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Methylation of an Immediate-Early Inducible 
Gene as a Mechanism for B Cell Tolerance Induction 

Stage-specific gene regulation is important in determining cell function during 
development. Immature B cells expressing membrane-bound immunoglobulin M 
(mIgM) are sensitive to antigen-induced tolerance, whereas mature B cells are 
activated by antigen. Previous studies have established an association between Egv-1 
gene induction and antigen receptor (m1gM)-mediated activation of mature B cells. 
Here it is shown that the immature B cell line WEHI-23 1 and tolerance-sensitive bone 
marrow4erived B cells do not express Egr-I. It is further shown that lack of inducible 
expression in these cells is due to specific methylation of the Egr-1 gene. Thus, covalent 
inactivation of an activation-associated gene may explain tolerance sensitivity at 
specific stages of B cell development. 

T HE DEVELOPMENTAL PROGRAM LEAD- antigen receptor and phenotypic marker 
ing to mature murine B cells can be expression on the cell surface and by cellular 
divided into windows defined by responses of the B cells. Immature murine B 

cells express mIgM onlv, whereas mature 
murine B cells express both_ d g M  and mem- 

V. L. Seyfert, S. B. ~Mc~Malion, W. D. Glenn, A. J. brane-bound immunoglobulin D (dg~)  Yellen, J .  G.  Monroe, Department of Pathology and 
Laboraton Med~c~ne, Universin. of Pennsvlvan~a School Recognition and binding of antigen to 
of Medicine, Philadelphia, PA 19104-6084, 
V. P. Si f iaune and X. Cao, Departments of ~Medic~ne mIgM on mature murine B cells results in 
and of Molecular Genetics and Cell Biolop, Howard activation as defined by entry into the cell 
Hughes Medical Instin~te, University of Chicago, Chica- cycle (2)  or competence for subsequent T 
go, IL 60637. 

cell-derived progression signals (3). In con- 
*To whom correspondence should be addressed. trast, signaling &rough m f . ~  on immature 

9 NOVEMBER 1990 

murine B cells results in a negative response 
manifested by a state of ind;ced unrespon- 
siveness or tolerance (4). This phenomenon 
is believed to be responsible for the deletion 
or functional inactiGation of those cells that 
recognize self-antigens. 

Differential expression of growth-related 
genes may account, at least in part, for the 
different growth responses observed in im- 
mature versus mature B cells. This hvpothe- 
sis is supported by studies of the expression 
of Ep-I ,  an inunediate-early gene that en- 
codes a transcriptional regulatory factor (5, 
6 ) .  Eyv-I is inducible in mature murine B 
cells (7) and in the phenotypically mature 
murine B cell line, BAL-17 (8-lo), after 
mIgM is cross-linked with antibodies to 
IgM (anti-p.) or after stimulation with TPA 
(12-O-tetradecanoyl phorbol- 13-acetate) (7). 
Induction by these signals is associated with 
a positive growth response (7). In contrast, 
Egr-I induction does not accompany anti-p. 
or TPA stimulation of the murine B cell line, 
WEHI-231 (7, lo), which possesses a stable 
immature B cell phenotype (10-14). Fur- 
thermore, this lack of Egv-l expression is 
associated with a negative growth response 
in these cells to mIgM-generated signals, 
which is manifested bv an inhibition of 
proliferation leading to eventual cell death 
(7, 13). These results demonstrate an associ- 
ation between Egv- 1 gene expression and the 
transduction of ~ I ~ M  signals into positive 
B cell growth responses. 

To determine if a nontransformed popu- 
lation of cells a~alogous to WEHI-231 cells 
exists in vivo, we examined E'qr-I expression 
in mIgM-positive (mIgM') cells from adult 
mouse bone marrow1. Because these cells 
were of the immature phenotype (mIgM+, 
mIgD-) and did not manifest a positive 
activation response to signaling through 
mIgM (15), we reasoned that thev belonged 
to the tolerance-sensitive B cell population 
previously defined (4). We observed no 
detectable induction of Egr-I expression in 
mIgM+ cells in response to TPA stimulation 
(16) (Fig. 1, A and B). This result contrasts 
with that observed in mature splenic B cells 
(Fig. 1, C and D).  Identical results were 
obtained after stimulation with anti-p. (1 7). 
Thus, a population of cells a~alogous to 
WEHI-231 cells exists in adult mouse bone 
marrow. Further molecular studies aimed at 
defining the causative factors responsible for 
the lack of inducible Egv-I expression in 
immature B cells were hindered bv difficul- 
ties in maintaining the cells in culture and 
the heterogeneity inherent in primary cell 
populations. Thus, we used the WEHI-231 
cell line as a model system for studying this 
stage of B cell development. 

