was 2.8 mm; length was 1.8 and 2.2 mm; and
porosity (grain size <5 wm) was 0.4 and 0.8%,
respectively, for the two samples. For each of the
propagation directions, a pair of faces was ground
and polished flat and parallel within 0.2 pm with 1-
wm diamond paste. Details are in G. D. Gwanmesia,
R. C. Liebermann, F. Guyot, Geophys. Res. Lett. 17,
1331 (1990).

9. Phase comparison allows for accurate determination
of elastic wave travel times over a wide frequency
range. Dispersion attributable to departures at low
frequencies from conditions of infinite-medium
plane wave propagation is recognized. Its influence
upon measured travel times is minimized by use of
an average travel time for the high-frequency inter-
val (50 to 70 MHz) over which travel time is
relatively frequency-insensitive. For details see 1.
Jackson, H. Niesler, D. J. Weidner, J. Geophys. Res.
86, 3736 (1981).

10. The interfaces between the acoustic buffer rod, a
thin (2 pm thick) gold foil, and the specimen are
loaded by the confining pressure in order to provide
good mechanical coupling. Minor corrections are
applied for the influence of this bond (~+1 ns in
~460 ns for P waves and ~—1.5 ns in 780 ns for S
waves).

11. For detailed discussion of the high-pressure tech-
nique and pressure calibration see H. Niesler and I.
Jackson, J. Acoust. Soc. Am. 86, 1573 (1989); S. M.
Rigden et al., Geophys. Res. Lett. 15, 605 (1988); H.
Niesler, I. Jackson, E. C. Morris, High Temp. High
Pressures 20, 495 (1988).

12. R. K. Cook, J. Acoust. Soc. Am. 29, 445 (1957).

13. Despite great care in polishing the ends of the
specimens, the observed ratios of the buffer and
sample echo amplitudes, and the low values of, and
hysteresis among, the measured velocities indicate
that the gold bond provides imperfect coupling
between the buffer rod and specimen at pressures
below ~1.4 GPa. See also (11).

14. Coefficients of Eulerian finite-strain Eqs. 1 and 2
are: My = G; Ly = K + (4/3)G; M; = 5G —
3K(dG/dP); My = 5[K + (4/3)G] — 3K[dK/dP +
(4/3)dG/dP].

15. D. L. Anderson, J. Geophys. Res. 93, 4688 (1988).

16. T. S. Duffy and D. L. Anderson, ibid. 94, 1895
(1989).

17. C. R. Bina and B. J. Wood, ibid. 92, 4853 (1987).

18. D.]J. Weidner and E. Ito, in High-Pressure Research in
Mineral Physics, M. H. Manghnani and Y. Syono,
Eds. (Geophys. Monogr. Ser., vol. 39, American
Geophysical Union, Washington, DC, 1987), pp.
239-446.

19. G. Nolet and M. J. R. Wortel in Encyclopaedia of
Geophysics, D. A. James, Ed. (Van Nostrand Rein-
hold, New York, 1989), pp. 775-788.

20. S. P. Grand and D. V. Helmberger, Geophys. J. R.
Astron. Soc. 76, 399 (1984); L. V. Le Fevre and D.
V. Helmberger, J. Geophys. Res. 94, 17749 (1989).

21. D. McKenzie and M. J. Bickle, J. Petrol. 29, 625
(1988) and references in (3).

22. Y. Sumino and O. L. Anderson, in CRC Handbook of
Physical Properties of Rocks, R. S. Carmichael, Ed.
(CRC Press, Boca Raton, FL, 1984), pp. 39-138.

23. We thank Z. Guziak for assistance with the ultrason-
ic measurements and the drafting of the illustrations.
We thank B. L. N. Kennett, A. E. Ringwood, D. J.
Weidner, T. Gasparik, A. L. Hales, T.-f. Wong, G.
F. Davies, D. L. Anderson, and J. D. Bass for
suggestions and comments. The High-Pressure Lab-
oratory is supported by National Science Founda-
tion (NSF) grants EAR 86-07105 and 89-17563
and the State University of New York at Stony
Brook. This research was also supported by NSF
grants EAR 88-17097 and the U.S.—Australia coop-
erative research program (NSF INT 8913363 and
funding from the Australian Department of Indus-
try, Technology and Commerce).

