deleted in
mature CD4" T cells, CD4 expression was stably maintained
through several rounds of division, indicating that E4p was no
longer needed to maintain transcriptional activity (17). Here we
address whether the Igk gene’s downstream enhancers are neces-
sary for both the establishment and maintenance of transcription
in the locus. We took advantage of the observations that E3" and
Ed are essential for establishing transcriptional activity (12) but
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that B cell development and rearranged Igk gene transcription are
nearly normal in Ed™’~ mice (11) by conditionally deleting E3' in
vivo in mature B cells that possessed Ed ™/ alleles. We found that
the locus rapidly became silenced and lost positive epigenetic his-
tone marks upon E3’ deletion even in the absence of DNA repli-
cation, indicating that the downstream enhancers are required for
both the establishment and maintenance of transcriptional activ-
ity in this system. These results represent the first example dem-
onstrating that an enhancer’s continuous presence is essential in
vivo to maintain gene activity in nonreplicating chromatin.

Repeated rearrangements that alter the specificity of the B cell
receptor (BCR) to avoid autoreactivity are referred to as receptor
editing (18). It has been demonstrated that receptor editing is an
important mechanism for the maintenance of immune tolerance
at early stages of B cell ontogeny in the bone marrow. If a devel-
oping B cell expresses a BCR that recognizes an autoantigen, it
signals reexpression of the RAG-1 and -2 genes that triggers fur-
ther gene rearrangements. Receptor editing to produce nonauto-
reactive BCRs can be accomplished by repeated Vk rearrange-
ments and by inactivation of rearranged autoreactive Igk genes by
RS rearrangements, which leads to isotype switching (i.e., from k
to A light chains). Although continued receptor editing has been
reported also to occur in mature B cells, which in some cases has
been referred to as receptor revision (19, 20), some of these obser-
vations have been explained by the existence of immature B cells
in the periphery (21). Hence, whether receptor editing can occur
in mature B cells has remained controversial. Unexpectedly, how-
ever, the mature B cells possessing the lost enhancers studied here
partially dedifferentiated, induced RAG-1 and -2 along with cer-
tain other pro-B cell makers, and then redifferentiated after trig-
gering Ig\ gene rearrangements. These results reveal that contin-
ued receptor editing can occur in mature B cells and raise the
possibility that this may serve as one mechanism of peripheral
tolerance against autoantigens.

MATERIALS AND METHODS

Animal models. Tamoxifen-inducible Cre mice, named ROSA26CreER(T)
(22), were purchased from The Jackson Laboratory (stock no. 004847).
Mice bearing a CD23-Cre knocked-in gene were kindly provided by
Meinrad Busslinger of the Research Institute of Molecular Pathology, Vi-
enna, Austria (23). Ed™/~ mice were previously established in our labo-
ratory (11). Mice bearing loxP sites flanking E3’ and an Ed deletion
(E3"¥" Ed™/") were used to establish double enhancer knockout mice in
a previous study (12). In the present study, these mice were backcrossed
with CD23-Cre mice to obtain heterozygous E3'™* Ed~/* CD23-Cre
mice. Homozygous E3'™F Ed~/~ CD23-Cre mice were obtained by
breeding E3'"* Ed~/* with E3'¥* Ed~/* CD23-Cre mice. A similar
strategy was used to obtain E3'™F Ed™/~ ROSA26CreER(T) mice. All
mouse strains were used in accordance with protocols approved by the
University of Texas (UT) Southwestern Medical Center Institutional An-
imal Care and Use Committee (IACUC).

Flow cytometry. Single-cell suspensions were prepared from bone
marrow and spleens of 8- to 14-week-old mice. Samples were stained with
antibodies and analyzed using a FACSCalibur with CellQuest software
(BD Bioscience, San Diego, CA). For IgL isotype analysis, splenic cells
were first stained with anti-FcyII/IIT (catalog no. 553142BD; BD Biosci-
ence) (1 pg/ml) at 4°C for 30 min. After the cells were washed, they were
stained with anti-mouse Igk-PE (anti-mouse Igk conjugated to phyco-
erythrin) (catalog no. 559940; BD Bioscience) (0.4 pg/ml), anti-mouse
Ig\1-3-FITC (anti-mouse Igh1-3 conjugated to fluorescein isothiocya-
nate) (catalog no. 553434; BD Bioscience) (5 pg/ml), and anti-mouse
B220-PE-Cy5.5 (anti-mouse B220 conjugated to phycoerythrin and
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Cy5.5) (catalog no. 553092; BD Bioscience) (0.5 pg/ml) at 4°C for 30 min.
Allophycocyanin (APC)-conjugated antibody specific for p chain (cata-
log no. 550676; BD Bioscience) (1 pg/ml), 8 chain (catalog no. 17-5993;
eBioscience) (0.5 pg/ml), or B cell-activating factor receptor (BAFF-R)
(catalog no. 134105; Biolegend) (1 pg/ml) were used in four-color fluo-
rescence-activated cell sorting (FACS) to detect their expression on B220,
Igk, and Ig\ labeled cells. Other reagents used were as follows: anti-
CD43-PE (BD Bioscience), anti-CD25-APC (BD Bioscience), anti-A5-
biotin (BD Bioscience), anti-preBCR-biotin (BD Bioscience), streptavi-
din-APC (BD Bioscience), and Alexa Fluor 647-conjugated anti-VAX
monoclonal antibody (10C5) (originally from P. A. Cazenave [Pasteur
Institute, Paris, France] [24]) kindly provided by Martin Weigert (25).