We considered the following as explana- 
tions for the inability of anti-p. or TPA to 
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Flg. 1. Egr-1 protein expression was not induced 
by TPA in mIgM+ immature B cells. Two-color 
immunofluorescence (16) was used to detect 
expression of mIgM (red) and Egr-1 (green). 
Immature B cells were isolated From unfi-action- 
ated, erythrocyte-depleted bone marrow cells 
From 8-week-old adult mice and were either left 
unstimulated (A) or were stimulated for 4 hours 
with TPA (10 ngtml) (B). Unstirnulated (C) and 
TPA-stimulated (D) mature splenic B cells were 
similarly analyzed for comparison. 

induce Egr-1 expression in WEHI-231 cells: 
(i) point mutations within Egr-1; (ii) lack of 
trans-activating factors necessary for the in- 
duction of Egr-1 transcription; or (iii) trans- 
mediated repression of Egr-1. Point muta- 
tions within Egr-2 or its promoter were 
unlikely to account for the lack of inducible 
Egr- 1 expression because such changes 
would most likely have to affect both alleles. 
To address whether WEHI-23 1 cells lacked 
trans-activating factors necessary for Egr-1 
induction by anti-p or TPA, we assessed 
Egr-1 promoter function in these cells with 
the use of the chloramphenicol acetyltrans- 
ferase (CAT) gene as a reporter (18). The 
Egr-1 promoter region, containing 935 bp 
to the 5' side of the transcription start site 
and including the anti-p and TPA response 
elements (19, 20), was inserted upstream of 
the CAT gene to make the plasmid p935. 
WEHI-231 cells (10) were transfected with 
p935 (21) and then either left unstimulated 
or stimulated with anti-p or TPA for 24 
hours. Stimulated cells showed increased 
CAT activity (18) compared to unstimulated 
cells (Fig. 2), demonstrating that WEHI- 
231 cells contain the factors necessary for 
trans-activation of Egr- 1. 

Our results, together with the immature 
phenotype of these cells, led us m consider 
DNA methylation as a possible mechanism 
for inactivation of Egr-1 in WEHI-231 cells 
because DNA hypermethylation can inacti- 
vate genes in developing cells (22). The 
methylation status of Egr-1 in WEHI-231 
cells (10) and the developmentally mature 
BAL-17 cells was analyzed at 5'-CCGG-3' 
sequences with the resmction enzyme iso- 
schizomers Hpa I1 (an enzyme sensitive to 
cytosine methylation) (23) and Msp I 
(which is methylation-insensitive) (23) (Fig. 

Fig. 2. The Egr-1 promoter was transcriptionally 
active in WEHI-231 cells. WEHI-231 cells werc 
transfected with 30 pg of p935 by the DEAE- 
dextran method (21) with dimethyl sulfoxide 
shock. After 24 hours in medium, the cells were 
stimulated with anti-p (10 pp/ml) or TPA (10 
ng/ml) for 24 hours and assayed for CAT activity 
(18). 

3). Digestion of BAL-17 genomic DNA 
with either Hpa I1 or Msp I yielded the same 
resmction pattern (Fig. 3), thus showing 
that Egr-1 is not methylated at these sites. 
Isolated mature splenic B cells from adult 
BALBIc mice gave results consistent with a 
lack of methylation at these sites (1 7). Geno- 
mic digests of WEHI-231 DNA with Msp I 
revealed a pattern similar to that seen with 
BAL-17 DNA; however, Hpa I1 digestion 
of WEHI-231 DNA produced a different 
pattern, mainly consisting of larger fi-ag- 
ments than those of the Msp I digest. Thus, 
Egr-1 in WEHI-231 cells is methylated to a 
greater extent than in BAL-17 cells. The 
larger (2.0-kb) fragment observed in the 
Msp I digest of BAL-17 but not WEHI-231 
DNA may reflect a polymorphism of Egr-1 
in cell lines derived from distinct inbred 
strains of mice. 