11 June 1990; accepted 30 July 1990

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

Vicki L. SEYFERT, STEVEN B. McMaHON, WILLIAM D. GLENN,
AMmyY J. YELLEN, VIKAS P. SUKHATME, XINMIN CAO, JOHN G. MONROE*

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 Egr-1
gene induction and antigen receptor (mIgM)-mediated activation of mature B cells.
Here it is shown that the immature B cell line WEHI-231 and tolerance-sensitive bone
marrow—derived B cells do not express Egr-1. 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.

HE DEVELOPMENTAL PROGRAM LEAD-
ing to mature murine B cells can be
divided into windows defined by
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antigen receptor and phenotypic marker
expression on the cell surface and by cellular
responses of the B cells. Immature murine B
cells express mIgM only, whereas mature
murine B cells express both mIgM and mem-
brane-bound immunoglobulin D (mIgD) (7).
Recognition and binding of antigen to
mIgM on mature murine B cells results in
activation as defined by entry into the cell
cycle (2) or competence for subsequent T
cell-derived progression signals (3). In con-
trast, signaling through mIgM on immature

murine B cells results in a negative response
manifested by a state of induced unrespon-
siveness or tolerance (4). This phenomenon
is believed to be responsible for the deletion
or functional inactivation 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 hypothe-
sis is supported by studies of the expression
of Egr-1, an immediate-carly gene that en-
codes a transcriptional regulatory factor (5,
6). Egr-1 is inducible in mature murine B
cells (7) and in the phenotypically mature
murine B cell line, BAL-17 (8-10), 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-1 induction does not accompany anti-w
or TPA stimulation of the murine B cell line,
WEHI-231 (7, 10), which possesses a stable
immature B cell phenotype (10-14). Fur-
thermore, this lack of Egr-1 expression is
associated with a negative growth response
in these cells to mIgM-generated signals,
which is manifested by an inhibition of
proliferation leading to eventual cell death
(7, 13). These results demonstrate an associ-
ation between Egr-1 gene expression and the
transduction of mIgM signals into positive
B cell growth responses.

To determine if a nontransformed popu-
lation of cells analogous to WEHI-231 cells
exists in vivo, we examined Egr-1 expression
in mIgM-positive (mIgM ™) cells from adult
mouse bone marrow. Because these cells
were of the immature phenotype (mIgM*,
mlIgD™) and did not manifest a positive
activation response to signaling through
mlgM (15), we reasoned that they belonged
to the tolerance-sensitive B cell population
previously defined (4). We observed no
detectable induction of Egr-1 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-w (17).
Thus, a population of cells analogous 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 Egr-1 expression in
immature B cells were hindered by 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-w. or TPA to
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Fig. 1. Egr-1 protcin 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 unfraction-
ated, erythrocyte-depleted bone marrow cells
from 8-weck-old adult mice and were cither left
unstimulated (A) or were stimulated for 4 hours
with TPA (10 ng/ml) (B). Unstimulated (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-1 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-231 cells lacked
trans-activating factors necessary for Egr-1
induction by ant-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-w 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 to 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 restriction enzyme iso-
schizomers Hpa II (an enzyme sensitive to
cytosine methylation) (23) and Msp I
(which is methylation-insensitive) (23) (Fig.
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Fig. 2. The Egr-1 promoter was transcriptionally
active in WEHI-231 cells. WEHI-231 cells were
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 pg/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 IT or Msp I yielded the same
restriction pattern (Fig. 3), thus showing
that Egr-1 is not methylated at these sites.
Isolated mature splenic B cells from adult
BALB/c mice gave results consistent with a
lack of methylation at these sites (17). Geno-
mic digests of WEHI-231 DNA with Msp I
revealed a pattern similar to that seen with
BAL-17 DNA; however, Hpa II digestion
of WEHI-231 DNA produced a different
pattern, mainly consisting of larger frag-
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 pM 5'-
azacytidine—a nonspecific inhibitor of
DNA methylation (24)—before stimulation
with anti-p. or TPA (Fig. 4A). 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 (17). As depicted, both anti-p
and TPA induced the expression of Egr-1 in
the 5’-azacytidine—treated 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 cycloheximide (Fig. 4B).
Therefore, the effect of 5’-azacytidine 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
cycloheximide 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-
. These results showed the 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
restriction sites for methylation-sensitive re-
striction 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 II or Hha I sites (25)
and transfected into WEHI-231 cells; meth-
ylation at these sites was verified by diges-
tion of the methylase-treated plasmids and
resolution of the bands by polyacrylamide
gel electrophoresis. In both cases where
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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-231 cells and digested with
cither Msp I or Hpa II. The blot was with
the Egr-1 genomic clone, p357 (19), shown in
(B). -
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Fig. 4. Anti-p or TPA induction of A 5-AZA treatment B