Cell purification and culture. Splenic single-cell suspensions were
incubated with an optimal concentration of biotinylated anti-B220 (BD
Bioscience). Then magnetic activated cell sorting (MACS) MS separation
columns (Miltenyi Biotec, Auburn, CA) were used to obtain B cells.
B220" Igk™ Igh~, B220" Igk ™ Igh ™", and B220™ Igk ™ Igh ™~ B cells from
E3'¥F Ed™/~ CD23-Cre mice were sorted on a MoFlo machine (Dako
Cytomation, Carpinteria, CA). Sorted B220" Igk ™ Igh™ B cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), penicillin-streptomycin, L-glutamine, 50 mM (-mercaptoethanol,
and 66 ng/ml BAFF at 10° cells/ml for 24 h at 37°C.

Real-time PCR for transcript levels and VA-JA1 and RS rearrange-
ment assays. The primer sequences used in these assays are listed in Table
1. Total RNA was reverse transcribed into cDNA using the SuperScript
VILO cDNA synthesis kit (Invitrogen). Real-time PCR was performed
with primers specific for Igk, IgH, RAG-1, RAG-2, VpreB, \5, Pax-5, TdT,
BLIMP, and IL-7R. Transcript levels were calculated using the AC,
method and normalized to the cDNA levels of the mouse hypoxanthine-
guanine phosphoribosyltransferase (HPRT) gene. For VA-J\1 gene rear-
rangement assays in DNA isolated from purified cells, real-time PCR was
performed with the VA-f and V\-r primers (f stands for forward and r
stands for reverse) (26). For VRS rearrangement, VkD and RS101 primers
were used. For IRS rearrangement, real-time PCR was performed with
primers IRS-f and IRS-r. The RS rearrangement level in E3"" Ed ™/~
CD23-Cre Igh* was compared with those of E3'F Ed ™/~ Ig\™ cells in
which the RS rearrangement level was set at 100%. DNA levels were nor-
malized to the levels of a 3-actin genomic region.

ChIP assays. Chromatin immunoprecipitations (ChIPs) were per-
formed according to Millipore’s protocol with antibodies against acety-
lated histone H3 (catalog no. 06-599; Millipore, Billerica, MA), H3K4me3
(histone H3 with trimethylation of lysine 4) (catalog no. 9727; Cell Sig-
naling, Boston, MA), or H3K27me3 (histone H3 with trimethylation of
lysine 27) (catalog no. 07-449; Millipore). Results were quantitated by
real-time PCR, and the signals from IP samples were referenced to their
respective inputs to normalize for differences in primer efficiencies. A
degenerate Vk primer (VkD) and another primer, Jk1-2, which is located
between Jk1 and Jk2, were used to detect histone modification of rear-
ranged Vk-Jk1 genes. GAPDH was treated as a negative control, and its
enrichment fold was considered 1. The enrichment of every test fragment
was referenced to GAPDH. The real-time PCR assays were repeated two or
three times, and the results were averaged.

RESULTS

Overall experimental strategy. A rearranged, transcriptionally
active Igk locus in B cells possesses three powerful transcriptional
enhancers, Ei, E3’, and Ed, well downstream of Vk gene promot-
ers (Fig. 1A). We have shown previously that E3" and Ed are es-
sential for the establishment of Igk gene expression. In double
enhancer knockout mice, both germ line and rearranged Igk gene
transcription is completely shut off, and B cell development is
partially blocked at the pre-B cell stage (12). However, B cell de-
velopment and rearranged Igk gene transcription are nearly nor-
mal in Ed~/" mice, whose major defect is in T cell-dependent
stimulated transcription, which nevertheless is still about 70% of
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TABLE 1 Primers for real-time PCR assays

Gene or primer Primer sequence

Genes

HPRT 5'-GGGGGCTATAAGTTCTTTGC-3’
5'-TCCAACACTTCGAGAGGTCC-3’

Igr 5'-GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC-3’
5'-AGGACGCCATTTTGTCGTTCACT-3’

IgH 5'-CTGCCCAGCACCATTTCCTT-3’
5'-TCTGTGGTGAAGCCAGATTC-3’

RAG-1 5'-ATGGCTGCCTCCTTGCCGTCT-3"
5'-GTATCTCCGGCTGTGCCCGTC-3"

RAG-2 5'-ATGTCCCTGCAGATGGTAACA-3’
5"-TAAATCTTATCGGAAAGCTCA-3'

\5 5'-GGGTCTAGTGGATGGTGTCCACCACATAC-3'
5'-GAAGATTCTTTAAGGAAGGCAGGAACAGAGTG-3’