We evaluated the relevance of the hyper- 
methylation of Egr-1 to its lack of anti-p or 
TPA inducibility in WEHI-231 cells by 
studying the effect of culturing these cells for 
48 hours in the presence of 3 p M  5'- 
azacytidine-a n o n s p d c  inhibitor of 
DNA methylation (24)-before stimulation 
with anti-p or TPA (Fig. 4 4 .  Analysis of 
the methylation status of Egr-1 in the 5'- 
azacytidine-treated cells indicated that the 
gene was hypomethylated compared to un- 
treated cells (1 7). As depicted, both anti- p 
and TPA induced the expression of Egr-1 in 
the 5'-azacytidin-eated cells. Further- 
more, induced Egr-1 expression in 5'-azacy- 
tidine-treated WEHI-231 cells was inde- 
pendent of de novo protein synthesis be- 
cause induction was observed in the contin- 
ued presence of cyclohexirnide (Fig. 4B). 
Therefore, the effect of 5'-azacyadine on 
inducible Egr-1 expression is on Egr-1 itself 

rather than another gene encoding an induc- 
ible factor necessary for Egr- 1 induction. 
Egr-1 mRNA was also observed (17) after 
cydoheximide treatment of the 5'-azacyti- 
dine cells in the absence of anti-p,; however, 
the mRNA levels in this case were lower 
than those observed in the presence of anti- 
CL. These results showed thi functional im- 
portance of DNA methylation in the regula- 
tion of Egr-1 in WEHI-231 cells and, fur- - 

thermore, established that cis-acting repres- 
sor elements were unlikely to be responsible 
for the silencing of Egr-1 transcription in 
immature B cells. 

The GC-rich nature of the Egr-1 promoter 
and its correspondingly large number of 
resmction sites for methylation-sensitive re- 
smction enzymes (Fig. 5A) made it difficult 
to determine the relative methylation of the 
Egr-1 promoter in WEHI-231 and BAL- 17 
cells by Southern (DNA) analysis. Rather, 
we assessed the effect of methylation of the 
Egr-1 promoter by examining the effect of in 
vitro cytosine methylation on inducible Egr- 
1 promoter activity. The plasmid p935 was 
methylated at its Hpa I1 or Hha I sites (25) 
and transfected into WEHI-231 cells; meth- 
ylation at these sites was verified by diges- 
tion of the methylase-mated plasmids and 
resolution of the bands by polyacrylamide 
gel electrophoresis. In both cases where 

Fig. 3. DNA methylation analysis of Egr-1 in 
WEHI-231 and BAL-17 cells. (A) Southern blots 
of genomic DNA (20 pg per lane) isolated from 
BAL-17 and WEHI-23 1 cells and w e d  with 
either Msp I or Hpa 11. The blot was probed with 
the Egr-1 genomic done, p357 (19), shown in 
(B). 
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Fig. 4. Anti-p or TPA induction of A 
Egr-1 in WEHI-231 cells treated with 
5'-azacvtidine. (A) Northern blot of 

SdZA treatment 
I 

1 2 hours + 
rPA 

2 hours 

U 

total c h a r  &A (20 pg per h e )  
from untreated WEHI-231 c e h  that L 

were either ~x~sthulated, stimulated 
with anti-p (5 rs/ml), or stimulated 
with TPA (10 nglml) for the indicated 
times. On the same blot is total cellular 0 112 1 2 1 o 1 

RNA (20 pg per lane) h WEHI- MY - 
231 cells treated for 48 hours with 3 A"* TPA " "  

ntk, 

pA4 5'-azacytidine (5'-AZA) and then 
left unstimulated or stimulated with anti-p (5 pg/ml), or TPA (10 nglml). The blot was probed with an 
Egr-l cDNA done OC68 (5). The molecular size of the complementary tramcript is indicated on the 
right. (B) Northern blot analysis of total ceUular RNA (20 per lane) isolated from WEHI-231 ceh 
cultured for 48 hours with 3 pM 5'-aucytidine, treated with cyclohcximide (CHX) (5 pglrnl) (except 
the zero time lane) for 15 min, and then stimulated with anti-p (5 d m l )  for the indicated times. The 
blot was probed as in (A). 