Egr-1 in WEHI-231 cells treated with

5'-azacytidine. (A) Northern blot of

total cellular RNA (20 pg per lane)

from untreated WEHI-231 cells that b
were either unstimulated, stimulated
with anti-p. (5 pg/ml), or stimulated
with TPA (10 ng/ml) for the indicated
times. On the same blot is total cellular
RNA (20 pg per lane) from WEHI-
231 cells treated for 48 hours with 3
wM 5'-azacytidine (5'-AZA) and then
left unstimulated or stimulated with anti-p. (5 pg/ml), or TPA (10 ng/ml). The blot was probed with an
Egr-1 cDNA clone OC68 (5). The molecular size of the complementary transcript is indicated on the
right. (B) Northern blot analysis of total cellular RNA (20 pg per lane) isolated from WEHI-231 cells
cultured for 48 hours with 3 WM 5'-azacytidine, treated with cycloheximide (CHX) (5 pg/ml) (except
the zero time lane) for 15 min, and then stimulated with anti-p. (5 pg/ml) for the indicated times. The
blot was probed as in (A). :
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Fig. 5. In vitro methylation of the Egr-1 promoter by Hha I and Hpa II bacterial methylases blocked
inducible transcriptional activity. (A) Hha I (H) and Hpa II (P) sites within the 5’ flanking region of
Egr-1 and selected putative regulatory elements determined by consensus homologies (19). Solid bars,
AP-1 binding regions; stipled bars, serum-response clements (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 panel
shows CAT activity of TPA (10 ng/ml; 24 hours)-stimulated WEHI-231 cells transfected as in Fig. 2
with unmethylated p935 or Hha I or Hpa II methylase—treated p935 (p935—-Hha I and p935-Hpa

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.

I e, respectively).

methylated p935 was tested, TPA-inducible
CAT activity 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 itself, 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-17 transfectants (17). Thus,
methylation is capable of blocking 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 premise that DNA
methylation is a means for silencing genes
during development and differentiation, be-
cause Egr-1 is hypermethylated in immature
B cells compared to mature B cells. These
results are 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 transcriptional
activation of a gene (22, 27, 29).

A phenomenon observed in B cells and
related to the growth response to mIgM
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stimulation is that of immunological toler-
ance (4). This process is thought to be
responsible for 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
fact, it is plausible that B cells use more than
one mechanism to ensure the tolerant state
because they are a heterogeneous popula-
tion of cells 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 from the antigen
receptor, mIgM, during its immature stage
of development. If Egr-1 expression is im-
portant for initiating a positive growth re-
sponse to mIgM stimulation in maturec B
cells (7), then a mechanism would be re-
quired for maintaining its inactivity in im-
mature B cells. Our results suggest that
hypermethylation serves to ensure the inac-
tivation of Egr-1 and possibly other growth
response genes in immature B cells.

REFERENCES AND NOTES

1. C. Whitlock, K. Denis, D. Robertson, O. Witte,
Annu. Rev. Immunol. 3, 213 (1985).

2. A. L. DeFranco, E. S. Raveche, R. Asofsky, W. E.
Paul, J. Exp. Med. 155, 1523 (1982); J. C. Cambier
and J. G. Monroe, J. Immunol. 133, 576 (1984).