VpreB 5'-TCCTGCTCATGCTGCTGGCCTATCTCACAG-3'
5'-CAGAGATGCTCAGATACCCCAGGTTCCTGGTC-3’

TdT 5'-GTGGCTTCCACGCCTTATGACATCCGATTTCG-3’
5'-TCCCATGCATTCGATGAGCCAGGAGATGTC-3’

BLIMP 5'-GACTGGTTACAAGACTCTTCCTTACCCTCTG-3"
5'-GTGGGTCTTGAGATTGCTTGTGCTGCTAAATC-3'

IL-7R 5'-GCTCTGGGTAGAGCTTTCGCTATAGTTTTCTG-3'
5'-TGCAGCTTGTTAAGAGTTAGGCATTTCACTCG-3'

Primers

VN-f 5'-GCCATTTCCCAGGCTGTTGTGACTCAGG-3’

VN\-r 5'-ACTCACCTAGGACAGTCAGTTTGGTTCC-3’

Jk1-2 5'-GACAACGGAAGAAAGAGACTTTGGA-3’

VkD 5'-GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC-3’

RS101 5'-ACATGGAAGTTTTCCTGGGAGAATAT-3’

IRS-f 5'-ATGTGAACCCCCGCGGTAGCAT-3’

IRS-r 5'-GGAACATGGAAGTTTTCCTGGGAG-3’

the level of WT mice (11). Therefore, to determine whether E3’
and Ed are also necessary for the maintenance of transcriptional
activity, we developed experimental systems to investigate the ef-
fects of deleting E3’ in cells that possessed Ed /™ alleles. For this
purpose, we took advantage of a targeted, germ line-transmittable
Igk locus that we had previously created through bacterial artifi-
cial chromosome (BAC) recombineering and site-directed inte-
gration technology (12). Unlike the endogenous locus (Fig. 1B),
the targeted allele possessed E3" and a Neo gene each flanked by
LoxP sites, with Ed replaced by a Puro gene flanked by Flp recom-
bination target (Frt) sites (Fig. 1C). After the appropriate breeding
with Flp-expressing mice (27), we obtained a mouse strain with a
floxed E3' element in which Ed had been deleted, termed E3"*F
Ed ™/~ (Fig. 1D). Although these mice still possessed a Neo gene
downstream of E3’, we found that this Neo gene had no significant
deleterious effects on B cell development, Igk gene rearrangement,
or rearranged Igk gene transcription levels (see below). As shown
in Fig. 1E, we developed three distinct animal models for the stud-
ies reported here by breeding these E3'" Ed™/~ mice with either
germ line-expressing Cre mice (28) or with tamoxifen-inducible
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Cre mice (22) or with mice specifically expressing Cre in mature B
cells (23). Successful deletion of E3" in each of these cases gener-
ates E3' /7 Ed™/~ mice, which have single LoxP and Frt sites in
place of E3" and Ed, respectively (Fig. 1F). The control Southern
blotting experiments shown in Fig. 1G establish that both the
LoxP- and Frt-flanked enhancers are efficiently deleted from the
appropriate alleles upon exposure to the appropriate recombi-
nases in the germ line. However, the goals of our experiments to be
described below are to delete E3' from E3'"F Ed /™ alleles after
the locus has been established to become transcriptionally active
and to test the outcomes of such events.

Inducible enhancer deletion results in loss of Igk gene ex-
pression and positive epigenetic histone marks in mature B
cells. As our initial approach to test for the importance of the Igk
gene’s downstream enhancers on continued gene expression fol-
lowing their deletion, we bred E3'¥F Ed™/™ mice with those har-
boring a tamoxifen-inducible Cre [ROSA26CreER(T) (22)] to ob-
tain a homozygous E3'"" Ed™/~ ROSA26CreER(T) line. It is
known that the lifetime of splenic mature B cells can be from
several weeks to months (29), so we sought to delete E3’ in such
nonreplicating mature B cells for the subsequent analysis of Igk
gene expression in these cells. We reasoned that if the enhancer’s
function is memorized, mature B cells that lost E3" should still be
able to express Igk on their cell surface. These mice were treated
with tamoxifen for two consecutive days, and Igk gene expression
on splenic B cells was analyzed by FACS. As shown in Fig. 2A
(bottom panels), after exposure to tamoxifen, the percentages of
Igk ™ B cells dropped dramatically with time, and only 8% of the
splenic cells were Igk * B cells by day 7. Moreover, such treatment
did not affect expression in control genetic lines, nor did it change
B cell populations in the splenic B cells of WT mice (Fig. 2A, top
panels). Southern blotting revealed that more than 90% of mature
B cells and bone marrow cells had lost E3" 5 days after initial Cre
induction (Fig. 2B). We also analyzed Igk mRNA levels by real-
time PCR assays and found that Igk gene expression was signifi-
cantly reduced upon E3’ deletion after tamoxifen injection rela-
tive to expression in controls (Fig. 2C). In addition, the size of the
spleen and total B cell splenic cell number were significantly re-
duced upon E3’ deletion even after 3 days of initial Cre induction
relative to controls (Fig. 2D). It is known that BCR signaling is
required for survival of mature B cells (30). Hence, loss of Igk gene
expression leads to cell death in the spleen. We conclude that the Igk
gene’s downstream enhancers are not only essential for the establish-
ment of locus transcriptional activity, but they are also required for its
maintenance even in the absence of DNA replication.