P P P  
. . ,  

5 4  3 2 1 Ti 
SRE 

Fig. 5. In vim methylation of the Egr-1 promoter by Hha I and Hpa I1 bacterial methylam blocked 
inducible tramcriptional activity. (A) Hha I (H) and Hpa I1 (P) sites within the 5' Bankrng region of 
Egr-1 and selected putative regulatory ekments determined by consensus homologies (19). Solid bars, 
AP-1 bin- regions; stipkd bars, scrum-response dements (SRE); open bar, TATA box. (B) The 5' 
flanking region (up to -935 bp) depicted in (A) was used to make plasmid p935 (Fig. 2). Bottom pand 
shows CAT activity of TPA (10 nglml; 24 hours)-stimulated WEHI-231 cells transfected as in Fig. 2 
with unmethylatcd p935 or Hha I or Hpa I1 methylase-treated p935 (p935-Hha I, and p935-Hpa 
rime, respcctive1y). 

methylated p935 was tested, TPA-inducible 
CAT- activie was reduced as compared to 
the unmethylated p935 (Fig. 5B). Identical 
results were obtained after stimulation with 
anti-p (17). The lack of CAT activity with 
methylated p935 was not due to methyl- 
ation of the CAT gene itseIf, because it has 
been shown (26) that methylation of the 
CAT gene coding region does not block 
transcription of the gene. Methylation of 
p935 also abrogated CAT activity in the 
permissive BAL- 1 7 transfectants ( 1 7). Thus, 
methylation is capable of blodung transcrip 
tion mediated through the Egr-1 promoter. 

Our results suggest that methylation of 
Egr-1, particularly of its promoter, is a mech- 
anism by which this gene is silenced in 
WEHI-231 cells. Our findings are consist- 
ent with the general that DNA 
methylation is a means for silenchg genes 
during development and differentiation, be- 
cause Egr-1 is hypermethylated in immature 
B ceh compared to mature B cells. These 
results arc also consistent with those of 
others (26-28) showing (i) an association 
between increased methylation of cytosine 
residues and gene inactivation and (ii) hypo- 
methylation associated with transuiptional 
activation of a gene (22,27, 29). 

A phenomenon observed in B cells and 
related to the growth response to mIgM 

stimulation is that of immunological toler- 
ance (4). This process is thought to be 
responsible fbr deleting, or rendering inac- 
tive, self-reactive B cells during the early 
stages of development (4). Whereas signal- 
ing differences at the membrane or in the 
cytoplasm of the immature versus mature B 
cells may account for tolerance versus activa- 
tion, respectively, alterations in gene expres- 
sion may also be involved in the mechanisms 
accounting for these different responses. In 
kct, it is plausible that B cells use more than 
one mechanism to ensure the tolerant state 
because they are a heterogeneous popula- 
tion of ells and because both clonal deletion 
(30) and clonal anergy (31) have been ex- 
perimentally supported as two functionally 
different strategies for B cell tolerance. In 
any case, it is crucial for a B cell to establish 
a mechanism for maintaining a negative 
growth response to signals Erom the antigen 
receptor, mIgM, during its immature stage 
of development. If Egr-1 expression is im- 
portant fbr initiating a positive growth re- 
sponse to mIgh4 stimulation in mature B 
cells (3, then a mechanism would be re- 
quired tbr maintaining its inactivity in im- 
mature B cells. Our results suggest that 
hypenfiethylation serves to ensure the inac- 
tivation of Egr-1 and possibly other growth 
response genes in immature B cells. 

Finally our results suggest that hyper- 
methylation of Egr-1 may be indicative of 
the immature stage of B cell development. 
As appropriate phenotypic markers are de- 
veloped and separation techniques become 
more refined, it will be interesting to evalu- 
ate the extent of methylation of Egr-1 in 
nontransformed B cells at different stages in 
their development. 
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Region-Specific Neural Induction of an engvailed 
Protein by Anterior Notochord in Xenopus 

Anterior-specific neural induction can be assayed by means of an antibody that 
recognizes the Xenopus homeobox-containing protein En-2. The En-2 antigen is an 
excellent early marker, since it is present as a discrete band in the anterior neural plate 
of neurula embryos. Regional induction was assayed by combining dorsal mesoderm 
with competent ectoderm. Anterior notochord from the early neurula induced En-2 
frequently, while posterior notochord induced En-2 less frequently. Presumptive 
somitic mesoderm and presumptive head mesoderm, though they induced neural 
tissue, were not strong inducers of En-2. Thus, anterior notochord may be the primary 
mesodermal tissue responsible for the patterning of the anterior neural plate. 