3. M. H. Julius et al., Proc. Natl. Acad. Sci. U.S.A. 79,
1989 (1982); N. J. LaCascio, G. Haughton, L. W.

Amold, R. B. Corley, ibid. 81, 2466 (1984); M.
Howard and W. E. Paul, Amu. Rev. Immunol. 1,
307 (1983).

. J. Teale and N. Klinman, Nature 288, 385 (1980).

. V. P. Sukhatme et dl., Cell 53, 37 (1988).

B. Christy and D. Nathans, Proc. Nafl. Acad. Sci.

U.S.A. 86, 8737 (1989).

V.L. V. P. Sukhatme, J. G. Monroe, Mol.

Cell. Biol. 9, 2083 (1989).

J. Mizuguchi, W. Tsang, S. L. Morrison, M. A.

Beaven, W. E. Paul, J. Immunol. 137, 2162 (1986).

. A.L. DeFranco, M. M. Davis, W. E. Paulin Band T

Cell Tumors, E. Vitetta, Ed. (Academic Press, New
York, 1982), pp. 445-450.

10. WEHI-231 cells used in our studies were a limiting
dilution subclone of WEHI-231.28 cells obtained
originally from D. Scott (University of Rochester
Medical School, Rochester, NY). Our subclone,
designated WEHI-231.7, was sclected on the basis
of maximal inhibition to anti-p stimulation. Karyo-
typic analysis established them to be a
population. BAL-17 and WEHI-231 cells were
maintained in Dulbecco’s minimal essential medium
(DMEM) with 10% fetal bovine serum (dcfined,
Hyclone Laboratories, Logan, UT), SerXtend
(0.25%) (Hana Biologicals, Berkeley, CA), penicil-
lin (100 U/ml), streptomycin (100 pg/ml), 2 mM
glutamine, and 50 wM 2-mercaptoethanol.

11. Y.]. Rosenberg and C. R. Parish, J. Immunol. 118,
612 (1977).

12. L. Lanier et al., ibid. 127, 1691 (1981).

13. A. W. Boyd and J. W. Schrader, ibid. 126, 2466
(1981).

14. J. P. Jakway, W. R. Usinger, M. R. Gold, R. L.
Mishell, A. L. DeFranco, ibid. 137, 2225 (1986).

15. A.]. Yellen and J. G. Monroe, unpublished results.

16. mIgM*, immature B cells were isolated from bone
marrow of adult (8-weck-old) BALB/c mouse fe-
murs. The cell preparation was depleted of erythro-
cytes and then treated with a mixture of antibodies
to Thy-1 and 3 chain and with rabbit complement to
remove T cells and mature B cells, respectively. The
remaining cells were typically 5 to 10% migM*
cells, as determined fluorescence-activated cell
sorting (FACS). Isolated cells were equilibrated in
medium at 37°C for 3 hours and then stimulated
with TPA (10 ng/ml) for 4 hours at 37°C. The cells
were centrifuged onto glass slides, fixed in 3%

yde, and permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS).
Slides were then washed three times in PBS and
incubated for 90 min Wwith biotin-conjugated goat
antibodies to mouse p chain (anti-p) and rabbit
antibodies to mouse Egr-1 diluted in PBS containing
2% bovine serum albumin (BSA) and 1% NaNj.
Slides were then washed five times in the PBS-BSA-
NaN; and incubated for 20 min with the secondary
antibody reagents (fluorescein-conjugated goat anti-
bodies to rabbit immunoglobulin and rhodamine-
conjugated streptavidin). The slides were finally
washed five times in PBS-BSA-NaN,, air-dried, and
mounted with glycerol and 0.2 M DABCO (1,4
diazabicyclo[2.2.2]octanc) (pH 8.6) (Sigma). Cell-
associated immunofluorescence was visualized by
fluorescence microscopy and recorded on Kodak
Ektachrome 400 film.