Because epigenetic histone posttranslational modifications are
associated with enhancer function (17), we isolated splenic B cells
at different times after initial Cre induction and measured by ChIP
assays the levels of the positive histone marks H3Ac (histone H3
acetylation) and H3K4me3, and the negative histone mark
H3K27me3, which were associated with rearranged Vk gene pro-
moters and the 5’ segments of their corresponding transcription
units. For this purpose, we utilized a degenerate PCR assay to
amplify Vk-Jk1 regions in ChIPed samples. Five days after initial
Cre induction, H3Ac and H3K4me3 levels in Vk-Jk1 regions were
20% and 40%, respectively, compared to the levels on day 0, while
H3K27me3 levels remained unchanged (Fig. 2E). No changes in
these modifications were observed in controls (Fig. 2E). We con-
clude that the continued presence of an essential downstream en-
hancer is required not only for the maintenance of Igk gene ex-
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FIG 1 Strategy for creating and testing conditional E3' '~ Ed~/~ knockout mice. (A) Schematic diagram depicting a rearranged Igk locus. The coordinates of Ei, E3’,
Ed, and HS10 in the NCDI37/mm9 mouse chromosome 6 sequence are 70,675,570 to 70,676,084, 70,685,250 to 70,686,058, 70,693,704 to 70,694,944, and 70,713,758 to
70,715,084, respectively. MEi, T, and Rpia correspond to the matrix association region intronic enhancer element, the transcription termination region, and the ribose
5’-phosphate isomerase gene, respectively. The bracket below the schematic diagram demarcates the relevant region targeted in these studies. (B) Endogenous Igk locus
segment possessing E3” and Ed. The positions of probes A and B are indicated by small black boxes above the map. BamHI restriction sites (B) are indicated below the
map. (C) Targeted allele of the Igk locus. The targeting construct was made using BAC recombineering as previously described (12). E3’ was replaced with a Neo™ E3’
cassette flanked by loxP sites, and Ed was replaced with a Puro gene flanked by Frt sites. (D) The Puro gene was deleted by breeding the mice with a Flp-expressing strain
(28) to obtain E3’" Ed ™ mice. It should be emphasized that despite the fact that the Neo gene is still present adjacent to E3” in this conditional allele, B cell development
and transcription of rearranged Igk genes are very similar to those in Ed ™/~ mice (see Fig. 2A, top panels). (E) Experimental strategy used to delete E3” in the mouse germ
line (left segment of the flow chart), in any cell type upon tamoxifen treatment (middle segment of the flow chart), or specifically in mature B cells (right segment of the
flow chart). (F) Structure of the conditional allele after deletion of E3" by expressing Cre recombinase. (G) Southern blotting of BamHI-digested mouse tail DNA. The
mouse genotypes studied are indicated above the lanes. The locations of probes A and B are shown above the map in panel F. The left blot demonstrates as a control that
the E3"*F allele is successfully deleted upon breeding such mice with mice expressing Cre recombinase in the germ line (27). The right blot demonstrates that the Puro
gene was successfully deleted upon breeding mice with mice expressing Frt recombinase in the germ line (28).

pression but also for the maintenance of positive epigenetic
marks.

Confirmation that an essential enhancer in the Igk locus is
indispensable for continued Igk gene expression. To confirm
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and extend the above results by another approach, we then bred
E3'¥F Ed™’~ mice with CD23-Cre mice, which express the Cre
gene at the mature B cell stage (23). To evaluate the effects of E3’
deletion on B cell populations expressing surface Igk chains, we
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FIG 2 E3’ and Ed are required for Igk gene expression in splenic B cells of conditional E3"** Ed™/~ mice harboring a tamoxifen-inducible Cre. Mice were
injected with tamoxifen (2 mg/mouse/day at day 0 and day 1, consecutively). Samples were taken at day 0 before injection and at the indicated days thereafter.
(A) Analysis of Igk " or Ig\ ™ splenic B cells of E3'** Ed ™/~ ROSA26CreER(T) mice before (day 0) or 3, 5, or 7 days after tamoxifen injection (bottom panels).
Igk™ or Ig\™ splenic B cells of control E3'¥¥ Ed™'~ or Ed~/~ ROSA26CreER(T) mice were also analyzed after 7 days of tamoxifen injection, as well as Igk ™
expression in WT ROSA26CreER(T) mice in spleen (SP) and bone marrow (BM) before (day 0) or 5 days after tamoxifen injection (top panels). Data are
representative of independent FACS analyses from at least 4 mice. (B) Southern blotting was performed to assay for the loss of E3” in both spleen (SP) and bone
marrow (BM) before or 5 days after tamoxifen (Tamo) injection. (C) Splenic B cells (B220™) were isolated from E3'"* Ed~/~ ROSA26CreER(T) mice at the
indicated times after tamoxifen injection, and real-time PCR assays were performed to measure the levels of Igk gene transcripts. Splenic B cells from WT mice,
control E3""FEd~/~, or Ed~/~ ROSA26CreER(T) mice were analyzed similarly. (D) Total splenic B cell numbers in the indicated genetic lines of mice before or
after tamoxifen injection. Double asterisks in panels C and D indicate P < 0.01 with respect to a comparison with E3'¥F Ed™/~ mice (Student’s t test). (E) Splenic
B cells (B220™) were isolated from E3"*F Ed ™/~ ROSA26CreER(T) or control Ed ™/~ ROSA26CreER(T) mice at the indicated times after tamoxifen injection, and
real-time PCR ChIP assays were performed to measure the levels of H3Ac, H3K4me3, and H3K27me3 in rearranged Vk-Jk1 regions. Fold enrichment refers to
the sequence abundance in the immunoprecipitated sample divided by the corresponding sequence abundance in input DNA relative to a control GAPDH gene.
Data are presented as means plus standard deviations (SD) (error bars) (for H3Ac, n = 3, day 0 versus day3, P < 0.01 [#*]; for H3K4me3, day 0 versus day 5, P <
0.05 [*]). There are no statistically significant differences for H3K27me3 levels in the different samples. P values were determined by one-way analysis of variance
(ANOVA) using SPSS 11.5 software.