ECENT STUDIES ON Xenopus HAVE 

focused on general neural induction 
.without addressing formation of an 

anterior-posterior pattern within the neural 
plate. In amphibian embryos, the presump- 
tive neurectoderm is induced by the under- 
lying mesoderm to become neural tissue (1- 
6 ) .  Experiments in urodeles indicate that the 
anterior-posterior pattern is due to induc- 
tion by dorsal mesoderm (7).  In this report, 
we use an anterior-specific neural marker to 
study the source of pattern in the neuroecto- 
derm of Xenopus. 

The 4D9 antibody recognizes the Dvo- 
sophila engvailed protein as well as a Xenopus 
homolog, En-2 (8,  9). Early neurula (stage 
12.5) Xenopus embryos do not express En-2 
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kIUA (10) or protein (9) until stage 14, 
when the protein is expressed in 600 cells in 
the anterior neural plate in a band perpen- 
dicular to the notochord (9). This antigen 
therefore provides an excellent early marker 
of anterior neural differentiation. The se- 
quence of a cDNA clone confirmed that the 
Xenopus engvailed protein detected by the 

neurula with ectoderm to determine which 
mesodermal types are capable of inducing 
En-2 (Fig. 1). The recombinants were cul- 
tured and subsequently assayed for expres- 
sion of En-2. competent ectoderm is capa- 
ble of responding to neural inducing signals 
coming from mesoderm, but is unable to - 
form neural structures on its own. Compe- 
tent ectoderm was obtained as animal caps 
from stage 9 (late blastula) embryos derived 
from eggs irradiated with ultraviolet (UV) 
light during the first cell cycle. Eggs irradiat- 
ed with W light during the first cell cycle 
form no dorsal mesoderm and develop as 
ventralized embryos (13-15). Thus, the use 
of late blastula animal caps derived from 
eggs irradiated with UV light reduces the 
chance that the ectoderm is contaminated 
with dorsal mesoderm. Competent ecto- 
derm almost never expressed the En-2 anti- 
gen (2 of 40 cases) when cultured in isola- 
tion to control stage 28 (tailbud) (see Fig. 
2A). In contrast, ectoderm wrapped around 
stage 12.5 anterior notochord expressed En- 
2 in a high percentage of recombinants 
(81%) (see Figs. 2B and 3).  Ectoderm 
wrapped around posterior notochord ex- 
pressed En-2 less frequently (36% overall) 
and less strongly (two of five positives had 
fewer than 50 nuclei stained with En-2 (Fig. 

Fig. 1. Schematic of the operations used to generate different recombi- < nants. Stage 12.5 embryos (26) were cut with eyebrow knives and 
hairloops in low calcium and magnesium modified Rvlger solution A e< 
(LCMR) (15) so that a "tongue" of dorsal mesoderm, neural plate, and 

- 
archenteron roof was generated (A, anterior; P, posterior). The cut 
embryos were then placed in collagenase (0.4 mglml) (Cooper Bioche- 
micals) in LCMR to allow the peeling away of the archenteron roof and 
neural plate. Isolated dorsal mesoderm was placed in 43 mM NaCI, 
0.85 mM KC1, 0.37 mM CaC12, 0.19 mM MgC12, 5 mM Hepes, p H  
7.2, and gentamvcin (50 pg/ml) and cut into anterior notochord, + 
posterior notochord, presumptive posterior somites, and presumptive 
head mesoderm with anterior somites. Each piece was then wrapped in p - -  a Q J  an animal cap from a stage 9 embryo irradiated with UV light [sibling 
control irradiated embryos displayed ventralized phenotypes, average a A 
dorsoanterior index of less than 0.5 (14, l j)].  Recombinants were V 

cultured until controls reached stage 28 then fixed and processed for 
irnmunohistochemistry (9). Results presented are from three independent experiments, where ecto- 
derms from an albino spawning were combined with notochords from a pigmented embryo spawning. 
Each expeirment yielded the same conclusion, and the numbers from each experiment have been 
combined for presentation here. 
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