© © N oum

REPORTS 799



17. V. L. Seyfert et al., unpublished results.

18. C. M. Gorman, L. F. Moffat, B. H. Howard, Mol.
Cell. Biol. 2, 1044 (1982).

19. C. Tsai-Morris, X. Cao, V. P. Sukhatme, Nucleic
Acids Res. 16, 8835 (1988).

20. V. L. Seyfert et al., J. Immunol., in press.

21. M. A. Lopata, D. W. Cleveland, B. Sollner-Webb,
Nucleic Acids Res. 12, 5707 (1984).

22. H. Cedar, Cell 53, 3 (1988).

23. M. McClelland, Nucleic Acids Res. 9, 5859 (1981).

24. P. A. Jones, Cell 40, 485 (1985).

25. Methylation was performed with Hpa II or Hha I
methylase (at concentrations of 20 U/ug of DNA)
(New England Biolabs) in 50 mM tris-HCI (pH
7.5), 10 mM EDTA, 5 mM 2-mercaptoethanol, and
80 uM S-adenosylmethionine. This mixture was
incubated at 37°C for 1 hour and then at 65°C for
20 min. Verification of methylation was determined
by digesting the methylated DNA with the appro-
priate restriction endonuclease-Hpa II or Hha I,
respectively—end-labeling of the digests with [3-
32P]JATP (adenosine triphosphate), and electropho-
resis on an 8% polyacrylamide gel. DNA (30 ug)

was transfected into WEHI-231 cells by the DEAE-
dextran method (21), and the transfected cells were
incubated for 24 hours in medium. Half of the
transfected cells were then left unstimulated for 24
hours and half were stimulated for 24 hours with
TPA (10 ng/ml). CAT assays on cellular extracts
were performed essentially as described (18).

26. J. Yisracli et al., Cell 46, 409 (1986).

27. T. Enver, J. Zhang, G. Stamatoyannopoulos, Genes
Dev. 2, 698 (1988).

28. M. Busslinger et al., Cell 34, 197 (1983).

29. A. Bird, Nature 321, 209 (1986).

30. D. A. Nemazee and K. Burki, ibid. 337, 562 (1989).

31. C. Goodnow et al., ibid. 334, 676 (1988).

32. We thank T. Kadesch and M. Cancro for critical
review of the manuscript. J.G.M. was supported by
the NIH (AI 23568), the American Cancer Society
(IM497), the Leukemia Society of America, and the
Lucille Markey Trust. V.L.S. and X.C. were sup-
ported by the NIH (CA 09940), and V.P.S. by the
Howard Hughes Medical Institute.

1 May 1990; accepted 7 August 1990

Region-Specific Neural Induction of an engrailed
Protein by Anterior Notochord in Xenopus

ALt HEMMATI-BRIVANLOU,* RONALD M. STEWART,*

RicHARD M. HARLANDT

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 Dro-
sophila engrailed 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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RNA (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 engrailed protein detected by the

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 Ringer solution
(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 mg/ml) (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 NaCl,
0.85 mM KCl, 0.37 mM CaCl,, 0.19 mM MgCl,, 5 mM Hepes, pH
7.2, and gentamycin (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
an animal cap from a stage 9 embryo irradiated with UV light [sibling
control irradiated embryos displayed ventralized phenotypes, average
dorsoanterior index of less than 0.5 (14, 15)]. Recombinants were

antibody is homologous to the murine En-2
protein, and we therefore refer to it as En-2
(10). Previous evidence from the examina-
tion of the distribution of En-2 in embryos
where the mesoderm has been experimental-
ly altered to be either exclusively ventral or
dorsal in character suggests that dorsal
mesoderm is involved in the induction of
En-2 (9). The anterior notochord, the pre-
sumptive anterior somites, and head meso-
derm underlie the En-2 expressing cells of
the stage 14 embryo (11, 12). Any or all of
these could be responsible for inducing En-
2 expression.

In this study, we recombined various por-
tions of the dorsal mesoderm of the early
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 UV 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.
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cultured until controls reached stage 28 then fixed and processed for

immunohistochemistry (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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