compared the FACS patterns of B cells from the spleens and bone
marrow of WT, CD23-Cre, Ed™'~, Ed~'~ CD23-Cre, E3'""
Ed™’", or E3'"F Ed™/~ CD23-Cre mice with those from E3' '~
Ed™’~ mice. As shown in Fig. 3A, mature splenic B cells from
E3'"F Ed™’~ CD23-Cre mice exhibit greatly reduced Igk gene
expression compared to that of WT, CD23-Cre, Ed~’~, Ed™/~
CD23-Cre, or E3'"F Ed™/~ control mice, while as expected, Igk *
B cells were absent in samples from E3’~/~ Ed™’~ mice. However,
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in bone marrow, the numbers of Igk ™ B cells were very similar in
samples from E3'"" Ed™/~ or E3'"" Ed™/~ CD23-Cre mice
(Fig. 3A). We measured the efficiency of E3’ deletion in E3'™"
Ed~/~ CD23-Cre mice by Southern blotting. The Cre activity was
specific to splenic cells and not expressed in bone marrow, as we did
not find significant deletion of E3’ in bone marrow B cells, whereas
approximately 80% of the Igk alleles of splenic B cells lacked E3’
(Fig. 3B). As expected, deletion of E3" in Igk ™~ B cells was com-
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plete, but purified Igk * B cells from E3'™F Ed~/~ CD23-Cre mice
still harbored one undeleted E3'F allele (Fig. 3B). The total num-
ber of B cells in the spleen was moderately reduced in E3'FEd ™/~
CD23-Cre mice compared to controls (Fig. 3C). We also found
that the number of Igh * splenic B cells in E3'* Ed~/~ CD23-Cre
mice was significantly greater than that of control mice and very
close to that observed in E3' ~/~ Ed ™/~ mice (Fig. 3D), whereas the
numbers of Ig\ ™ B cells in the bone marrow were very similar in
these mouse lines (Fig. 3D). To confirm that the loss of Igk gene
expression occurred in mature B cells, but not in the bone marrow
of E3""F Ed ™/~ CD23-Cre mice, FACS analysis was performed to
examine markers of early B cell development. As shown in Fig. 3E,
the amounts of immature B (B220"" IgM™), pre-B (B220™"
CD257), and pro-B (B220" C-Kit™) cells in the bone marrow in
E3'"FEd™/~ CD23-Cre mice and control mice were identical. In
agreement with our previous findings, samples from E3'~/~
Ed™/~ mice exhibited increased numbers of pre-B (B220"
CD25™) cells (Fig. 3E) (12).

Diminished Igk gene expression in mature B cells generates
pro-B-like cells in the periphery. Interestingly, we have found
that the loss of E3' not only results in diminished expression of the
Igk gene in mature B cells, but it also generates a significant pop-
ulation of Igk~ Ig\™ B cells. As shown in Fig. 4A, the number of
Igk ~ Ig\~ Bcells is much greater in E3"** Ed '~ CD23-Cre mice
than in WT, CD23-Cre, Ed™/~, Ed™/~ CD23-Cre, and control
E3'"F Ed™’~ mice. It has been reported that a small number of
splenic B cells can express IghX, which is not detectable by the
IgAh1,2,3 antibodies that we used in our above FACS assays (25).
Therefore, we assayed for Igh\X expression by FACS with a mono-
clonal antibody specific for this Ig\ subtype and found no differ-
ences in IgAX expression between splenic B cells from WT, Ed '~
CD23-Cre, E3"™F Ed /", or E3'™F Ed "/~ CD23-Cre mice (Fig. 4B),
demonstrating that Igk ~ Ig\™ B cells from E3'"" Ed™'~ CD23-
Cre mice indeed do not express any IgL on their cell surface.
Next, we sorted these double negative and single positive B cells
from E3'"F Ed~/~ CD23-Cre mice and analyzed selected gene
transcript levels by real-time PCR. Unlike the single positive
groups, these double negative B cells expressed significantly
increased levels of RAG-1 and -2, and other transcripts that are
characteristically expressed in pro-B cells, such as VpreB, \5,
TdT,and IL-7R (Fig. 4C). Comparison of these transcript levels
with those of isolated pro-B cells from WT mice, however,
revealed that RAG-1 and -2 levels were 8- to 10-fold higher in
normal pro-B cells than in these double negative cells; whether
this is because such cells are heterogeneous and only 10% of the
population expresses the RAG genes at normal pro-B cell levels
remains to be determined. In addition, although Igk ™ Ig\™ B
cells express surrogate light chain gene transcripts, we did not
detect by FACS increased surface expression of CD43, CD25,
interleukin 7 receptor (IL-7R), pre-BCR, or A5, compared to
Igk™ Igh™ or Igk ™ Igh™ cells from the same mice (Fig. 4D).
However, the Igk™ Ig\™ B cells expressed on their cell surface
significant but lower levels of . and 8 chains compared to their
counterpart groups, indicating that these cells arose from ma-
ture B cells, and not from immature B cells or pre-B cells (Fig.
4E). The continued expression of w and 8 chains in the absence
of IgL chains is surprising but not unprecedented (reference 31
and references therein). We also found that the expression level
of BAFF-R was comparable among all four groups, which is
another marker expressed on mature B cells (Fig. 4E). We con-
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clude that mature B cells from E3'"/F Ed ™/~ CD23-Cre mice par-
tially dedifferentiate upon loss of Igk gene expression.

In vivo evidence that Ig\ genes rearrange in B220" Igk™
Ig\~ splenic cells of E3'*F Ed~/~ CD23-Cre mice. We found that
Ig\ expression is increased in splenic cells, but not bone marrow
cells, from E3""F Ed ™/~ CD23-Cre mice compared to the levels in
control mice (Fig. 3D). Because Igk ™ Ig\™ B cells from E3'"F
Ed~/~ CD23-Cre mice expressed RAG-1 and -2 (Fig. 4C), we hy-
pothesized that these cells might be able to initiate new rearrange-
ments in Ig\ genes. If they successfully rearrange and express Ig\,
they may survive because of the restored BCR on their cell surface,
and they may represent the origin of increased Ig\ expression in
the spleen. However, we needed to rule out the possibility that the
increased number of Ig\™ B cells might be from expansion of
marginal zone B cells as has been reported previously in an animal
model of autoimmunity (32). Importantly, as shown in Fig. 5A,
we did not find differences in the populations of marginal zone
(CD21"e" CD23'Y) and follicular B cells (CD21°% CD23"#") in
the spleens of WT, Ed™’~ CD23-Cre, or E3'¥F Ed™/~ or E3'"/F
Ed~/~ CD23-Cre mice.

To gain support for the hypothesis that Igk ™ Igh™ cells gave
rise to Igk ~ Ig\ ™ cells, we isolated Igk ¥ Tgh ~, Igk ™ Ig\ ™, and Igk ™
Ig\™ B cells from the spleens of E3'*F Ed ™/~ CD23-Cre mice and
measured the levels of VA-J\1 gene rearrangement products by
real-time PCR. As expected, we found high levels of VA-J\1 gene
rearrangement in Igk ~ Ig\ ™ control cells from both WT or E3'*F
Ed~/~ CD23-Cre mice (Fig. 5B). The level of VA-J\1 rearrange-
ment in the Igk™ Igh™ cell population was quiet low but was
significantly increased in Igk~ Ig\™ cells (Fig. 5B). Thus, some
Igk™ Ig\™ cells had already completed Ig\ gene rearrangement
but apparently had not yet successfully switched from Igk to Igh
expression. In addition, because TdT is expressed in the Igk ™ Ig\ ™~
B cells and is known to be responsible for inserting non-germ line
nucleotides (N regions) between V(D)] junctions during the nor-
mal pro-B cell stage of development (33), we assayed for the pres-
ence of N regions in VA-J\1 junctions after cloning and sequenc-
ing PCR products. We found that 1/40 clones of Ig\™ splenic B
cells from control WT mice exhibited N regions, whereas 5/40
clones of Ig\™ splenic B cells from E3"*" Ed~/~ CD23-Cre mice
exhibited N regions. This increase in the occurrence of N regions
in the mutant mice is consistent with the interconversion of Igk
Igh~ cells to Igk ™ Igh™ cells in these animals during their expres-
sion of RAG-1 and -2 and TdT.

During early B cell development in bone marrow, if pre-B cells
express autoreactive BCRs or fail to express functionally rear-
ranged Igk genes, these Igk alleles are inactivated by RS rearrange-
ment, and Ig\ gene rearrangement is initiated (34, 35). Hence,
most Ig\ ™ B cells in healthy mice carry RS rearrangements (refer-
ence 2 and references therein). Using RS rearrangement as an
indicator of bone marrow-derived Igh ™ B cells, we employed real-
time PCR assays to compare RS rearrangement levels in splenic
Igk~ Igh™ B cells between E3'"F Ed~/~ CD23-Cre and E3'"F
Ed™’" control mice (Fig. 5C). We found significantly lower levels
of RS rearrangement in B220" Igk ™ Ig\™ cells in E3'"F Ed~/~
CD23-Cre mice compared with the counterparts from E3'"F
Ed~’~ mice. These results provide evidence that the switch from
Igk to Ig\ gene expression in the E3'"" Ed™/~ CD23-Cre mouse
animal model occurs primarily in peripheral mature B cells and
not before cells leave the bone marrow.
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FIG 4 IgL double negative mature B cells from E3'*¥ Ed~/~ CD23-Cre mice express pro-B cell markers. (A) Three-color FACS analysis was performed to
measure the B220, Igk, and Ig\ expression in splenic cells from the indicated genetic lines of mice. Shown are Igk and Ig\ expression in gated B220™" cells. Data
are representative of independent FACS analyses from at least 4 mice of each genotype. (B) The expression of Ig\X in splenic B cells from WT, Ed ™/~ CD23-Cre,
or E3'¥FEd™/~ or E3'"FEd™/~ CD23-Cre mice was analyzed by FACS. Data are representative of independent FACS analyses from 3 mice of each genotype. (C)
B220" Igk* Igh ™, B220" Igk ™ Ig\™, and B220" Igk ™ Ig\~ B cells from E3'™F Ed ™/~ CD23-Cre mice were sorted by FACS. Real-time PCR was performed to
measure expression of the indicated transcript levels. Data are normalized to the levels in B220™ Igk ™ Ig\ ™ cells taken as 1.0 and are presented as means plus SD
(P <0.05#and P < 0.01 #* compared to the value for B220 " Igk " Ig\ ™ cells [n = 3]). (D) The expression of other early B cell markers on Igk ™ Igh ™, Igk " Ig\
and Igk ™~ Igh™ B cells in the spleens of E3'¥/F Ed~/~CD23-Cre mice were analyzed with FACS. Max, maximum. (E) Four-color FACS analysis was performed to
measure the expression of w chain, § chain, and BAFF-R in the indicated single or double negative IgL groups of B220™ splenic cells of E3'* Ed~’~ CD23-Cre
mice. For a control, expression in B220" Igk " Igh ™ B cells from W'T mice is also shown. Data are representative of four independent FACS analyses. Shaded areas
represent isotype control staining.

In vitro evidence that Ig\ genes rearrange in B220" Igk™
Ig\~ splenic cells of E3'"F Ed™/~ CD23-Cre mice. To address
further our hypothesis that Igk ™~ Ig\ ™~ cells can give rise to Igk ™~
Ig)\Jr cells in E3'"F Ed™/~ CD23-Cre mice, we determined
whether such an interconversion could be triggered ex vivo. For

BAFF. After 24 h of culture, live cells could be easily distinguished
by their forward light scatter (FSC) and side light scatter (SSC)
based on the 7-amino-actinomycin D (7-AAD) staining of dead
cells (Fig. 6, top panel). We found that the live cells still expressed
normal levels of B220 after 24 h of culture (Fig. 6, middle panels).

this purpose, we isolated the Igk ™~ Ig\~ cells from the spleens of
E3""FEd~/~ CD23-Cre mice and cultured them in the presence of
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We analyzed cell surface Igk and Ig\ levels in these B220*-gated
cells and found that 12.1% = 3.6% (n = 3) of the cultured live cells
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FIG 5 In vivo rearrangement of Ig\ genes in B220" Igk ™ Ig\ ™ splenic cells of
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WT, Ed~/~ CD23-Cre, or E3'*¥ Ed™/~ or E3'"¥ Ed~/~ CD23-Cre mice was
analyzed by FACS. (B) B220" Igx " Ig\ ™, B220" Igk ™ Igh~, and B220™" Igk
Ig\ ™" splenic B cells from E3'"" Ed ™'~ CD23-Cre mice were sorted by FACS,
and real-time PCR was performed to assay for VA-J\1 gene rearrangements in
purified DNA samples. B220™ Igk “Igh ™ splenic B cells from WT mice were
used as control. Data are presented as means plus SD (P < 0.01 ##* compared
to Igk " Igh™ or Igk ™ Ig\™ cells [n = 3]). (C) B220" Igk ™ Ig\™ splenic cells
were isolated from E3'¥F Ed™/~ or E3’"F Ed™/~ CD23-Cre mice, and real-
time PCR assays were used to measure the indicated two types of RS rearrange-
ment in Igk gene alleles. Data are presented as means plus SD (, P < 0.05
refers to differences between E3'"" Ed™/~ and E3'"F Ed ™/~ CD23-Cre sam-
ples [n = 3]).

expressed Ig\ (Fig. 6, bottom panel). Significantly, we found a
high frequency of N regions, 14/58, in the Igk ~ Ig\ ™~ cells cultured
for 24 h. However, 87% of the Ig\ rearrangement products were
out of frame, thus providing an explanation of why most of these
cells did not express Ig\. In contrast, we found that 70% of the Igh
rearrangement products in WT Igh\™ B cells were functionally
rearranged. In conclusion, we have evidence from both in vivo and
in vitro experiments that strongly support our hypothesis that
Igk ™ Igh~ cells give rise to Igk ~ Ig\ ™ cells in E3'F Ed ™/~ CD23-
Cre mice.

DISCUSSION

The results presented here demonstrate that essential downstream
enhancers are indispensable for continued Igk gene expression in
mature B cells in vivo in nonreplicating chromatin and that the Igk
gene activity established at the immature B cell stage does not
exhibit cellular memory after E3’ deletion. The Igk gene is a highly
complex locus spanning 3.2 Mb on mouse chromosome 6, and
our previous studies have indicated that during its active tran-
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FIG 6 Ex vivo rearrangement of Ig\ genes in B220™ Igk ™ Ig\ ™~ splenic cells of
E3'F Ed~/~ CD23-Cre mice. (Top) B220™ Igk ™ Igh~ splenic B cells from
E3'¥F Ed~/~ CD23-Cre mice were isolated with high purity through FACS
sorting (0 h). After culturing for 24 h in the presence of BAFF (66 ng/ml),
around 40% of the cells remained viable based on their FSC and SSC patterns
as assayed by FACS or 7-AAD staining (R1 components). (Middle) Surface
expression of B220 of unsorted cells and in R1 gate-sorted cells (0 h) or cells
cultured for 24 h was analyzed. (Bottom) Igk and Ig\ expression in R3-gated
cells was assayed by FACS, and data are representative of three independent
experiments.

scription, looping occurs between E3’ and rearranged Vk gene
promoters (6, 7). Such looping may be required for continuous
gene expression, and disruption of such looping may result in
quite rapid gene silencing. Furthermore, we found that the con-
tinued presence of E3’ was required for maintaining epigenetic
modifications in the Igk gene.

BCR signaling is required for survival of mature B cells, be-
cause ablation of either Ig heavy chain or Iga/p heterodimer ex-
pression results in massive B cell death in the periphery (30, 36).
However, engineered repression of Ig light chain expression in a
mouse model showed that light chains are not required for expres-
sion of Ig heavy chains or cell survival (31). Here, we showed that
loss of Igk gene expression upon tamoxifen-induced enhancer
deletion resulted in significant cell death of the mature B cell pop-
ulation. In marked contrast, we observed the persistence of B cells
after E3' deletion in the CD23-Cre model. We believe that the
explanation for this apparent discrepancy is that B cells are con-
tinually being supplied from the bone marrow in CD23 mice and
that interconversion of Igk * Ig\ ™ cells to Igk ™ Ig\~ and then to
Igk ™ Igh™ cells allows the trace of these “edited” Ig\™ cells to be
continually generated, which would be expected to accumulate
over time since mature B cells have long lifetimes (29).

Surprisingly, by staining with specific antibodies, we detected
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substantial levels of w and & chains on the surfaces of the Igk ™
Ig\™ B cells, indicating that Ig heavy chains can be expressed in the
absence of Ig light chains as reported previously (31). While Shaf-
fer and Schlissel (37) reported that truncated heavy chains, but not
their full-length counterparts, can be expressed on the surfaces of
pro-B cells in the absence of surrogate light chain expression, a
later study showed that such surface expression did not require
expression of surrogate light chains. Both studies used p chain
transgenic mice (38). Our results support the proposal that at least
some endogenous heavy chains can be expressed in the absence of
light chains in engineered mature B cells. Although the average
level of p chain expression was reduced in the Igk ~ Igh™ B cells
compared to the Igk ™ Ig\ ™ or Igk ™ Ig\™ B cells, the remaining p.
chain might mimic BCR signaling and suppress cell death until
cells can successfully rearrange and express their Ig\ genes.
Repeated V(D)] rearrangement can occur in immature B cells
in the bone marrow and in germinal center B cells in the periph-
ery; these two events are accompanied by waves of RAG reexpres-
sion and have been termed receptor editing and receptor revision,
respectively (39). Receptor editing occurs in immature B cells that
have migrated to the periphery (40, 41) and in germinal center B
cells developing responses to specific model antigens (19, 42, 43).
The observation that Igk~ Igh~ B cells redifferentiate into Igk
Igh\™ B cells in the spleens of E3'™F Ed™/~ CD23-Cre mice is
surprising and suggests that receptor editing is not limited to im-
mature B cells but can be induced in mature B cells as well. It has
been thought that most autoreactive B cells are silenced by anergy
and are unresponsive to antigen stimulation in the periphery (44).
We propose that mature B cells retain the ability to edit their BCRs
in peripheral tissues, thus providing an alternative mechanism for
B cell tolerance. In the future, one way to address the relative
importance of receptor revision versus editing would be to create
conditional RAG knockout mice separately with mature B cells
and germinal center B cells and test whether abrogation of periph-
eral receptor editing and receptor revision breaks B cell tolerance.
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